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Abstract
The effect of various liquid and solid additives on the physical properties of a
heterophasic PP copolymer were studied. Two sample preparation methods,
compression molding and tape extrusion were used to study the mechanical and
thermal properties of the polymer. To investigate the material properties, Wide
Angle X-ray Scattering (WAXS), Small Angle X-ray Scattering (SAXS), Dynamic
Mechanical Thermal Analysis (DMTA), Tensile test, Transient Plane Source
(TPS) were performed. The incorporation of additives in polymer samples did not
exhibit a considerable influence on the thermal properties of blends; however it
affected the mechanical properties. The presence of liquid additives in the
interlamellar distance may result in an increase in the interlamellar distance
without a notable impact on lamellar thickness, as laterally investigated and
confirmed by SAXS results. The liquid in amorphous phase decreases the modulus
of the sample. Increasing interlamellar distance influenced the plastic deformation
mechanism by decreasing yield stress. The additives exhibited a plasticizing effect
on the polymer, reducing modulus in the testing temperature range, leading to an
improvement in mechanical properties without compromising the thermal stability
of the polymer blend. The additives did not affect the degree of crystallinity,
despite the changes in kinetics of crystallization. The introduction of additives to
the polymer did not cause a significant change in the degree of crystallinity;
however, a higher cooling rate in the Tape extrusion sample preparation method
led to crystallographic variations and a reduction in the content of γ- form.
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Abbreviations

Below is the list of abbreviations that have been used throughout this thesis:

HDPE High-density polyethylene
LDPE Low-density polyethylene
iPP Isotactic polypropylene
PP Polypropylene
PE Polyethylene
NP Heterophasic PP copolymer
sPP Syndiotactic polypropylene
MC Metallocene catalyst
ZN Ziegler-Natta catalyst
MWD Molecular weight distribution
MW Molecular weight
ATR Attenuated total reflection
TE Tape Extrusion
CM Compression Molding
LA.A Liquid Additive A
LA.B Liquid Additive B
LA.C Liquid Additive C
LA.D Liquid Additive D
LA.E Liquid Additive E
LA.F Liquid Additive F
LA.H Liquid Additive H
SA.I Solid Additive I
SA.K Solid Additive K
LA.M Liquid Additive M
LA.N Liquid Additive N
SA.P Solid Additive P
P.A Polymer blended with liquid additive A
P.B Polymer blended with liquid additive B
P.C Polymer blended with liquid additive C
P.D Polymer blended with liquid additive D
P.E Polymer blended with liquid additive E
P.F Polymer blended with liquid additive F
P.H Polymer blended with liquid additive H
P.I Polymer blended with solid additive I
P.K Polymer blended with solid additive K
P.M Polymer blended with liquid additive M
P.N Polymer blended with liquid additive N
P.P Polymer blended with solid additive P
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Parameters

Cv Specific heat capacity at constant volume
u Speed of phonon
L Mean free path of phonon
α Thermal diffusivity
λ Wavelength
n1, n2 Refractive indices
c Concentration
C Heat capacity
m Mass
κ Sensitivity of thermal measurement
t Duration of the test
po Power output of sensor
r Radius of the largest wire ring
A0 Initial cross-section area
E Young’s modulus
lp Long period
∆H0

m Melting enthalpy of fully crystalline polymer
d Sample thickness
a Cross-section area
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Variables

K Thermal conductivity
ρ Density
T Temperature
∆T Temperature change
dp Penetration depth
θ Angle of incidence
A Absorbance
ε extinction coefficient, strain
q Scattering vector
E ′ Storage modulus
E” Loss modulus
E0 Strain at yield
δ Phase difference between stress and strain
ι Optical path length
∆Q Change in heat energy
∆T Temperature difference
λ Duration of the test
σ Stress
F Force
∆Hm Melting enthalpy of the sample
X Degree of crystallinity
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1
Introduction

There are several approaches to modify PP; one of them is the introduction of
additives into the polymer matrix. Additives are basically used to modify base
polymers, achieving desirable properties and performance. Different processing
conditions are required depending on their properties, such as thermal stability or
their interaction with the polymer. With the optimal content and uniform
incorporation of a suitable additive into the polymer matrix, consistent properties
can be achieved throughout the material [1].
The additives can be classified based on their application. They can enhance the
thermal stability of polymers in the processing stage. Some provide added value
and offer performance benefits that outweigh their cost. Others may improve both
the processing and mechanical properties. In this context, special additives are
designed to complement and balance the effects of the other additives, addressing
their weaknesses to ensure better overall functionality and enhance the stability of
the material [2].

1.1 Aim of study
This project aimed to understand the effects of different additives on a selection of
physical properties of a polymer. To achieve this, the additives were incorporated
into the polymer matrix, and the resulting mixtures were evaluated for their thermal
and mechanical properties.
In order to understand the role of the additives, the thermal properties of the samples
were investigated using the transient plane source method, and their mechanical
properties were evaluated through tensile testing and dynamic mechanical thermal
analysis. The additive content was quantified through Fourier Transform Infrared
Spectroscopy test.
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2
Background

2.1 Polymer properties

2.1.1 Polyolefin
PP and PE based polymers belong to the polyolefin class of polymers. Due to
their versatile properties, including recyclability and low price, they have a high
share of the market. However, some shortcomings of PP, such as its brittleness,
rigidity and poor low-temperature impact resistance, limit its use in certain
applications. There are several approaches to improve the material properties,
such as copolymerization or blending with other polyolefins or other polymers [3].
The presence of amorphous and crystalline regions in PP and PE polymers results
in the formation of a semicrystalline structure. In the crystalline region, the chains
are highly arranged relative to each other, forming an ordered structure. Strong
covalent bonds along the chain and Van der Waals forces between chains hold
them together. In contrast, entangled random chains can move more freely in the
amorphous region. The chemical structure of the polymer chain and structural
irregularities influence its crystallization [4]. Entanglements or bulky side groups
can limit the free movement of chains, and they may not be able to arrange
themselves in an ordered structure and remain in the amorphous region. For
example, high-density polyethylene (HDPE) with few short branches compared to
low-density polyethylene (LDPE ) with long side branches and with a higher
content of short chain branches, exhibits a higher degree of crystallinity. This is
basically influenced by the structure of HDPE, which allows the chains to organize
themselves into a more compact structure. This results in a denser material with a
higher degree of crystallinity. How the material crystallizes determine the
physical,and mechanical properties.
For propylene- based polyolefins, the choice of catalyst plays a critical role in
controlling the spatial arrangement (tacticity) of the polymer chain. This controls
the formation of isotactic (iPP), syndiotactic (sPP), or atactic (aPP)
polypropylene, which differ in the arrangement of the side group. Tacticity affects
crystallization and, consequently, the properties of the material [4]. A low
crystallinity in aPP results in a waxy texture that is characterized by poor
mechanical stability and low thermal conductivity, while the iPP is known for its
stiffness and superior mechanical and thermal properties. SPP crystallizes with a
low degree of crystallinity. Therefore, it possesses intermediate mechanical
properties between aPP and iPP. As shown in Fig. 2.1, the arrangement of the
methyl side groups in iPP creates an ordered structure and results in a higher

2



2. Background

crystallinity (better packing) compared to aPP with a less regular structure [3].

Figure 2.1: Tacticity in PP, arranged from top to bottom: the structure of isotactic,
syndiotactic and atactic polypropylene

Single crystals in lamellar shape can form from a melt or polymer solution. The
lamellar thickness and crystallographic structure define the melting temperature
of the material, and the variations in its distribution can result in a wide range
of melting peaks. The processing conditions, such as temperature and cooling rate,
basically determine the lamellar thickness. Crystallization at higher temperatures or
through a slow cooling process can lead to an increase in lamellar thickness, resulting
in a higher melting temperature [5]. Additionally, introducing side chains (branches)
or comonomers into the polymer chain affects the crystal structure, can reduce the
lamellar thickness, and consequently lowers the melting temperature [6][3].

Figure 2.2: Schematic representation of a spherulite; the crystalline lamellae
originating from nucleus in all directions. Reproduced with permission: 1994,
Springer Verlag [5].

Impurities, disordered tacticity, monomer, catalyst residues, and density fluctuations
can act as nuclei and initiate crystal growth. As presented in Fig. 2.2, spherulites
are crystalline aggregates that form during the crystallization process and consist of
crystalline lamellae growing in all directions. Lamellae are separated by amorphous
regions. The size of the spherulites and, therefore, nucleation density influences the
microscopic properties of the polymer, such as clarity or barrier properties.

3



2. Background

2.1.2 Polymerization
Isotactic polypropylene is a widely used polymer. It has a remarkable resistance to
moisture and chemicals with superior mechanical and thermal properties. Its
advantages also include good processability and low production cost.
Discovery of the Ziegler-Natta catalyst (ZN) enabled the polymerization of iPP,
and the introduction of the homogeneous metallocene catalyst (MC) offered
improvements in terms of better control over molecular weight distribution and the
sequence of repeating units in the macromolecules [4]. Homopolymerization of
propene or copolymerization with another monomer in the presence of chromium,
ZN or MC catalyst is an approach to modify the thermal and mechanical
properties of PP. Heterophasic PP copolymer consists of ethylene-propylene
copolymer with a low ethylene content, and a dispersed phase consisting of
ethylene-propylene copolymer(EPC) with a high concentration of ethylene
comonomer. The dispersed phase is also commonly called ethylene- propylene
rubber (EPR) due to the mechanical properties similar to elastomers. The
compatibility between matrix and dispersed phase depends on the amount of the
comonomer in both phases. This can be improved by both chemical composition
and molecular weight (MW) of the phases [7][8]. Heterophasic PP copolymer
polymerization using ZN catalyst, in a multiple-reactor system called Borstar or
Spheripol PP process provides an economical method for designing polymers with
precise shape, controlled morphology and optimized properties. In this method,
processing conditions are independently adjustable for each reactor. The process
normally starts with pre-polymerization in the presence of the catalyst suspension.
This step is designed to achieve a better distribution of the catalyst particles, and
the polymerization occurs on the surface of the particles. The polymer will be
transferred to the loop reactor. The Continuous phase, consisting of
ethylene-propylene random-copolymer (liquid phase), will be directed to multiple
gas-phase reactors to complete the polymerization through the inclusion of the
rubber phase. The incorporation and design of spherical dispersed rubber phases,
differing in size or composition, occurs in multiple reactors, can result in products
with different morphology and balanced mechanical properties [9][10]. The
mechanism of polymerization and catalyst structure, including a combination of
internal and external electron donors, together with the catalyst activator, which
also removes impurities, determine the microstructure of the polymer. Internal
electron donors together with external electron donors ensure the precise
stereoregularity of the polymer, provide higher yield and better control over
molecular weight distribution (MWD) [8][10]. An example of internal electron
donors is presented in Fig. 2.3.

Figure 2.3: Example of internal electron donor, Phthalte.

4



2. Background

2.1.3 Crystallization
Crystallization encompasses the whole process, from the disentanglement and
conformational change of the chains in amorphous region to the final formation of
the ordered structure. During crystallization, flexible macromolecules can fold
back and reenter in the same crystal to form a single lamellae. Crystals can be
connected through tie chains or entanglements in the amorphous phase.
Crystallization starts with nucleation and proceeds with the growth mechanism.
Favorable arrangement of the chain segments or the presence of external surfaces,
including impurities or catalyst residues in the polymer melt, are considered the
starting point of the homogeneous and heterogeneous nucleation, respectively. A
minimum nucleus size is required to overcome the extra surface energy, which is
introduced by the new interface, to cross the energy barrier and gain a
thermodynamically favorable driving force for the crystal growth.

∆G = 4
3

πr3∆Gv + 4πr2σ (2.1)

∆G represents the Gibbs free energy, ∆Gv denotes the bulk free energy, and σ stands
for the surface energy of the aggregate. By increasing the radius of nuclei r and the
introduction of a new surface, ∆G increases [11]. As the nuclei reaches the critical
size, free energy starts to decrease, and crystal growth becomes energetically more
favorable.
According to Lauritzen and Hoffman, crystal growth takes place by an attachment of
the chain segment to the surface of the crystals, called secondary nucleation. Further
segments will be attached to the previous segments through chain folding as one of
the possible mechanisms. Repetition of these steps results in the crystal growth.
The crystallization can be summarized in three regimes, schematically shown in
Fig. 2.4.

Figure 2.4: Schematic representation of three regimes of crystallization. Adapted
and reproduced with permission: 1985, Springer Verlag [12].

In the first regime, the driving force for the nucleation is weak due to the low
degree of the undercooling (difference between equilibrium melting temperature
and crystallization temperature), and crystallization proceeds by attachment to
the next segment. By decreasing the temperature, the rate of the nucleation
exhibits a stronger increase compared to the growth rate. In the second regime,
the rate of the nuclei formation on the crystal and the rate of the expansion of the
crystal are close to each other, and both contribute to the crystallization process.
In the third regime, due to the high undercooling, nucleation becomes
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thermodynamically favorable, and the rate of nucleation outweighs the rate of
crystal growth [13].
An interesting feature of PP is Polymorphism, which is the possibility of
crystallization of the same polymer in different crystallographic structures,
depending on the crystallization condition. In iPP, it results in the formation of
stable α, metastable β or highly stable γ crystal forms. The monoclinic α form
crystallizes from the melt under normal processing condition. α-PP has high
stiffness and good thermal stability. Interesting for this form is the so called
cross-hatching, where the α-form lamellae nucleate new lamellae through their side
surfaces with an 81◦ angle between, creating a characteristic grid-like structure
[14]. The studies on iPP show that the temperature gradient can influence the
formation of the β-phase [15]. In the orthorhombic γ-form of iPP the polymer
chains are not arranged parallel within the lamellae. The lamellae consist of
bilayers, in which parallel helices in each bilayer are tilted about 80◦ relative to the
adjacent layer [16]. The amount of the γ phase depends on the content of the
co-units [17], chain irregularities and the presence of defects and their distribution.
This form is characterized by increased stress at the yield point (for the same
lamellar thickness) [18]. The presence of different polymorphic forms determines
the physical and mechanical properties of the polymer [19]. Processing conditions
such as cooling at a very high rate can lead to the formation of a mesomorphic
form in iPP. During heating the mesophase transforms into the α-phase above
40◦C.
Nucleating agents (NA) initiate the heterogeneous nucleation, create a high surface
area, and lower the free energy barrier for the nuclei formation. One of the popular
theories of heterogeneous nucleation states that for a given surface to act as a
nucleant, there must be a lattice matching between the repetitive asperities on the
NA surface and the distances between the methyl groups that form the asperities
on the iPP crystal surface. Depending on the NA, it can nucleate the same
crystallographic form of iPP via different crystallographic planes or different
crystallographic forms (usually α and β). This influences the morphology and
properties of iPP by mainly promoting the formation of thermodynamically stable
polymorphic structure [20]. Using NA is an economic way to modify the
mechanical and optical properties of the polymer. They can trigger some
morphological changes in polymer by accelerating the crystallization process,
increasing the crystallization temperature and melting temperature. Energy
barrier for nucleation facilitates the study of the kinetics of the crystallization by
cooling of the polymer melt without crystallization. Depending on the time and
temperature, the crystals form and develop in the polymer melt. Avrami is one of
the mathematical models to study the primary nucleation and crystal growth
under isothermal crystallization condition. This model expresses the relation
between the rate of conversion α during phase transition from liquid to solid, time
of the crystallization t, as follows:

α(t) = 1 − exp(−ktn) (2.2)

Plotting the logarithmic properties of this equation, provides information on
dimensionality of the aggregates n and the constant rate of the crystal growth k
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[13].

2.1.4 Thermal conductivity
Many polymers exhibit low thermal conductivity. This leads to weak heat
dissipation, longer processing time above their melting temperature, and slowing
down the cooling process, especially for bulky samples, which can significantly
influence the physical properties. At the microscopic level, the mechanism of heat
conduction in a solid state can be understood through correlated movement of
lattice vibration via phonons. In the semicrystalline polymers, phonon transport
occurs through molecular vibrations. Phonon scattering can be caused by the
presence of defects and impurities, as well as phase boundaries within the material,
or interaction with other phonons. This limits the pathway of phonons and can be
contributed to the form of thermal resistance within the material [21].
Thermal conductivity K and the main factors that can highly influence it can be
described by the Debye equation:

K = 1
3

Cv · u · L (2.3)

Cv represents the specific heat capacity, u stands for the speed at which the
phonon travels, and L is the distance that a phonon travels before getting
scattered, respectively [22].
The semicrystalline polymer can be regarded as a composite consisting of two
different phases. Generally, the strong bonds in the polymer backbone can provide
a passage for the phonons. The higher chain length and a lower amount of side
chains can result in an increase in the mean free pathway of the phonon [6].
Nevertheless, the thermal conductivity of bulk polymer exhibits a lower value than
theoretical calculations suggest. Additionally, a higher amount of side chains can
also affect the crystallinity and potentially cause a decrease in the lamellar
thickness.
It has been found that highly ordered and aligned molecular chains within
crystalline region can provide better heat transport compared to the amorphous
region with disordered structure [23] [22]. It can be concluded that the polymers
with a higher volume of the crystalline region can exhibit a higher thermal
conductivity [24]. Furthermore, various orientations of the chains caused by an
axial stretch of the material can enhance the phonon propagation in the drawing
direction, but negatively influence the overall thermal conductivity of the material
[25]. Improvement of the thermal conductivity of polymers has been widely
investigated, and studies have shown that using various types of fillers with high
thermal conductivity is a potentially effective approach. Factors such as the
amount of filler, size, shape, and distribution of filler particles within the matrix,
as well as thermal resistance at the filler/ polymer interface, can have a crucial
impact on the thermal conductivity of the polymer. Some studies suggest that an
optimal amount of thermally conductive filler in a polymer matrix can form an
interconnected conductive pathway, which can enhance the thermal conductivity of
the polymer [26]. The effect of interfacial resistance, which is a result of acoustic
impedance mismatch of two phases, can lead to phonon scattering and thermal
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resistance at the interface. This can be mitigated by surface modification
[27][26][21]. Polymer composites can provide a solution to improve both the
thermal conductivity and mechanical properties of the polymer. Depending on the
chemical structure of the polymer and filler, the strong bond between the main
chains or through the functional groups (crosslinking) can facilitate the
propagation of phonons, by increasing the mean free path. However, a study on
the effect of crosslinking on the thermal properties of a semicrystalline material
reported that the crystallinity may exhibit a greater influence than the degree of
crosslinking [28].

2.1.5 Mechanical properties
In polyolefins, crystallization time, cooling rate, and tacticity, influence the crystal
structure, and the microstructure highly affect the physical properties of the
polymer. In semicrystalline polymers, yield can be described as an irreversible
breakdown or reorganization of the crystalline region. The mechanical behavior of
a polymer depends on the stress-transfer mechanisms between the amorphous and
crystalline phases. Tie chains can fold back to the crystals, entangle with other
chains in the amorphous domain or directly link the crystalline lamellae, regulating
the stress transfer and deformation of both phases. The amorphous phase plays an
important role in the deformation process and can influence the deformation of the
crystalline lamellae [29]. The plastic deformation of semicrystalline polymer
involves the deformation of the amorphous region. In this process, crystal lamellae
slide over each other, which is accompanied by an increase in interlamellar distance
and rotation of lamellae stacks. At higher strains, lamellae undergo plastic
deformation through various mechanisms including rotation and sliding, and
additional processes until the lamellar crystal layers begin to break through
micronecking, consequently forming microfibrils [30][31][32]. High crystalline
polyolefins exhibit high stiffness and poor toughness at low temperature, which
can be caused by the big size of the lamellae and the lack of stress transmitters
between the lamellae, respectively. Single iPP crystallites in lamellar form usually
organize into spherulitic polycrystalline aggregates, and their size may also affect
the mechanical properties of the polymer. The lack of tie chains and segregation of
impurities at the spherulite boundary may lead to brittle behavior and fracture in
this region.

2.2 Additives

2.2.1 Liquid Additive A
LA.A is a viscous liquid with lubricating properties, It is chemically stable and
suitable for use as a processing aid and protective medium in thermoplastic materials
and other technical applications.
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2.2.2 Liquid Additive B
Liquid additive B is a plasticizer. Plasticizers are low MW compounds with low
volatility that in addition to the polymer, lowers the resistance of the material to
deformation and depresses Tg of the polymer. Depending on the polymeric system
they may be added as lubricants, but in different amount.

2.2.3 Liquid Additive C
Additive C is a base organic compound used as antioxidant.

2.2.4 Liquid Additive D
Additive D is a viscous liquid with lubricating function, suitable for thermoplastic
material.

2.2.5 Liquid Additive E
Having a high viscosity index is an important requirement for a lubrication oil and
the material shows a slower thinning behavior at higher temperatures. Additive E is
a saturated hydrocarbons, which is known as a polymer modifier for thermoplastic
polyolefins with lubricating function.

2.2.6 Liquid Additive F
Additive F is a viscous organic liquid antioxidant which, beside its antioxidant
property, plays an important role in polymer processing to achieve an optimal MFI
and a desired color. Due to its high stability, its application is extended to
pharmaceutical and food packaging.

2.2.7 Liquid Additive H
Additive H is a vegetable oil. As a bio-based plasticizer, its application in plastic
industry has been extensively studied.

2.2.8 Solid Additive I
The antioxidant I is one of the common additives in polymer industry. They can be
introduced to the polymer in compounding process. By stabilizing polymer against
oxidative degradation and improving its heat resistance, they enhance its service
life. SA.I is a solid antioxidant that is also known for its heat stabilizing effect.

2.2.9 Solid Additive K
Additive K is a copolymer of iPP and randomly distributed ethylene unit. The
distribution of the co-units is determined by the product of the reactivity of both
monomers, which for random copolymer is close to 1 [33]. The stereoregularity of
the iPP can be controlled by a suitable catalyst that leads to an improvement of the
crystallinity.
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2.2.10 Liquid Additive M
Additive M is an ester-based mineral oil. It is synthesized through the
esterification of polyols and fatty acids and contains various antioxidants that
ensure its high oxidation stability. According to manufacturer, the lack of ionic
salts in its composition and the preservation condition under the
nitrogen-blanketed atmosphere limit the risk of an increase in its water content.

2.2.11 Liquid Additive N
Some of the material properties including mechanical and thermal properties are
influenced by MW of the polymer. Addition of chain transfer agent is a way to
control the MW during polymerization and additive N is commonly used in
polystyrene polymerization.

2.2.12 Solid Additive P
Additive P is a low molecular weight polymer, which is applied as plasticizer in
plastic industry.

2.3 Analyzing methods

2.3.1 Thermogravimetric Analysis (TGA)
Thermogravimetric Analysis (TGA) is a thermal analysis method that allows the
determination of the thermal stability of the materials. The measurements can be
performed isothermally or non-isothermally [24]. The test setup comprises a
balance for weight measurement, a heating furnace, a temperature control
program, and a data recording system. The test can be performed under an inert
N2 or an oxidative environment. The weight loss or weight gain of the sample as
the temperature increases will be recorded, and a transition on thermogram is an
indication of vaporization followed by degradation of the sample or oxidation of
the components [34]. By coupling an additional instrument, such as FTIR, with
TGA the chemical information on emitted gas during the material decomposition
can be collected and analyzed.
Basically, a minimum change in thermal stability at processing temperature upon
additive incorporation is desired.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) is an analysis technique that
facilitates the study of the material’s structure based on its absorption spectra in
the infrared region. It helps to provide chemical information on infrared active
substances and allows quick qualitative and quantitative measurements [35]. The
ATR mode is commonly applied for the surface analysis. In this mode, infrared
light is directed to the instrument’s crystal at an angle greater than the critical
angle. The light undergoes several reflections within the crystal, and a part of the
energy is absorbed because of the interaction and propagation of the evanescent
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wave in a small dept within the sample. The intensity of the light at frequencies
that match the absorption bands of the sample is reduced and will be recorded.
The absorbance at the specific wavelengths is characteristic of the material’s
structure.
It is a common approach to study the intramolecular interaction by detecting
chemical bonds or functional groups and their corresponding vibration. In the
polymer industry, FTIR, along with complementary techniques, can be used to
gain a deeper insight into the variations in spatial distribution [36] in materials
that are induced by the interaction with modifiers or by processing conditions that
help evaluate the extent of their influence on the material properties [35][37]. The
intermolecular interaction between the components or phases can be analyzed
through the shifts or changes in the peaks on the spectrum [38][39]. In
transmission mode, the infrared light is directed through the sample and the
absorbance spectra will be recorded. Some factors can limit the application of this
method, particularly in complex systems. The factors such as the nonuniform
composition of the sample can complicate the spectra interpretation or interaction
with the ambient conditions that lead to a change in the material’s behavior or its
properties [40]. In ATR mode, the depth of penetration of the evanescent wave dp

is determined by the wavelength of the IR light λ, angle of IR light θ and the
refractive indices of both the material n2 and the crystal n1 [37].

dp = λ

2πn1

√
sin2 θ −

(
n2
n1

)2
(2.4)

The quantitative evaluation can be performed using Beer-Lambert law in
transmission mode. Absorbance A of sample follows the equation:

A = εcι (2.5)

ε, c, and ι represent molar absorption coefficient, concentration, and path length of
sample, respectively.

2.3.3 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) is a thermal analysis technique to
determine the phase transition temperature and the associated change in enthalpy
in the semicrystalline polymers and to evaluate their variation as a result of
additive incorporation.
DSC instrument allows measurement based on power compensation and heat flux
method. The principle of power compensating DSC involves maintaining the
sample and reference at the same temperature, and the power is adjusted during
the process. The difference in heat flow reflects the enthalpy change, and it is
detectable as a peak on the DSC thermogram [41][34]. DSC provides easy sample
preparation and fast measurement to study melting temperature Tm and
crystallization temperature Tc, crystallinity, Glass transition temperature Tg or
kinetics of crystallization by the measurement of enthalpy as a function of time or
temperature [42]. The variations in the melting temperature or crystallization can
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be used to study the changes in the crystalline properties of the polymer [41].
Filler could have an impact on the kinetics of crystallization by speeding up or
slowing down the crystallization rate and altering the microstructure of the
polymer. These variations can be screened by DSC [43]. Data analyzing and
quantification are mainly based on the shape of the thermal curves and position of
the peaks, but it can lead to complications, particularly for the overlapping peaks.
These are two main challenges of this technique [44]. The difference in heat flow
between the sample and the reference is measured by instrument.

∆Q = C∆T = c · m · ∆T (2.6)
Difference in heat flow Q, change in temperature ∆T , m is the mass of the sample,
and c represents the specific heat capacity c = C

m
.

The specific heat capacity reflects the material properties such as stability and
order [44].

2.3.4 Transient Plane Source (TPS)
Transient plane source (TPS) is a method to measure the thermal conductivity of
polymeric materials as the main heat transport mechanism. The transient method
can provide information on how much and how fast heat waves can travel into the
material. In comparison with the steady-state method, it is a quick and reliable
method with minimal temperature fluctuations. A thin electrically insulated
sensor with a double spiral wire pattern will be placed vertically or horizontally
between two solid samples or within a liquid material, respectively. Heat pulses
will be applied to the material through the sensor, which act as the source of heat
and temperature sensor. The changes in resistance of the sensor are recorded over
time. The thermal properties can be determined by fitting the data to a
theoretical model. The higher temperature change reflects the higher thermal
resistance of the surrounding material and a lower thermal conductivity [45].
Fleischner and Arzoha [46] have studied the criteria under which the thermal
conductivity measurements in liquids can be negatively affected. This study
highlights that a long measurement and applying a high heat power can lead to
inaccuracy of the results. The thickness of the test material is an important factor
that needs to be considered during the test and the sample preparation. A suitable
sample thickness, together with a good surface contact with the sensor, can
improve the accuracy of the measurement.
The distance ∆p that the heat can travel into the material is related to the κ
constant, which reflects the sensitivity of the temperature measurements, thermal
diffusivity α and the duration of the test t is expressed by the following equation:

∆p = κ
√

α · t (2.7)
During measurement, the temperature increase includes the temperature change at
the surface of the sample TS and the temperature variation across the testing sample
Ti. It can be described as follows:

∆T = ∆Ti + ∆TS (2.8)
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∆T = ∆Ti + po

π3/2rλ
D(τ) (2.9)

po, r and λ represent the power output, the radius of the largest wire ring of the
sensor, and the thermal conductivity of the test sample, respectively. D(τ) is a
mathematical function. [47].

2.3.5 X-Ray Scattering
X-ray scattering allows the measurement of distances between different density
regions for different length scales in polymer. Wide angle x-ray scattering (WAXS)
is a characterization technique that allows for determining distances of the order of
several angstroms. It enables the identification of different crystallographic forms
in polymers, whereas small angle x-ray scattering (SAXS) facilitates the study of
the thickness of lamellae within the nanometer range [48]. In this technique, a
narrow X-ray beam travels through the sample and goes through several scattering
on atoms, and the scattering angle depends on the distances between atoms.
Depending on the repeatable distance between atoms, at a specific angle, the
scattered light will be in phase (constructive interference), resulting in a maximum
intensity. During the measurement, the scattering intensity as a function of
scattering angle 2θ will be recorded [48][49]. The X-ray scattered at a small angle
provides information regarding spacing between lamellae stacks and possibly
volume crystallinity while the WAXS will be used to analyze the crystalline
structure, including unit cell, crystallinity, and crystal size in some directions [49].
This method can provide insight into the localization of the noncrystallizable
additives in the polymer blend. This amorphous component can be placed in
interlamellar and/or intraspherulitic regions [50]. Bragg’s law relates the distance
between the lattice planes lp to the scattering angel θ. λ represents the wavelength
of X-ray beam and q stands for scattering vector.

q = 2π

lp
= 4π

λ
Sinθ (2.10)

The long period and the crystalline volume fraction can be applied to estimate the
lamellar thickness [48].

2.3.6 Mechanical Testing
In the evaluation of mechanical properties, the tensile test is commonly used to
analyze the strength of the material and its deformation behavior. The material’s
response to the applied stress, at a constant strain rate will be recorded as a stress-
strain curve. At a very low strain, there is a linear relationship between stress and
strain and the deformation will be reversible. By increasing strain, material may
fracture and exhibit a brittle behavior or a transition from elastic behavior to plastic
behavior. The stress-strain curve can show a local maximum that indicates the
onset of irreversible deformation of the material, which is known as the yield point.
Evaluation of the stress-strain curve, at the point of failure provides information
about the strength of the material [51][52]. The stress σ, is defined as the ratio of
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the force F to the cross section A0 of the specimen.

σ = F

A0
(2.11)

The strain ε, is defined as the ratio of the change in the length of the specimen to
its initial length l0.

ε = (ι − ι0

ι0
) = ∆ι

ι0
(2.12)

The Young’s modulus indicates how hard a material deforms within its elastic range.
The constant E is from Hooke’s law. It is defined as:

σ = εE (2.13)

The elongation at break and the stress at break are defined as the amount of strain
and stress at the breaking point of a material, respectively [51].

2.3.7 Dynamic Mechanical Thermal Analysis
Dynamic mechanical analysis (DMTA) is a mechanical characterization technique
to study the viscoelastic behavior of polymeric materials. In this method, a
constant sinusoidal stress is applied to the material, and its deformation is
recorded as the temperature increases. Depending on the material behavior, stress
and strain can be in-phase interpreted as an elastic behavior or out of phase, with
90 degree phase lag, and exhibit a purely viscous behavior. Analyzing the shape of
the DMA curve of the materials can provide an estimation of the degree of
crystallinity or crosslinking of the semicrystalline material [52]. At low
temperatures, the movements of the chains are limited, but by increasing
temperature, the movement of the side chains, and at a higher temperature,
mobility of the larger segments in the main chain becomes activated, and these
changes can be seen as several transitions in a thermogram. Tg represents the
temperature at which chain movements in the amorphous phase start. It is
important information that highly depends on the test conditions, such as heating
rate, applied frequency, and stress or strain. Any variation in the Tg can be
attributed to the changes in the amorphous phase, such as interfacial interaction
between the filler and the polymer, pointing to the changes in the mechanical
properties [53][54][39]. According to previous studies, the geometry, size,
concentration, and distribution of the filler can influence the polymer properties
[54]. The miscibility of two components at a molecular level can be inferred from
the presence of a single Tg; otherwise two separated Tgs may suggest the phase
separation in the system.
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Figure 2.5: Sample fixed between clamps of DMA

This method provides information on the storage or dissipation of energy in the
material as a result of applied stress. Storage modulus E ′ and loss modulus E ′′

represent the material response to stress, and are calculated as follows:

E ′ = E0 cos(δ) (2.14)

E ′′ = E0 sin(δ) (2.15)

E0 represents the strain value by applying maximum stress, while δ represents the
phase difference between applied stress and strain.
Tan delta, as the ratio of loss modulus to storage modulus can be described as
follows [53]:

tan δ = E ′′

E ′ (2.16)
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Methods

For all experiments heterophasic PP copolymer (NP) was used. NP and
pre-blended pellets (polymer blends) containing various liquid additives (LA) and
solid additives (SA) in different concentrations were used for the experiments.
Starting from these polymer blends were either plaques or tapes prepared to study
the blends using different techniques. Plaques and tapes of different thicknesses
were prepared to perform the thermal conductivity, saturation concentration,
FTIR, tensile, small angle X-ray scattering (SAXS), wide angle X-ray scattering
(WAXS) and thermo-mechanical tests. The TGA test method was performed to
examine the thermal stability of the additives and polymer blends during sample
preparation. The influence of the additives on the degradation of the polymer was
evaluated. The saturation concentration test was carried out to determine the
upper limit of the additive incorporation into the NP to avoid phase separation.
An exudation test on plaques was carried out to estimate the extent of the
migration of additives to the surface at elevated temperature over time. To
quantify the additive content in the polymer blends, the FTIR technique was
carried out. The DSC thermo analysis technique was conducted to determine the
crystalline mass fraction of the samples, evaluate the changes in the melting
temperature, and compare the effect of two sample preparation methods. WAXS
analysis was carried out on samples prepared by compression molding and tape
extrusion methods to qualitatively investigate the crystallographic forms present in
the samples and to evaluate their variations caused by two sample preparation
methods. The variations in the kinetics of crystallization, including nucleation and
growth mechanisms upon additive incorporation were also studied with DSC.
The TPS method was used to evaluate the thermal conductivity of the polymer
blends as a result of additive incorporation into the polymer. SAXS analysis was
performed to study the lamellar structure. The potential changes in the lamellar
thickness, and the interlamellar distance as a result of LA incorporation were
investigated. To examine the variations in tensile modulus and yield stress of the
samples, the tensile test was performed. DMA test was performed to study
behavior (performance) of the material in a wide temperature range and evaluate
the potential change in the glass transition temperatures.

3.1 Compounding
NP pellets were extruded with various concentrations of additives within a
processing temperature range of 200-220◦C. To ensure homogeneous blending, a
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twin screw extruder was used. Polymer blends are listed in Table 3.1.

Table 3.1: List of Polymer blends

Abbreviation Description
NP Heterphasic PP copolymer

P.A1% polymer blend with 1% liquid additive A
P.A3% polymer blend with 3% liquid additive A
P.A6% polymer blend with 6% liquid additive A
P.B1% polymer blend with 1% liquid additive B
P.C1% polymer blend with 1% liquid additive C
P.C3% polymer blend with 3% liquid additive C
P.D1% polymer blend with 1% liquid additive D
P.E1% polymer blend with 1% liquid additive E
P.E3% polymer blend with 3% liquid additive E
P.F1% polymer blend with 1% liquid additive F
P.H1% polymer blend with 1% liquid additive H
P.I1% polymer blend with 1% solid additive I
P.I3% polymer blend with 3% solid additive I
P.K1% polymer blend with 1% solid additive K
P.K3% polymer blend with 3% solid additive K
P.N1% polymer blend with 1% liquid additive N
P.P1% polymer blend with 1% solid additive P
P.P3% polymer blend with 3% solid additive P

3.1.1 Addition
Two separate batches of P.M3% and P.B3% pellets were prepared by addition of
LA.M and LA.B at elevated temperature, as they were not available in compounded
form. In this method, NP pellets were preheated at 60◦C in an oven for 8 hours,
subsequently mixed with LAs in a weight ratio of 97% to 3%, and heated in a
small carousel oven at 60◦C. The liquid uptake was optically controlled at 30-minute
intervals to reach full absorption in a minimum time and to avoid the fracture of the
pellets. As shown in Fig. 3.1 P.M3% did not show a full absorption of the additive
even after 6 hours impregnation. This step is followed by a ripening at 60◦C for 12
hours. Pellets were used for the preparation of samples for the FTIR test.

Figure 3.1: P.M3% after 6 hours impregnation
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3.2 Thermogravimetry
The analysis was performed using TGA/DSC 3+ instrument on LAs, neat polymer
(NP) and the pre-blended pellets (polymer blends) in approximately 8 mg, weighed
in an alumina crucible. Measurements were made in a temperature range of 30 to
400◦C under N2 gas at a flow rate of 60 mLmin−1 and heating rate of 10 Kmin−1.
This test was performed to study the thermal stability of the LAs and the polymer
blends under processing condition.

3.3 Saturation Concentration/ Exudation Test
NP plaques with a thickness of 1 mm were punched in dumbbell-shape specimens (5A
specimens) using a manual cutting machine. As illustrated in Fig. 3.2, samples were
submerged in LAs and preserved in the oven at 60◦C for 340 hours. NP specimen,
used as a reference, was also placed in the oven under the same condition to control
the changes in its properties over time. The weight change of the samples was
recorded at various intervals using METTLERTOLEDO analytical balance with an
accuracy of ±0,01 mg. Before each measurement, samples were dried with a tissue
without applying pressure. For exudation test, plaques in 4 mm-thickness were kept
in oven at 60◦C for 340 hours, wiped off and the weight loss of the samples was
recorded over time.

Figure 3.2: NP without LA, NP specimens submerged in LA.H, LA.F, LA.M and
LA.C.

3.4 Fourier Transform Infrared Spectroscopy
FTIR spectra for the NP, additives, and polymer blends were recorded in
transmission mode at a resolution of 4 cm−1 and 16 scans, in mid-infrared region
4000-450 cm−1, using a BRUKER Invenio-S instrument. FTIR spectra in ATR
mode for P.E, P.A and LAs were recorded under the same conditions, using a
PerkinElmer instrument. In this method, to achieve better contact with the crystal
of the instrument, the sample was fixed with the metal arm of the instrument.
In both methods background spectra were recorded prior to the measurements to
eliminate the effect of the atmospheric interferences. In ATR mode, quantitative
measurement of the additive content in blended samples was calculated by the
absorbance ratio (the hight of the peak) of the blend relative to that of the NP
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after normalization. Due to the presence of similar peaks in polymer blends P.E
and P.A compared to NP, the peak at 899 cm−1, with an increasing trend in the
signal intensity was selected. It appears that this trend can be caused by different
amounts of additives in the polymer blend. The ratio of the difference in the peak
hight relative to the peak intensity at the same peak for NP was calculated and
reported. For the blends with the new peak resulting from the additive, the peak
area of the new peak was used for the calculation. The additives were diluted in a
CS2 solution, and their spectra were recorded using NaCl liquid cell. It was
assumed that the molar absorptivity ε of a highly diluted additive (5%
concentration) is equal to that of the thin plaque of polymer blend. The volumetric
amount of the additive in polymer blends was calculated with the known
concentration values for diluted additive. The absorbance value was determined
based on the peak area. The Beer-lambert law was used for the calculation:

A1

A2
= ε1c1ι1

ε2c2ι2
(3.1)

A represents the absorbance, ϵ stands for molar extinction coefficient and c and l
represent concentration and path length of light in the medium, respectively. The
thicknesses of the liquid cell 0,107 mm, NP and the polymer blend were known.

3.5 Sample Preparation

3.5.1 Tape Extrusion
Compounded pellets from the previous stage, were extruded into tapes using a
Collin Teach-Line E-20T tape extruder. The extruder with a manual feeding
system consists of a 20x25 mm screw and several heating zones. The speed of the
screw controls the feeding rate and together with various temperatures of the
barrel, ensures compression, melting and mixing of the material in transition and
metering zones, respectively. The material is processed into a homogeneous liquid
melt, subsequently drawn, and guided through a 2 mm flat nozzle at the outlet by
various rollers. The adjustable speed of the rollers allowed to provide tapes in a
range of 1,8-2 mm thickness. The tape was cooled to room temperature by
exposure to an adjustable air stream. At the end of the line an automatic trimmer
cuts the tapes to a specific length. Tapes in 1,8 to 2 mm thickness were prepared
for a tensile test.

3.5.2 Compression Molding
Blends of polymer and additives were used to prepare plaques in 0,3, 1 mm, and
4 mm with Hotpress Fontijne. The samples were placed in a hot press at the
temperature range of 200-220◦C to melt, compressed, and then cooled down at a
rate of 15 ◦Cmin−1 to room temperature. 0,3 mm samples were used for DMTA,
for mechanical test, as well as for the SAXS test. plaques in 1 mm thickness were
used for saturation concentration test. 4 mm samples were prepared with the same
temperature program and using the Collin P 400 P/M instrument. These samples
were used for thermal conductivity test.
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3.6 Differential Scanning Calorimetry
The plaques, tapes and saturation concentration test samples were analyzed using
a METTLER TOLEDO DSC5+ instrument in power compensation mode. The
analysis was performed under N2 gas at a flow rate of 60 mLmin−1. The samples
weighed in a range of 8-9 mg, sealed in an aluminum crucible, were subjected to
predefined heating, isothermal, and cooling cycles with the heating/cooling rate of
10 Kmin−1, between -40 and 200◦C. The crystalline mass fraction was calculated
solely based on the polymer content, reflecting the crystallinity of the polymer in
the blends. The enthalpies were calculated from the peak area within a fixed
temperature range for all the samples. The data collected from the first heating
step was used for the evaluations.
The crystalline mass fraction X of PP is calculated as follows:

X = ∆Hm

a∆H0
m

(3.2)

∆Hm represents the melting enthalpy of the sample and ∆H0
m the enthalpy of fully

crystalline polymer [41] and a stands for the amount of NP in blend(%). The value
of ∆H0

m for the fully crystalline polymer is assumed to be 209 Jg−1.
The saturated samples from saturation concentration test were analyzed using a
DSC instrument to investigate the degree of crystallinity and change in the
melting temperature.
To understand the possible differences in crystallization of polymer due to additive
incorporation, the kinetics of crystallization was studied. Samples of NP 5-6 mg,
sealed in aluminum crucible, were analyzed under N2 gas at a flow rate of 50
mLmin−1. NP pellet was heated from 30 to 200◦C with a heating rate of 10
Kmin−1, followed by an isothermal step for 5 min at 200◦C, then cooling at a rate
of 10 Kmin−1 to 130◦C. To verify the optimal crystallization temperature, a
temperature range of 120 to 130◦C was selected, and an isothermal crystallization
at 130◦C was conducted on NP and P.A. Measurement error was assessed by
performing random three measurements on some samples and comparison between
the results from CM and TE. Errors for X and T were found to be 0,01 and ±1◦C,
respectively.

3.7 Transient Plane Source
Melt compression molded Plaques with 4 mm thickness were analyzed using Hot
Disk® TPS2500s instrument for isotropic sample. To measure the thermal
conductivity of the SAs, plaques each 3-4 mm-thickness, were prepared with the
standard thermal program cycles using Hotpress Fontijne instrument. Due to the
viscous-adhesive nature of the SA.I, measurement of the thermal conductivity was
not possible. The 5465 (3,2 mm) sensor was used for NP, the polymer blends, and
the SA plaques with a measurement time of 40 s and a heating power of 30 mW.
For LA samples, the 7577 (2 mm) sensor was used with a measurement time of 5 s,
and a heating power of 35 mW. The variations in thermal conductivity of samples
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as a result of additive incorporation into the polymer were analyzed. To achieve a
smooth surface and maximal contact between the sample and the sensor, the
surface of the plaques was polished. From each material, two replicates were taken
and a total of 10 measurements were performed. Measurement accuracy was
assumed to be 5% in accordance with the standard ISO 22007-2:2015.

3.8 Small Angle X-Ray Scattering
Plaques approximately 1 mm thick, prepared by compression molding, were tested
using Mat: Nordic instrument from SAXSLAB/Xenocs. A Dectris Pilatus 300K
detector was coupled to a microfocus CuKα beam line (λ= 1,54 Å). The test was
conducted to measure and compare the lamellar thickness in polymer blends against
that of the NP. Each measurement was performed for one hour. The SAXSGui
software was used for data evaluation. Long period lp, which indicates the thickness
of the lamellae and the amorphous phase adjacent to it, was determined from the
scattering vector q on diffractogram.

lp = 2π

q
(3.3)

The lamellar thickness was calculated using long period value, crystalline mass
fraction XC , the density of the polymer blends ρs and the known density value of
PP crystalline fraction ρc 0,946 gcm−3.

lc = lp × Xc
ρs

ρc

(3.4)

The density of the polymer blends were determined using Isododecane with the
known density values ρ0=0,7469 gcm−3 and that for air ρl=0,0012 gcm−3, according
to the following equation:

ρs = A

A − B
(ρ0 − ρl) + ρl (3.5)

A and B values represent the weight of the sample in Air and submerged in
isododecane, respectively. The crystalline mass fraction of PP (Xc is calculated for
the whole sample according to the following equation:

Xc = ∆Hm

∆H0
m

(3.6)

Measurement error for a long period was estimated based on the resolution of the
detector used for the measurement equal to 2 Å, and accordingly calculated for
the lamellar thickness that points to 1 Å. The error for ρs, is reported as standard
deviation from two measurements.

3.9 Wide Angle X-Ray Scattering
The scattering pattern of the tapes and 4 mm thick samples prepared by
compression molding, were recorded using a D8 Discover instrument from Brucker.
The measurements were carried out in reflection mode, using a beam source of
CuKα (λ= 1,54 Å) and a constant slit mode 0,7 mm in a range of 10-70 degrees.
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3.10 Mechanical Testing
Tapes, each 1,8-2 mm thick, prepared by tape extrusion, were punched into 5A
specimens in the drawing direction using a hydraulic press, and their mechanical
properties were tested using a Zwick Z010 instrument. The method was performed
according to the standard ISO 527-1. The crosshead speed was adjusted to 25
mmmin−1, and the gauge width and thickness of the specimens were approximately
4 mm and 1,8 mm, respectively. Tensile modulus, yield stress, elongation at break,
and stress at break were recorded by instrument to evaluate the impact of the
different liquids in varying concentrations on stiffness and strength of the material.
The measurements were performed on six samples from each material, which were
stored at 23◦C, 50% RH for four days. The shape of the specimen is presented in
Fig. 3.3. The standard deviation for six replicates was reported as the measurement
error.

Figure 3.3: The Dumbbell-shape specimen (5A specimen) for tensile test.

3.11 Dynamic Mechanical Thermal Analysis
Plaques, each 0,3 mm thick, prepared by compression molding, were used for this
analysis. DMA curves for the NP and blends were recorded in tensile mode. In this
mode a constant frequency of 1.0 Hz was applied and a heating rate of 3,0 Kmin−1

was set over the temperature range of -80 to 190◦C using DMA850 instrument. The
initial force of 5 mN, 0,1% strain, and a clamp distance about 10 mm were set for
the measurements. The values of the glass transition temperatures were obtained
from the loss modulus curve. A single measurement was conducted on each polymer
blend and a 10% error was reported for the measurement of the sample dimensions
(cross section and thickness).
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Results and Discussion

This part is divided into two sections. In the first section, the results of the material
examination are presented. This section includes the thermal stability, saturation
concentration test, FTIR spectroscopy, SAXS, DSC results on samples prepared by
the CM and TE method, and WAXS, followed by the kinetics of the crystallization
as primary studies of the polymer additive system. In the second part, the test
results related to the material properties are presented. The results are discussed
for thermal conductivity, and the mechanical testing.

4.1 Material Examination

4.1.1 Thermal Stability
4.1.1.1 Thermal Stability of the LAs and SAs

The thermal stability of the LAs and SAs within the processing temperature range
of 200 to 220◦C is an important criterion. The evaluation of the temperature at
which the additive or polymer blend loses 5% of its initial weight can be considered
the onset of degradation. As presented in Fig. 4.1, LA.N and LA.G start degrading
at 189◦C and 145◦C, respectively. While other additives remain stable. These two
additives have been excluded from the experiments. SA.K did not reach 95% of its
initial weight even at 400◦C.

Figure 4.1: 5% decrease in the weight of LAs and SAs.
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Figure 4.2: Weight% of LAs and SAs vs. Temperature. SA.K (dark brown curve),
LA.D (orange curve), and LA.G (light green curve).
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4.1.1.2 Thermal Stability of the Polymer Blends

Since additives or blending process may negatively affect the thermal stability of
polymers, it was necessary to assess the blends in this respect. The polymer blends
with the highest content of the additives were tested for thermal stability using a
TGA instrument.
The results of weight loss at 400◦C are presented in Fig. 4.3 and the corresponding
curves for the NP, P.K3% and P.I3% are plotted in Fig. 4.4. Addition of liquid to NP
reduces its thermal stability, although the effect is not strong and the weight loss for
blends increases by maximum 5,3% at 400◦C for P.A6%. At higher liquid content,
additional stabilization of the polymer may be necessary. The polymer blends are
stable within the processing temperature range of 200 to 220◦C. The stability of
the NP is less affected by the incorporation of 3% polymer modifier SA.K (P.K3%),
while the introduction of the same amount of the antioxidant SA.I shows a higher
effect on the stability of the polymer (P.I3%).

Figure 4.3: Weight loss% of NP and polymer blends at 400◦C.

Figure 4.4: Weight% of the polymer blends vs. temperature. NP (green curve),
P.K3% (dark brown curve), P.I3% (pink curve), and P.A6% (red curve).
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4.1.2 Saturation Concentration Test
This test was conducted to determine to which extent liquid additive can be
dispersed in the polymer system. The specimen submerged in LAs reached the
maximum saturation at different amounts and at different times. As shown in Fig.
4.5, the specimen in LA.A shows the highest degree of swelling and, after 100
hours, reached an additive concentration of approximately 35%. Meanwhile, the
specimen in LA.D with the lowest additive concentration showed a 4% weight
increase after about 200 hours. The molecular size of the diffusant, viscosity
together with the degree of swelling of the polymer and the interaction between
two phases are the main factors that influence the diffusion.
Further study of the diffusion behavior to assign a diffusion model can provide an
estimation for the diffusion coefficient and diffusion rate of the additives [55]. Having
a high diffusion rate may promote a homogeneous distribution of the additive within
the system. However, from another viewpoint, it may also accelerate the migration
of the additive to the polymer surface. The exudation test did not suggest a change
in the additive amount in the sample. For most of the samples, no exudation was
observed after 340 hours. P.C%3 exhibited the highest amount of the additive
migration to the surface, which was about 0,5%.

Figure 4.5: Weight increase vs. Time

To understand how the introduction of liquid affects the thermal properties of
samples, DSC experiments on saturated samples were performed. The values of
crystalline mass fraction X of PP, melting temperature Tm and crystallization
temperature Tc from the DSC test on saturated samples are presented in Fig. 4.6
and Fig. 4.7. The values for X were determined as described in section 3.6, the Tm

and Tc were obtained from the DSC-thermogram.
To avoid the influence of long term annealing on iPP secondary crystallization, the
NP sample was annealed the same way for comparison. The lack of significant
changes in crystalline mass fraction indicates that this parameter probably was not
highly affected by the introduction of the liquid content. However, a small
decrease in the melting enthalpy of the NP submerged in LA.H can be an
indication of the strong interaction between them and possibly partial dissolution
of the polymer, which could affect saturation concentration results. For most of
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the samples, crystalline fraction remains fairly constant, and the melting
temperature depression appears not to be solely attributed to it. The error
measurement is described in section 3.6. The relationship between additive

Figure 4.6: Melting temperature Tm and crystalline mass fraction X of NP after
340 hours of submersion in various LAs.

Figure 4.7: Crystallization temperatures Tc1 and Tc2 of NP after 340 hours of
submersion in various LAs.

content, and melting point is shown in Fig. 4.8. It is observed that by increasing
the concentration of the additive in the polymer blend, there is a decrease in the
melting temperature. It appears that, regardless of the type of the additives, the
melting temperature shows a dependency on the LA content.
Since X does not change with additive content during saturation test, we can
assume that the decrease in melting point is not related to the change in lamellar
thickness, and the liquids only cause swelling in the amorphous phase. The
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presence of liquid in the amorphous phase depresses the melting point either by
chemical interaction of the liquid with the polymer or by physically generating
additional stresses on the crystals, which has already been described in the
literature [41].
Additionally, this effect is accompanied by a decrease in the crystallization
temperature recorded during DSC cooling. During cooling we can observe two
separated peaks, one at a temperature close to 113◦C related to the PP
crystallization and the second peak at 72◦C, which is most probably connected to
the crystallization of the PE parts of chains in EPR. It was observed that the Tc of
the PE in EPR phase is more influenced by the additive content (35%) and drops
by ∆Tc2 = 17◦C compared to PP in matrix which drops ∆Tc1 =8◦C. The melting

Figure 4.8: Melting point depression vs. LA content in NP. No LA (green pint),
LA.D (orange point), LA.M (burgundy point), LA.B (light brown point), and LA.A
(red point).

temperature depression can be accounted for by the thermodynamics of mixing.
According to the Gibbs free energy of mixing ∆G = ∆H − T∆S for a miscible
system ∆G<0. In a polymer- solvent system, entropy increases upon mixing, and
the change in enthalpy, which is related to the interaction between two
components, is decisive for miscibility. In the molten state, an additional energy is
introduced into the system, which helps to decrease the attractive intramolecular
forces in the polymer and solvent and promote an interaction between them. This
may lead to an increase in the solubility and a decrease in the melting
temperature. It would be interesting to study the variations in melting
temperature for different volume fractions of polymer-solvent mixtures (phase
diagram). Nishi and Wang [56] studied the strength of the interaction in a binary
system based on the Flory-Huggins theory. This method accompanied with
Hoffman-weeks analysis can provide details on the interaction in the system and
provide an estimation for the equilibrium melting temperature, respectively.
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4.1.3 Fourier Transform Infrared Spectroscopy
In order to assess the amount of additives in the plaques of polymer blends, the FTIR
analysis was performed. The analysis of the spectra obtained from NP suggests
several peaks at wave numbers 1166 cm−1, 998 cm−1, 974 cm−1 and 841 cm−1,
which are the characteristic peaks of semicrystalline iPP. As presented in Fig. 4.9,
the recorded spectra of some polymer blends suggest the formation of new peak at
the wave numbers ranging from 1740 to 1745 cm−1. This new peak for P.H, P.D, P.M,
P.I, and P.B was observed, and it can be related to the characteristic peak resulting
from the free or dissolved carbonyl group of the additives in the polymer system.

Figure 4.9: Comparison of absorbance spectra of NP (green) with P.I3% (red),
subtraction of both spectras (blue) and spectra of SA.I (black).

The spectrum of P.E did not exhibit any additional peak compared to that of the
NP, and Fig. 4.10 presents a comparison between the spectra of P.E1% relative to
that of the NP. The lack of new peak in the P.E blend challenged the quantification

Figure 4.10: Comparison of absorbance spectra of NP (green) with P.E1% (red),
subtraction (blue) and LA.E (black).

method. Quantitative evaluation of the P.E was carried out using ATR mode. Since
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the LA peaks overlap with NP, the only way to calculate the amount of liquid in
the blend was to use the NP-only peak and see how much it decreases in the blends.
As explained in the method, the peak at 899 cm−1 was selected for the quantitative
evaluation, and the calculated values are presented in Table 4.1. The amount of the
additives looks overestimated. It appears that the applied pressure by the metal arm
of the instrument may have caused the migration of liquid additive to the surface
and resulted in an increase in the concentration of the liquid close to the surface.
It was found that quantitative evaluation in ATR mode was unreliable. Comparing

Sample Additive content [%]
P.E1% 3
P.E3% 7

Table 4.1: The additive content assessed using IR-spectra in ATR mode.

the spectra of the additive with the spectra from its blend and that of the NP; in
almost all blends, the characteristic peak related to the additive is slightly shifted
and some changes were observed in the shape of the peaks (peak shoulders). As
explained previously, a new peak that resulted from the additive incorporation was
observed in some blends. The recorded spectra for P.H, P.D, P.M, P.I, and P.B in
transmission mode were used for the quantitative evaluation, using Beer-Lambert
law. Based on our assumption, absorbance coefficient of the highly diluted LA was
used for the quantification of the volumetric amount of the additives in the polymer
blend. The quantified amount of the additives in the various plaques is presented
in Table 4.2.

Sample Additive content [%]
P.D1% 3
P.B1% 0,3
P.I1% 1,8
P.I3% 2,52
P.H1% 0,1
P.M3% 1,7

Table 4.2: The additive content assessed using IR-spectra in transmission mode
using Beer-Lambert law.

The quantitative measurement of the blends with the various additive concentrations
suggested the presence of a higher amount of additives in the blend. It can be
concluded that the quantification of the additive directly from the spectra was not
possible for the blends, and the values were unreliable.
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4.1.4 Kinetics of Crystallization
The addition of liquid to polymer can cause changes in the nucleation and growth
process of polymer crystals, which we observed through changes in the crystallization
temperature of impregnated samples. To better understand this process, isothermal
crystallization of NP and polymer blends was conducted at 130◦C for one hour. Fig.
4.11 shows the heat flow curve of P.A3%, P.P3%, P.K3% and NP. It clearly presents
the influence of the additive on the rate of crystallization. The same amount of
various additives shifted the peaks of the crystallization curve differently. In

Figure 4.11: Heat flow curves as a function of time for P.K3%(brown curve),
P.P3% (violet curve) and P.A3% (light red curve), NP(green curve). Isothermal
crystallization at 130◦C.

different blends, it was observed that the peak of crystallization in P.E1%, P.P1%,
and the P.K blend at 1% and 3% was slightly shifted to an earlier time, while 1%
of SA.I and LA.C did not exhibit a large influence on the time corresponding to the
peak of crystallization. Overall, for most of samples, the crystallization slows down
as a result of additive incorporation, and the peak of crystallization is shifted towards
a longer time. The influence of the amount of LA.A on the rate of crystallization
is presented in Fig. 4.12. A decrease in rate of crystallization upon the addition
of additives was observed for all blends. The classical Avrami model is applied to
analyze the crystallization process of NP and P.A under isothermal conditions. The
degree of phase conversion, which reflects the extent of phase transition, is obtained
from the DSC thermogram. The double logarithmic form of Avrami equation ln(-
ln(1/1- α) for blends as a function of time ln(t) is presented in Fig. 4.13. As
illustrated, the slope of the linear fitting slightly increases upon increasing additive
content, and the intercept indicates a lower value compared to NP. Table 4.3 presents
the calculated values for Avrami index n and the crystallization rate constant k for
NP and P.A in conversion range between 3 and 20%. The value of n indicates a two-
dimensional instantaneous nucleation, and the variations in the k value indicate a
decrease in the rate of crystal growth. Small changes in n suggest a small influence
of the liquid on the dimensionality of the growth of polycrystalline agglomerates
and, therefore, on nucleation. Larger changes are visible for k, which suggests
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Figure 4.12: Additive content vs. Half time of crystallization. NP(green), P.A1%
(light orange), P.A3% (light red), and P.A6% (red).

Sample n k t1/2

NP 2,37±0,001 -16,61±0,007 851
P.A1% 2,52±0,001 -17,68±0,007 901
P.A3% 2,48±0,002 -17,93±0,014 1140
P.A6% 2,47±0,003 -18,52±0,019 1501

Table 4.3: Isothermal crystallization parameters of NP, P.A1%, P.A3%, and
P.A6%. Standard error for the linear fitting is reported.

differences in the rate of crystal growth. A study on nucleation of PP on PTFE
fibers showed the similar n value [57]. It was observed that the values for n and
k show a dependency on the selected interval for the degree of phase conversion α.
However, obtained values in different intervals point to slight variations for n and a
decrease in the k value upon additive inclusion. As the crystallization proceeds, the
non-crystallizable component (additive) is pushed out of the growing crystal, and
the ratio of the solvent to the polymer melt increases. It gradually becomes more
difficult for the polymer chains to diffuse to the crystal surface, which results in a
decrease in the rate of crystallization. The mathematical equation in Avrami model
did not suggest the correct values for the half-time of crystallization and the peak of
crystallization. It is likely that the assumption of constant crystal growth rate may
not be true for blends with liquids. It would be interesting to investigate the growth
rate and size of the crystal using polarized optical microscopy. These data may
provide insight into the kinetics and the variations in the crystal size distribution.
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Figure 4.13: Plots of ln(-ln(1/1- α) vs. ln(t) for NP (green curve), P.A1% (light
orange curve), P.A3% (light red curve), and P.A6% (red curve). The curves are
vertically shifted for clarity and better illustration.
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4.1.5 DSC of Compression Molded and Tape Extruded
Samples

To assess the impact of the observed differences in the crystallization process on
the prepared samples, the crystallinity X of the propylene in the blend and Tm of
the samples prepared by tape extrusion and compression molding were measured.
The determination of the X is explained in section 3.6 and the melting enthalpy
was equal to the area under the melting peak on DSC curve. The collected data
from DSC are presented in Fig. 4.14 and 4.15. Comparison of X and Tm of
compression molded samples, as presented in Fig. 4.14, show only minor variations
between the samples with different amounts of additives compared to the NP and
it was found that the additives at low concentration hardly influenced the
crystalline mass fraction and melting point of the polymer. The similar result is
observed for most of the samples prepared by the tape extrusion method, as listed
in Fig. 4.15. Error measurement is described in section 3.6. Assessment of X of

Figure 4.14: Melting temperature Tm and crystalline mass fraction X of NP and
melt-blended samples, determined by DSC. Compression molding samples.

the samples prepared by different methods show a slight decrease in the degree of
crystallinity of polymer for P.E, P.P, P.H1%, P.A3% and P.K1% in the tape
extrusion method. The DSC melting thermograms of the NP and the other blends
prepared by compression molding are very similar, and the results for the
crystalline mass fraction and the melting temperature did not suggest a change
due to additive incorporation. The heat flow curves of NP and P.I1% obtained
from the first heating are shown in Fig. 4.16. Comparing the heat flow curves of
the first heating for the NP and blends prepared by tape extrusion shows a slight
variation in the shape of the peaks. As an example in Fig. 4.17, the second peak
prior to the melting peak keeps rising. In P.A6% and P.I this variation is more
pronounced and caused a shift in the melting temperature to a lower temperature.
It seems that, there is an effect related to the presence of crystals with different
stability (different crystallographic forms) or that of lamellae with different
thicknesses, possibly followed by a recrystallization process. Schick [44] proposes
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Figure 4.15: Melting temperature Tm and crystalline mass fraction X of NP and
melt-blended samples, determined by DSC. Tape extrusion samples.

performing DSC at a higher scanning rate to distinguish between melting and
recrystallization phenomena. At higher scanning rates, the recrystallization
process is less likely, and the presence of various crystal populations within the
sample is possible to distinguish. In general, we can conclude that the changes
caused by the addition of liquids only slightly affect how the blends crystallized
under the given condition. However, we observe noticeable differences between
samples prepared in different ways. A broad melting peak in a DSC thermogram
can be an indication of a wide variation in lamellar thickness in polymer or
changes in crystallographic form. In the tape extrusion method, there is no control
over the cooling rate, and the samples cool down rapidly by exposure to the
ambient temperature, which results in a slightly lower degree of crystallinity and a
difference in the shape of the melting curves.

Figure 4.16: Comparison of first heating curve of NP (green curve) with P.I1%
(pink curve), determined by DSC. Compression molding samples.
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Figure 4.17: Comparison of first heating curve of NP (green curve) with P.I1%
(pink curve), determined by DSC. Tape extrusion samples.

4.1.6 Wide Angle X-Ray Scattering
To understand the changes in the samples as a result of different preparation
methods, WAXS measurements were performed. Diffraction patterns of the NP
and P.A6% prepared by compression molding and tape extrusion are presented in
Fig. 4.18.

Figure 4.18: Wide angle X-ray scattering diffractogram. NP prepared by CM
(green curve), P.A6% prepared by CM (red curve), P.A6% prepared by TE (red
dotted curve).

The formation of the α and γ phases in the NP and polymer blends can be identified
by their characteristic peaks on the diffractogram. The peaks at angles about 18,5◦

and 20◦ indicate the presence of two crystallographic forms of α and γ, respectively.
Additionally, P.A6% prepared by compression molding displays a more pronounced
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peak for the γ modification, whereas the smaller peak at the same angle for the
P.A6%-tape indicates a lower amount of this crystallographic form. As reported by
Mezghani et al. [58], γ form is favored during crystallization at higher temperatures,
therefore a high cooling rate may suppress the formation of the γ form. We did not
observe a big difference in the height of this peak between the NP and P.A6%
samples, and only a small decrease in the amount of the γ form is visible for the
samples as a result of additive incorporation.
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4.1.7 Small Angle X-Ray Scattering
In order to verify the influence of the additive on the crystal structure and to
understand where the additive is located, it is necessary to determine the thickness
of the amorphous phase and the crystal lamellae by means of SAXS experiment.
Changes in the lamellar thickness or aggregation of the additive in the
interlamellar distance, can directly influence the properties of blends. The SAXS
pattern for NP and that of blends was recorded, and the maximum intensity of the
scattering curve for most of the samples, even at low additive concentration,
exhibits a shift towards a lower q value. Fig. 4.19 illustrates the scattering profile
for P.A6% and P.E3% in comparison with NP. These blends with the highest
additive content exhibit the biggest shift towards the lower q value.
The scattering profile for other blends are provided in Fig. 4.20 and 4.21. The

Figure 4.19: Scattering profile of P.A6% and P.E3% in comparison with NP. P.A6%
(red), P.E3% (blue) and NP (green).

method used to calculate the long period lp, Xc, ρs, and lamellar thickness lc were
described in section 3.8. Fig. 4.20 presents the results of the long period and their
corresponding lamellar thickness. Error of measurement is reported in section 3.8.
For Xc, the error of DSC calculated in section 3.6 is reported. A higher change can
be observed for the P.E, P.A at higher concentrations, whereas the other blends
exhibit the smallest or lack of change. However, even the minor changes within the
uncertainty measurement point to an increase in the long period. The relationship
between the long period value and the amount of the additive for these two
additives is presented in Fig. 4.22. It suggests a similar trend for long period vs.
additive concentration. The data from the DSC test do not suggest a change in
crystalline mass fraction and melting point, and it can be assumed that the
lamellar thickness did not change as a result of additive incorporation. The
increase in lp without significant changes in the lc suggests that a large part of the
additives is in the amorphous phase between the crystalline lamellae. The presence
of different crystallographic forms and overlapping of the melting peaks does not
allow for an accurate determination of the melting temperature peak.
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Figure 4.20: Long period and lamellar thickness of the NP and blends, determined
by DSC. Compression molding samples.

Figure 4.21: Crystalline mass fraction and density of the NP and blends,
determined by DSC. Compression molding samples.

The results of the preliminary tests on the materials can be summarized as follows:
The thermally stable additives within the temperature range of 200-220◦C were
determined. LA.G and LA.N were excluded from the additive list due to their low
thermal stability in comparable condition. The maximum saturation level of the
additives in NP was determined. LA.H and LA.D exhibited the lowest saturation
levels of 2,6% and 4%, respectively, while other additives showed saturation levels
from 7% to 35%. LA.A showed the highest saturation level. It appeared that the
quantification of the additive content in the blend did not yield reliable values for
all blends. The study of the kinetics of crystallization suggests a decrease in the
rate of crystal growth without significant influence on nucleation process. The
degree of crystallinity did not exhibit a significant change as a result of the
additive incorporation in polymer blends in both TE and CM preparation
methods. A decrease in the amount of γ form was observed for TE samples, which
may have resulted from the higher cooling rate in this method. Liquid addititves
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Figure 4.22: Long period variations with additive content. P.A (red), P.E (blue)
and NP (green).

only slightly reduced the amount of the γ form. The results from the SAXS test
suggest an increase in the interlamellar distance. However,the lamellar thickness
and melting temperature did not exhibit a remarkable change. This suggests
incorporation of additive in amorphous phase between crystals.
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4.2 Material Properties

4.2.1 Thermal Conductivity by Transient Plane Source
The LAs, SAs, and their corresponding thermal conductivity values, which were
measured by instrument, are listed in Fig. 4.23. All the additives show a lower
thermal conductivity value compared to NP. The values are between 0,211 for
SA.K and 0,143 for LA.D. Measurement for SA.I was not possible due to the
mechanical properties of the additive (viscous adhesive texture). The
determination of measurement error is described in section 3.7. The thermal

Figure 4.23: Thermal Conductivity of LAs and SAs in comparison with NP tested
at 23±0,3◦C.

conductivity of the blends was measured, and the obtained values for the NP, and
polymer blends are presented in Fig. 4.24. Interestingly, the thermal conductivity
of the blends in comparison with that of the NP does not suggest a change. The
measured values at various concentrations show only slight variations, that do not
exceed the uncertainty of the measurement. It was found that at a very low
additive amount ranging from 1% to 3%, the thermal conductivity of the blend
remain comparable to that of the base polymer, whereas the thermal conductivity
of all additives, according to the results in Fig. 4.23, show lower values compared
to NP. It was observed that there was a variety in recorded thermal conductivity
between various samples from the same plaque. Interestingly, the observed
variations were slightly improved by the sampling from the middle of the plaques.
This could be an indication of the existence of a thermal gradient during sample
preparation in a hot press machine or inhomogeneity in additive distribution
within plaques.
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Figure 4.24: Thermal Conductivity of polymer blends in comparison with NP
tested at 23±0,3◦C.
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4.2.2 Dynamic Mechanical Thermal Analysis
For different PP applications, mechanical properties at both low and high
temperatures are very important, therefore, DMTA test was carried out. An
illustration of the storage modulus, which were recorded at -40◦C for different
blends, is presented in Fig. 4.25. The determination of the error of measurement is
described in section 3.11. The values indicate a decrease in storage modulus upon
additive incorporation. The storage modulus of P.A6% with the highest additive
content shows a 27% decrease. This result indicates an improvement in the
material’s stiffness at a very low temperature as a result of additive incorporation,
which is a positive effect in the case of this type of material. The values of storage

Figure 4.25: DMA storage modulus for polymer blends and NP at -40◦C.

modulus at room temperature, 25◦C, as presented in Fig. 4.26, suggest a similar
declining pattern due to additive inclusion. However, 6% of LA.A strongly reduces
the storage modulus to about 50% of the value for NP and only 1% of SA.I affect
this value by 34%. Interestingly, polymer blends, including P.A, P.P, and P.C,
exhibit a gradual decrease in the storage modulus with increasing additive
concentration. Mechanical stability at elevated temperature is a very important
parameter in different industrial applications. It was observed that at high
temperatures, 130◦C, the storage modulus decreased for some of the blends and
increased for others. As illustrated in Fig. 4.27, this value may vary from -46% for
P.E3% to +32% for P.A1% but still remains at the level of a few MPa. The value
of the storage modulus decreases with increasing amount of the LA.A. These
observations suggest that the modified polymers can be characterized by a lower
modulus compared to the NP. The reduction of storage modulus for blends may be
caused by the incorporation of additives in the amorphous phase, which is
confirmed by SAXS measurements. In the low strain range that we deal with in
DMTA, the properties of the amorphous phase strongly affect the modulus of the
samples, which we can see by the reduction of storage modulus. It is important to
take into account that various blends showed a declining pattern of modulus in the
temperature range of -40 to 130◦C to varying extents, and the changes in the

43



4. Results and Discussion

Figure 4.26: DMA storage modulus for polymer blends and NP at 25◦C.

Figure 4.27: DMA storage modulus for polymer blends and NP at 130◦C.

storage modulus were not consistent with the additive concentration. To better
understand changes in mechanical properties for the blends, measurements of
tensile mechanical properties were carried out.
The effect of additives on the glass transition temperature of the polymer matrix
and that of the rubber phase is evaluated according to the peaks on loss modulus
curves, and the data are presented in Fig. 4.28. As we can see in Fig. 4.29, for
both NP and P.A6%, we can observe two separate maxima on the loss modulus
plot. One at lower temperature from -50 to -43◦C and the other at higher
temperature from -12 to -26◦C. The first one is related to the glass transition
temperature in amorphous EPR, and the second one is to amorphous
polypropylene between the lamellae. As can be seen, the Tg of both phases are
slightly shifted to a lower temperature. This observation can be attributed to the
higher flexibility of the chains in the amorphous phase due to introduction of the
additive into the polymer.
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It’s common knowledge that the chemical structure of the additive and polymer
can determine the extent and mechanism of additive-polymer interaction. Fig.

Figure 4.28: Glass transition temperature Tg of the polymer matrix and the rubber
phase in NP and other polymer blends.

4.29 presents the reduction in the Tg in P.A6%. As shown, LA.A reduces the glass
transition temperature of both polymer phases.
Fig. 4.30 shows the differences between Tg of individual phases for NP and blends.
The effectiveness of the additives to influence the Tg of both phases in NP is
presented in Fig. 4.30. In most of the samples, the Tg of both phases changed
noticeably upon increasing the additive content. Below Tg, modulus is usually
higher than above Tg. This change occurs at a lower temperature. One might
expect that different additives might be more compatible with EPR or with PP
and have different effects on the Tg of these phases. For most of the blends, the
variations in glass transition temperatures of both phases were not consistent, and
the changes varied with different concentrations. A conclusion regarding the
tendency of the liquid toward a specific phase was not possible. Using Scanning
Electron Microscopy (SEM) to determine variations in the size of the elastomeric
phase (EPR) upon additive incorporation may help estimate the tendency of liquid
towards polymer matrix and/or elastomeric phase.
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Figure 4.29: Comparison of glass transition temperatures for NP (green) and
P.A6% (red).

Figure 4.30: Comparison of variations in glass transition temperature of matrix
and rubber phase. Rubber phase in black color and matrix in red color.
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4.2.3 Mechanical Testing
To evaluate the impact of additives on the mechanical response of the polymer,
the specimens were subjected to a constant strain, and the mechanical response
of the material was recorded. The stress-strain curve has been presented in Fig.
4.31. All blends show a mechanical behavior similar to that of the NP. At very
low strain, reversible deformation occurs in the amorphous phase. As the strain
increases, plastic deformation and irreversible changes in the lamellae, including the
lamellae rotation followed by its deformation, occur. The resistance of lamellae to
deformation is reflected by an increase in the stress (yield point). By increasing
applied strain, the changes in the cross-section of the sample (necking) cause a drop
in the force until the curve reaches a very short plateau which indicates reorientation
of the lamellae. In this step the deformation is not constant. Further increase in
the strain causes an increase in the stiffness of the sample without changing its
cross-section. This is due to alignment of the crystals in the drawing direction,
and it is accompanied with the stretch of the amorphous phase. It is noteworthy
to mention that the color change in the sample is attributed to the void formation
at the interface of the crystal and amorphous phase. This leads to light scattering,
which is known as the stress whitening mechanism. At a very high strain, the sample
fractures. It was observed that the additives did not significantly change the general
mechanical behavior of the NP. The results of the tensile test are summarized in

Figure 4.31: Stress-Strain curve recorded during tensile deformation. NP (green
curve), P.I3% (pink curve), P.P3% (violet curve), P.E3% (blue curve), P.A6% (red
curve).

Fig. 4.32 and 4.33, which contain values for the tensile modulus E, yield stress σ,
stress at break σ and elongation at break ϵ recorded from the tensile test for NP and
all blends. The determination of measurement error is described in section 3.10.
For all samples, we can observe that the tensile modulus of the samples decreases
with the increase in the content of additives, although the values depend on the
type of additive. At a very low concentration, the value of tensile modulus exhibits
a slight decrease in all the samples. For samples with an additive content of 1%, the
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Figure 4.32: Mechanical properties of different tape extruded polymer blends

Figure 4.33: Mechanical properties of different tape extruded polymer blends

greatest changes are observed for materials including P.E, P.B, P.H, P.K, with a 6%
reduction, and for materials including P.D and P.I, this difference is minimal. For
3% additives, P.P exhibits the smallest changes of 5% while this value decreases to
up to 17% for P.I3, P.K, P.C, P.A, P.F. For LA.A and LA.E, we observed a decrease
of approximately 20%. The lowest value was noted for P.A6%, where the modulus
decreases by 30%. These results are presented in Fig. 4.32. The values for yield
stress follow a similar decrease trend. Similar to the tensile modulus, the lowest
values are for P.A samples, although the changes are at the level of 15% for P.A6%.
As presented in Fig. 4.33, stress at break is slightly affected and displays a lower
value as a result of the highest concentration of the additives in P.C, P.I, P.P and
P.K polymer blends. However, considering the error bar, the changes are less than
6%. Stress at break was less affected by LA.A and LA.E at lower concentrations,
but 6% of the LA.A reduced this property by 14%. Interestingly, 3% of P.C, P.I,
P.P and P.K reduce this property by approximately 11%, while even the lowest
amount of SA.P and SA.I shows similar results. Amongst them, 1% of LA.H affects
this property similarly. The value of the elongation at break does not suggest a
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significant change for most of the blends and varies between +4% to -8% without
clearly suggesting a trend for content or type of the additive.
As presented in Fig. 4.34, P.A6% exhibits the lowest tensile modulus and yield
stress with the highest additive content. It shows the lowest resistance to the applied
strain and reflect the softness of the material caused by the additive introduced to
the polymer.

Figure 4.34: Stress-Strain curve recorded during tensile deformation. NP (green
curve), P.I3% (pink curve), P.P3% (violet curve), P.E3% (blue curve), P.A6% (red
curve).

As shown in Fig. 4.35, there is a clear relationship between the decreasing value
of the tensile modulus and the increasing content of the additive. Fig. 4.36 clearly
illustrates the dependency of the yield stress on the additive content. It continuously
decreases upon additive incorporation.

Figure 4.35: Comparison of tensile modulus with varying content for LA.E (blue),
LA.A (red), SA.I (pink) and SA.P (violet) in blend with NP(green).
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Figure 4.36: Comparison of yield stress with varying content for LA.E (blue),
LA.A (red), SA.I (pink) and SA.P (violet) in blend with NP (green).

DSC results have shown quite similar degrees of crystallinity for all samples, and in
the SAXS experiment, we observed an increase in the interlamellar distance in the
polymer blends, which was potentially caused by additive aggregation in this area.
It was found that the lamellar thickness remained nearly constant with increasing
additive concentration.
Fig. 4.37 presents the yield stress of the polymer blends with the corresponding
long period measured by SAXS. In general, we observe a decrease in the Young’s
modulus with no decrease in the elongation at break, which, in the case of PP-
based materials has a very positive effect. Tensile modulus is closely related to

Figure 4.37: Yield stress vs. long period. NP (green), P.P3% (violet), P.I3%
(pink), P.E3% (blue), and P.A6% (red).

the deformation of the amorphous phase in the polymer, which is why its changes
with the liquid content are so strong. The observed decrease in yield stress can be
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attributed to the phenomenon explained as follows: during crystallization, additives
are expelled from the crystal, and these are probably localized in the interlamellar
region. Introducing the additive into the polymer leads to swelling in the amorphous
region, which causes an increase in the interlamellar distance. The chains connecting
crystals will be stretched, and crystals will be under tension. It creates a negative
stress within the lamellae and leads to its pre-tension. Consequently, less energy is
required to activate the plastic deformation mechanism [59][60].
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5
Conclusion

The results of the saturation test indicated the maximum amount of the liquid
incorporation without phase separation.
In the exudation test, it was observed that polymer blends containing 3% additive,
did not exhibit a remarkable migration of the additive to the surface.
A high cooling rate in tape extrusion sample preparation method may resulted in
the formation of a lower amount of the γ-phase; However, the presence of the
additive in blends did not exhibit a significant change in the degree of crystallinity.
Most of the additives were thermally stable at processing temperature and did not
strongly affect the thermal stability of the blends.
The rate of crystallization was slowed upon additive incorporation. However, it did
not strongly affect crystallinity, and lamellar thickness.
The incorporation of additives with a lower thermal conductivity than the
polymer, did not significantly affect the thermal conductivity of the polymer
blends.
Additives have shown a plasticizing effect on the polymer blend, by reducing the
modulus of the material at low and medium temperatures, suggesting an
improvement of the mechanical properties without deterioration of the thermal
stability at high temperature. Furthermore, they caused a decrease in the glass
transition temperature of both amorphous and elastomeric phase, which indicates
the additive tendency towards both phases. Additives may partially accumulate in
the interlamellar distance, which can lead to an increase in the interlamellar
distance without having an influence on the crystal thickness. The variation in
lamellar thickness was confirmed by SAXS results. The presence of liquid in the
amorphous phase of the matrix strongly decreases the modulus of the samples. An
increase in the interlamellar distance due to additive incorporation exhibited an
influence on plastic deformation mechanism, resulting in a decrease in yield stress.
The additives led to swelling of the amorphous phase, which might change the
stress distribution in the system and resulted in a decrease in the required energy
for deformation of the crystals.
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