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ABSTRACT

This doctoral thesis investigated the multifaceted interplay between
crystallization dynamics, electroconductivity, and mechanical attributes within
selected engineering polymers and their blends. The overarching objective was to
unravel the intricate relationships governing these fundamental properties and
their implications for advanced material applications.

Firstly, the influence of thermal degradation on the crystallization of
Poly(butylene terephthalate) (PBT) was meticulously examined. The research
revealed a substantial shift in the crystallization temperature, indicative of
profound modification. This shift occurred through distinct phases, involving
initial rise, steep decrease, and subsequent degradation-induced changes. The
corresponding trends in crystallinity and crystallization kinetics were observed,
with particular attention to the influence of differing lamellar thicknesses. These
findings underscored the intricate nature of PBT's crystallization behavior under
thermal degradation, contributing to a broader understanding of polymer
degradation and its implications for crystallization processes.

Furthermore, the research delved into the intricate terrain of Poly(butylene
terephthalate) crystallization kinetics, particularly in response to various fusion
temperatures. The empirical results demonstrated a pivotal correlation between
fusion temperature and the resultant heat flow curve, revealing a nuanced
interplay between crystallinity and heat flow profile. The Ozawa and Avrami
models were adeptly employed to elucidate crystallization kinetics, affirming the
role of fusion temperature in nucleation and crystal growth mechanisms. These
findings hold promise for optimizing processing parameters and enhancing
material attributes across diverse applications.

Moreover, the intricate interplay between fusion temperature, duration, and
nonisothermal crystallization kinetics in polyamide 6 (PA6) was explored.
Employing advanced analytical techniques, the study unveiled insights into
nucleation centers, crystallization temperature shifts, and kinetics. The models
utilized effectively shed light on the complex relationship between fusion
temperature and crystallization processes, furthering our comprehension of
polymer material processing.



Lastly, the work explored the integration of carbon fibers within an elastic
polymer matrix, yielding EOC/CF composites. The study meticulously analyzed
the resulting mechanical attributes and morphology alongside implications for
electroconductivity. The study demonstrated a marked enhancement in tensile
modulus and stress through various analytical methodologies while maintaining
elasticity. Moreover, the investigation delved into electrical properties, revealing
a critical percolation threshold in the composites. These results suggest the
potential for advanced composites, particularly for applications in electronics
engineering.

This doctoral thesis comprehensively explores the intricate relationships
among crystallization, electroconductivity, and mechanical attributes within
engineering polymers and blends. The findings have far-reaching implications for
material design and applications, paving the way for innovative advancements in
diverse fields.

Key words: Electrical conductivity, Crystallization, Thermal degradation,
Optical microscopy, DSC, SAXS.



ABSTRAKT

Tato disertaéni prace se zabyvala mnohostrannymi interakcemi mezi
dynamikou krystalizace, elektrickou vodivosti a mechanickymi vlastnostmi
vybranych technickych polymert a jejich kompoziti a smési. Hlavnim cilem bylo
odhalit slozité vztahy, jimiz se tyto zakladni vlastnosti fidi, a jejich disledky pro
aplikace pokrocilych materiala.

Nejprve byl peclivé zkouman vliv tepelné degradace na krystalizaci
poly(butylentereftalatu) (PBT). Vyzkum odhalil podstatny posun v teploté
krystalizace, coZ svéd¢i o hluboké modifikaci. K tomuto posunu doslo v riiznych
tazich, které¢ zahrnovaly pocate¢ni nartst, prudky pokles a nésledné¢ zmény
vyvolané degradaci. Byly sledovany odpovidajici trendy v krystalinité a kinetice
krystalizace, pfiCemz zvlaStni pozornost byla vénovéana vlivu na rozdilnou
tloust’ku lamel. Tato zjiSténi zdlraznila slozitou povahu krystalizacniho chovani
PBT pii tepelné degradaci a ptispéla k SirSimu pochopeni degradace polymert a
jejich disledkt pro krystaliza¢ni procesy.

Vyzkum dale pronikl do slozité oblasti kinetiky krystalizace
poly(butylentereftalatu), zejména v zavislosti na riznych teplotach taveni.
Empirické vysledky prokazaly klicovou korelaci mezi teplotou taveni a vyslednou
kiivkou tepelného toku a odhalily jemnou souhru mezi krystalinitou a profilem
tepelného toku. K objasnéni kinetiky krystalizace byly vhodné pouzity Ozawiv a
Avramiho model, které potvrdily roli teploty taveni v mechanismech nukleace a
rustu krystalt. Tato zjiSténi jsou ptislibem pro optimalizaci parametrti zpracovani
a zlepSeni vlastnosti materidlu v riznych aplikacich.

Kromé toho byla zkouméana slozZitd souhra mezi teplotou taveni, dobou trvani
a kinetikou neizotermické krystalizace v polyamidu 6 (PA6). S vyuzitim
pokrocCilych analytickych technik studie odhalila poznatky o nuklea¢nich
centrech, teplotnich posunech a Kinetice krystalizace. Pouzit¢é modely G¢inné
osvétluji slozity vztah mezi teplotou taveni a krystalizaCnimi procesy a prohlubuji
naSe porozuméni zpracovani polymernich materiala.

Nakonec prace zkoumala integraci uhlikovych vlaken do elastické polymerni
matrice, ¢imz vznikly kompozity EOC/CF. Studie peclivé analyzovala vysledné
mechanické vlastnosti a morfologii spolu s disledky pro elektrickou vodivost.
Studie prokézala vyrazné zvyseni modulu pruznosti v tahu a napéti pomoci



riznych analytickych metodik pii zachovani elasticity. Kromé toho se zkoumaly
elektrické vlastnosti a odhalil se kriticky prah perkolace v kompozitech. Tyto
vysledky naznacuji potencidl pokrocilych kompozitii, zejména pro aplikace v
elektronice.

Tato disertacni prace komplexné zkouma slozité vztahy mezi krystalizaci,
elektrickou vodivosti a mechanickymi vlastnostmi v ramci technickych polymert
a smési. Zjisténi maji dalekosahlé disledky pro konstrukci a aplikace materiala a
oteviraji cestu k inovativnimu pokroku v riznych oblastech.

Klic¢ova slova: Elektrickd vodivost, krystalizace, tepelna degradace, opticka
mikroskopie, DSC, SAXS.
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AIM OF WORK

The primary objective of this research is to comprehensively investigate and
analyze the intricate interplay between crystallization Kkinetics, electric
conductivity, and mechanical properties within selected engineering polymers
and their composites and blends. This work aims to unravel the underlying
mechanisms governing these fundamental properties and their interdependencies,
providing valuable insights into the design, optimization, and application of
advanced materials with enhanced functionalities.

By studying the influence of factors such as fusion temperature, thermal
degradation, and filler incorporation on crystallization behaviour, this research
seeks to uncover the underlying principles that govern the crystalline structure
and kinetics of polymers. Furthermore, by assessing the electric conductivity of
polymer composites, a deeper understanding of their electrical behaviour will be
achieved, allowing for potential applications in fields like electronics engineering
and sensor technology.

Another pivotal objective of this work is to analyze the mechanical properties
of engineered polymers and their composites. Investigating the tensile modulus,
stress-strain behaviour, and viscoelastic properties contributes to comprehending
how these materials respond to mechanical stresses and strains. This knowledge
can lead to developing materials with tailored mechanical properties suitable for
various industrial and engineering applications.

Overall, this thesis aims to bridge the gaps between these interconnected
properties and establish a comprehensive understanding of how they influence
each other. This understanding, in turn, can inform the design and fabrication of
innovative materials with improved properties, enabling advancements in fields
ranging from materials science and polymer engineering to electronics and
beyond.



1. THEORITICAL BACKGROUND

1.1. Introduction

Polymers exhibit diverse properties, including their crystallization ability,
influenced by temperature and molecular weight distribution, impacting their
mechanical strength [1, 2]. In terms of elasticity, polymers can display both
elastomeric and rigid characteristics, making them versatile for various
applications. Additionally, the electrical conductivity of polymers can be
modified by incorporating conductive fillers, enabling their use in electrically
conductive materials when factors like filler content and morphology are carefully
controlled [3].

In polymer science and engineering, crystallization is crucial in determining
polymers' physical and mechanical properties. The crystallization process
involves transforming a disordered polymer melt into a crystalline structure,
influenced by various factors such as thermal degradation, fusion temperature,
fusion time, and polymer morphology [4]. Polymer crystallization is a complex
process that involves multiple stages, including nucleation, growth, and final
morphology development. Several factors, such as degradation, temperature,
cooling rate, and molecular weight, influence these stages' kinetics. Fusion
temperature, the temperature at which a polymer is melted, significantly impacts
the crystallization process [5].

In general, reduced fusion temperatures result in an accelerated crystallization
rate, increased crystalline structure, and diminished crystal dimensions. Specific
engineering polymers, such as polyamide 6 (PA6) and Polybutylene
Terephthalate (PBT), possess distinct characteristics that render them apt for
various industrial uses. The influence of fusion temperature, thermal degradation,
fusion time, and morphology on the crystallization process of these polymers has
been extensively studied [6, 7]. Differential scanning calorimetry (DSC) and
polarized optical microscopy (O.M.) are commonly used techniques to analyze
the crystallization kinetics of these polymers.

Incorporating conductive fillers, such as carbon fibres, in polymer matrices
can lead to materials with elastic and electrically conductive properties. The
electrical conductivity of polymer blends depends on factors such as filler content,
morphology, and the nature of the polymer matrix [8]. The percolation threshold,
the minimum filler content required to achieve electrical conductivity, is an
essential parameter in designing electrically conductive polymers [9].
Investigating the electrically conductive properties of EOC/CF blends can provide

10



valuable insights into their potential applications in electronics, sensors, and
actuators.

This thesis focuses on selected engineering polymers and blends, specifically
PAG6, PBT, EOC and EOC/PBT blends. The study will provide valuable insights
into the crystallization Kinetics, elastic electrically conductive properties, and
morphology of these materials, thus contributing to optimizing their design for
specific applications. The findings of this research will benefit various industries,
including automotive, aerospace, electronics, and construction, seeking to
develop high-performance materials with tailored properties.

1.2. Crystallization Kinetics

Polymers are widely used materials with a broad range of applications due to
their unique properties. One of the key properties of polymers is their ability to
crystallize. Crystallization is the process of polymers forming an ordered, solid
structure from a disordered liquid state. The Kkinetics of crystallization are
essential to consider when processing polymer materials. There are two main
types of crystallization Kkinetics: isothermal and nonisothermal crystallization
[10].

1.2.1 Isothermal crystallization

Isothermal crystallization refers to the process by which a polymer is carried
outat a constant temperature and allowed to crystallize. The kinetics of isothermal
crystallization can be described using several models, including the Avrami and
Ozawa models [11].

The Avrami model assumes that the crystallization rate is proportional to the
amount of uncrystallized material remaining. This model assumes that the
nucleation and growth of crystalline structures occur simultaneously and
uniformly throughout the polymer melt [12].

The Ozawa model is dependent on the Avrami model, but it accounts for the
effect of the degree of undercooling on the crystallization rate. The degree of
undercooling refers to the difference between the crystallization temperature and
the polymer's melting temperature. The Ozawa model can also be applied to the
nonisothermal crystallization kinetics of polymers.
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1.2.2 Nonisothermal crystallization

Nonisothermal crystallization refers to the process by which a polymer is
heated or cooled at a specific rate and allowed to crystallize. Nonisothermal
crystallization kinetics can be described using several models, including the
Kissinger and Hoffman-Lauritzen models.

The Ziabicki model assumes that the rate of crystallization is corresponding to
the degree of undercooling and the number of active nuclei. The degree of
undercooling is the difference between the crystallization temperature and the
equilibrium melting temperature of the polymer, and the number of active nuclei
Is a measure of the degree of crystallization. The Ziabicki model also accounts for
the effect of crystal growth on the crystallization rate. This model has been used
to describe the nonisothermal crystallization of several polymer materials,
including polyethylene, polypropylene, and polycarbonate.

On the other hand, the Nakamura model assumes that the crystallization rate
Is proportional to the degree of undercooling and the nucleation rate. The rate of
nucleation is a measure of the number of nucleation sites in the polymer melt. The
Nakamura model also accounts for the effect of crystal growth on the rate of
crystallization. This model has been used to describe the nonisothermal
crystallization of several polymer materials, including polyethylene,
polypropylene, and polyamide.

1.3. Electric Conductivity in Polymers

Introducing conductive additives, like carbon fibres, into polymer matrices can
yield flexible and electrical conductivity materials. The electrical conductance of
polymer combinations is influenced by elements such as the quantity of additives,
the material's structure, and the inherent properties of the polymer matrix. The
percolation threshold, which denotes the minimum amount of additives needed
for electrical conductivity, is a critical parameter when formulating electrically
conductive polymer mixtures. An exploration into the electrical conductive
characteristics of EOC/CF blends has the potential to offer valuable insights into
their prospective applications in fields like electronics, sensors, and actuators.

1.4. Morphology and its Influence on Properties

The morphology of polymers and blends is critical in determining their
mechanical, thermal, and electrical properties. Factors such as crystallinity, phase
separation, and interface adhesion can influence the performance of the materials.
In the case of PAG6, PBT, PHB, and EOC/CF blends, the morphology is closely
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related to the crystallization kinetics and elastic electrically conductive properties.
Studying the relationship between these materials' morphology, crystallization
Kinetics, and electrical conductivity can contribute to their efficient design and
application.

1.5. Polymer Materials:

1.5.1. Polyamide 6 (PA6)

Polyamide 6 (PAG) is a semi-crystalline thermoplastic material renowned for
its remarkable combination of high strength, toughness, and stiffness, rendering
it a highly appealing choice for many applications [1, 2]. During processing PAG,
the fusion temperature plays a pivotal role in governing the polymer's
crystallization characteristics [3, 4]. The crystallization patterns of polyamide 6
are subject to the influence of several variables, including temperature, cooling
rate, and molecular weight [5]. Notably, most polyamides, called nylons, exhibit
a linear structure characterized by recurring amide units. These amide groups
facilitate hydrogen bonding within the polymer chain, a phenomenon of
paramount importance in shaping the material's physical and chemical attributes
[2, 6]. Establishing hydrogen bonds within PAG yields a robust, inflexible, and
crystalline framework, contributing significantly to the material's elevated levels
of strength, stiffness, and thermal resilience. Furthermore, this distinctive
configuration of chemical bonds confers impressive resistance to chemical agents
and low moisture absorption to polyamides, rendering them exceptionally well-
suited for various textiles, automotive manufacturing, and electronics
applications.

) i
I
N—(CH,)5 —C

Figure 1. PA6 formula.
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1.5.2. Polybutylene terephthalate (PBT)

Polybutylene terephthalate (PBT) is a world-wide semi-crystalline
thermoplastic. It belongs to the group of polyesters together with, for example,
polyethylene and polycarbonate, so it contains at least one ester bond. PBT
typically has a crystallinity of around 35-40%. The glass transition temperature
Is in the range of 30-50°C and the melting point is usually between 222-232°C.
It is fiber-forming, chemically resistant, has high strength and rigidity and low
moisture content [13, 14].

'e) 0
I I
C C—O0—-CH,-CH,-CH5-CH,-0O

Figure 2. The chemical formula of PBT.

n

1.5.3. Ethylene-octane copolymer (EOC)

Another polymer used was ethylene-octane copolymer. In our case, a polymer
called EOC39 was used, where the number 39 represents the mass percentage of
the octane monomer. EOC39 has good flow characteristics, a melt flow index of
0,50 g/10 min (at 190 °C and load 2,16 kg) and a density of 0,868 g/cm3. The
polymer is resistant to peroxides silanes. It has a melting point of 55 °C and a
glass transition temperature of -52 °C. The properties of EOC39 are enhanced
in mixtures with polypropylene and polyethylene [15-17].

(—CHZCHZ ) / CH,CH—
X

CH,(CH,),,CH,
b 4

Figure 3. The structural formula of Ethylene-octene copolymer [18].

1.5.4. EOC/PBT Blend

PBT/EOC mixtures were prepared using the Haake Minilab extruder under the
following conditions: 250 °C, 50 rpm and 9 minutes. An overview of all prepared
mixtures and pure PBT is given in the table 1 and Figure 4 below.
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Table 1: Overview of prepared mixtures

Mixture hm.% PBT hm.% EOC
EOC/PBT 30 70
EOC/PBT 32.5 67.5
EOC/PBT 35 65
EOC/PBT 37.5 62.5
EOC/PBT 40 60

PBT 100 -
5
PBT/EOC

!
s |

o I \ PBT%
2 3

o I 100%
wo [ ,/\’__,J/Lxx(m
2 [\ 37.5%
k=) 2 .—'/\__—-’/\ 35%
ol 32.5%
§ [ — N 30%

1k

0|||||||||
40 60 80 100 120 140 160 180 200 220 240

Temperature (°C)

Figure 4. DSC curves of PBT/EOC blend and pure PBT.

1.6. Experimental Methods

1.6.1. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed on the
polymer samples to study their crystallization kinetics and thermal properties. The
samples were heated and cooled at different rates, and the resulting DSC curves
were analyzed to obtain crystallization and melting temperatures [19, 20].

The measurement is carried out in an inert atmosphere and two pans, one
empty, the reference and the other containing the sample to be examined. Each
pan has its heating device, which must change the temperature at the same rate
[21].
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Figure 5. Applications of DSC [20].

1.6.2. Electrical Conductivity Measurements

A strain gauge is employed to assess the sample's electrical resistance. This
strain gauge is a sensor with an electrical resistance that varies in response to
applied force. The calibration procedure entails utilizing different weights. During
calibration, the sensor's zero offset and linearity are scrutinized by comparing its
output when subjected to reference weights. Adjustments to the sensor are made
as necessary [22]. The measurement of electrical resistance is executed using a
multimeter configured in ohms, and the obtained values are subsequently
compared with the manufacturer's calibration certificate to ascertain their close
correspondence.. The dependence of the electrical conductivity on the carbon
fibre content and blend morphology was investigated to understand the
percolation behaviour and the role of filler dispersion and distribution [23, 24].

1.6.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was employed to examine the
morphology of the selected polymers and blends. The samples were cryogenically
fractured, sputter-coated with a thin layer of conductive material, and then
observed under high vacuum conditions to obtain high-resolution images of the
fracture surfaces [25-27].
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Figure 6. SEM image of EO/CF composite with 30 wt.% of C.F. [25].

1.6.4. Small Angle X-ray Scattering (SAXYS)

Small-angle X-ray scattering (SAXS) is a non-destructive analytical technique
employed to probe nanostructures present in both liquid and solid substances. In
a SAXS experiment, a focused X-ray beam is directed at a nanostructured
specimen, encompassing substances like proteins, macromolecules, or
nanoparticle dispersions. The scattering pattern generated during this process
varies depending on the size of the particles within the sample, yielding valuable
insights into their dimensions and size distribution. What sets SAXS apart is its
ability to offer representative structural information covering a substantial sample
area. This feature distinguishes it from microscopic methods, which may provide
detailed data but are often limited in their capacity to capture the overall structural
characteristics of a sample. Consequently, SAXS is an excellent complementary
method, particularly when assessing the specific surface area of materials,
enhancing our understanding of nanoscale structures and their properties in
diverse scientific applications. [28, 29].

17



1.6.5. Twin Screw Extruder

A twin screw extruder, often called a twin-screw extruder, is a machinery
utilized within the plastics sector to manipulate and blend plastic substances. This
device comprises a closed barrel housing two screws interning and rotating on
splined shafts. The screws are precisely meshed and turn unison, facilitating
thorough material mixing and shaping. Twin-screw extruders have extensive
application in processing powder blends, requiring meticulous blending and
reactive extrusion processes [30-32].

Alfalfawhole plant
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Figure 7. Schematic representation of the twin-screw extruder barrel [33].

1.6.6. Mechanical Testing

Mechanical properties of the selected polymers and blends, such as tensile
strength, elongation at break, and modulus, were determined using a universal
testing machine. The specimens were prepared according to the relevant
standards, and the tests were conducted at a constant strain rate [34-36].
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2. RESULTS

In this section, the results of the influence of the fusion temperature and thermal
degradation on the crystallization kinetics of PA6 and PBT will be shown.
Additionally, we will also show the results of our work that concern the electrical
and mechanical properties of EOC/CF composites.

2.1. Crystallization Kinetics Results

The fusion temperature has a significant effect on the crystallization kinetics of
Polyamide6 (PAG). Figure 8 illustrates the impact of different fusion temperatures
on the heat flow [37], in which PA6 samples were heated at various fusion
temperatures from 225 °C to 245 °C for 2 min and then were cooled at a cooling
rate of 25 °C/min. The graph demonstrates that with increasing fusion
temperature, the exothermic trace becomes narrower and shifts toward lower
temperatures, then it becomes wider but still moves toward lower temperatures.
At lower fusion temperatures, some crystals remain unmelted, which act as
nucleation centers. As the fusion temperature increases, more crystals melt,
leading to smaller nucleation centres. Consequently, crystallization becomes more
challenging, requiring a higher degree of supercooling. Therefore, the
crystallization temperature shifts towards lower temperatures. This change is most
noticeable in the temperature range of 225-242 °C, and then the peak remains at
approximately the same temperature as the fusion temperature increases.
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Figure 8. Exothermic heat flow of PA6 from DSC after various fusion temperatures
at a cooling rate of 25 °C/min.

The presence of shoulder on some of the heat flow curves suggests the presence
of "transcrystallinity" described by Freire et al. [38], meaning differences in
crystallization kinetics on the surface (in contact with aluminum pan) and inside
the pellet. Thickness of the sample seems to be very important. For our polarized
optical microscopy measurement, it was necessary to use thicker sample (more
than 100 um) in order to be able to observe spherulites.

However, in terms of crystallization Kkinetics, the inverse value of
crystallization is preferable. Conversely, this value decreases with increasing
fusion temperature, indicating that crystallization kinetics are slowing.

Polarized optical microscopy (O.M.) is used to observe the morphology of PA6
spherulites formed during nonisothermal crystallization. These spherulites are spherical
and exhibit highly ordered Maltese cross-pattern structures [39, 40]. Understanding the
details of the spherulite morphology and growth rate is crucial for controlling the final
product's physical properties. Figure 9 presents O.M. images of PA6 that have
undergone a cooling process from 200 °C to 100 °C at a rate of 20 °C/min. During this
cooling process, the sample begins to crystallize. The results indicate that spherulites
are present during the cooling process. These spherulites have a circular cross-section
and exhibit a Maltese cross-pattern system, which suggests that they are oriented along
or perpendicular to the crystalline molecular axis concerning the spherulitic radius [41].
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The size of the crystallites is highly dependent on the crystallization temperature and
time. Figure 10 illustrates the impact of temperature on the rate of spherulite formation
during the crystallization process. These spherulite structures are formed due to many
nucleation sites and the rapid cooling of the molten polymer, which impedes normal
crystal growth.

180
: PAG6
160
[ —— Tf vs No. of Spherulites
§ 140 F
S 120F
q_) L
< C
o 100
n E
S 80
o :
Z 60
% C
S 40F
(O] u
I 20F
0F
_20:....I....I....I....I....I....I....I....I....
232 234 236 238 240 242 244 246 248 250

T (°C)

Figure 9. Effect of the fusion temperature on the number of spherulites of PA6
crystallization.
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Figure 10. PA6 Nonisothermal crystallization by polarized optical microscope at
20 °C/min cooling rate at different temperatures (a) 186.3 °C, (b) 183 °C, (c) 179.6
°C, (d) 176.3 °C, (e) 173.8 °C, (f) 169.8 °C.

Figure 11 shows the melting temperature analysis as a function of crystallization
temperature that was performed according to the Hoffman—Weeks theory. Where the
extrapolated line crosses the Tm = Tc line, one can find an equilibrium melting point
T2. Our T2 was found to be at 242 °C, which is very close to Wang et al. who reported
the equilibrium melting point for pure PAG6 to be about 243 °C [42].
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Figure 11. (a) Determination of melting temperature after isothermal
crystallization of PA6 at various temperatures, (b) Hoffman—Weeks plot for
equilibrium melting point determination, melting point of peak I vs. crystallization
temperature.

For PBT S-curve, which illustrates relative crystallinity, can demonstrate the
effect of applying various fusion temperatures on the crystallization kinetics [43].
Figure 12 presents the relative crystallinity curves of PBT corresponding to
different fusion temperatures (232-244°C). A notable trend is observed; with an
increase in fusion temperature, there is a subsequent decrease in crystallinity, as
shown in Table 2. Furthermore, this decrease is accompanied by shifting the S-
curve towards lower temperatures. This phenomenon can be elucidated by
referring to the thermodynamics involved in the crystallization process. At
elevated temperatures, an enhancement in molecular mobility and crystal growth
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Is generally observed, extending the duration required to achieve a specific degree
of crystallinity [44, 45].
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Figure 12. Relative crystallinity vs. temperature.

Many researchers use the Avrami plot to evaluate isothermal crystallization
(see Figure 13) [46-48]. One can evaluate the Avrami constants n and k from this
plot. These two constants are listed in Table 2. Interconnected two parameters
describe the S-curve, and the trend of rate constant k is unclear. Therefore, we
have used Nakamura's rate constant K = k/™ that shows a better trend (even
though it was originally developed for nonisothermal crystallization).

24



0.4

[ PBT-is0-212°C fusion time 300s
0.2 F
0.0 [ Fusion
- temp. (°C)
X 02F ® 232
A i A 233
= [ m 234
o i ® 235
s 04r o 236
- [ v 240
i * 242
-0.6 |- o 245
i a 250
0.8 |
_1.0 -l 1 1 ] 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 ] 1 1 1 1 ] 1 1
5 6 7 8 9

In [time (s)]

Figure 13. Avrami plot from isothermal crystallization at 212°C after melting at
various fusion temperatures by DSC.
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In our work, we used the slope at the inflection point of the S-curve to evaluate
crystallization kinetics. The slopes are listed in Table 2 and show a clear
decreasing trend in the range 232-242°C, and then the kinetics stabilizes in the
range 242-250°C fusion temperature range.
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Table 2. PBT Isothermal crystallization kinetics parameters at 212°C from

DSC.

One over half

Fusion Crystallizatio  time of Slope at . Nakamur
temp. n Halftime crystallizatio inflection Avrami a
n

Tr (°C) 112 (8) T1/5 (5-1) s-1 n k K = k'
232 168 0.0059482 0.0050558 2.310 4.956E-06 0.0050482
233 444 0.0022508 0.0020843 2.629 7.582E-08 0.0019570
234 634 0.0015769 0.0015346 3.339 3.044E-10 0.0014119
235 1085 0.0009213 0.0010449 3.058 3.593E-10 0.0008155
236 1394 0.0007174 0.0007253 3.470 4.617E-12 0.0005408
240 2332 0.0004288 0.0005223 3.510 1.045E-12 0.0003862
241 2582 0.0003873 0.0004958 3.682 2.689E-13 0.0003855
242 2675 0.0003738 0.0004739 3.712 1.235E-13 0.0003334
243 2655 0.0003766 0.0004889 3.568 5.569E-13 0.0003677
244 2616 0.0003823 0.0004985 3.689 1.569E-13 0.0003381
245 2603 0.0003841 0.0005014 3.772 9.080E-14 0.0003485
250 2617 0.0003821 0.0004757 3.593 3.636E-13 0.0003450
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Thermal degradation has a great effect on the crystallization kinetics of PBT.
Several authors have reported a change in melting point T, towards lower values
during degradation [49-52]. Figure 15 shows the change in melting temperature
by the thermal degradation at 270°C. Increasing the degradation time, the peak
shifts to lower temperatures and then two melting points appear (Tm; and Trp).
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Figure 15. Change in melting behaviour by the thermal degradation at 270°C.
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We have observed a decrease in melting point during the degradation. Based
on the Gibbs-Thomson equation, we can assume that the lamellar thickness
decreases during degradation. Initially, there is mainly one peak (even though the
second peak is also present). The situation during the initial part of degradation
could be graphically represented by Figure 17. In the later part of degradation, the
presence of two peaks is evident and suggests the presence of lamellae with two
different thicknesses (see Figure 18).
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Figure 16. (a) Lorentz-corrected 1D-SAXS intensity profiles. (b) Change in long
period L during the degradation.

The T and Try, are still moving towards the lower temperatures, so we can
assume a moderate decrease in both lamellar thicknesses. The results from SAXS
(see Figure 16 and Table 3) confirmed a decrease in long-period L that comprises
the lamellae's thickness plus the amorphous layer's thickness. The data from
SAXS indicate a decrease in lamellar thickness during the degradation [53].
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Table 3. SAXS results: peak position g,,,4, (nm™1) and long period L (nm) as a
function of degradation time at 270°C.

Time (h) Gmax (M) L (nm)
0.83 0.5179 12.13
23.33 0.5605 11.21
30.00 0.5761 10.91
Original PBT 20h of degradation 40h of degradation
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Figure 17. Decrease in lamellar thickness during the degradation (from SAXS).

50h of degradation 100h of degradation 150h of degradation

2 o) 20 e F-3)) e

g

8
LT
| AARERRTR 23]
A - 7o oo
-] [y
VvV (=, O

Figure 18. Two lamellar thicknesses are possibly decreasing during the
degradation (from DSC).
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2.2. Mechanical and Electrical Properties Results

Stress—strain curves are illustrated in Figure 19. Stress increases with a higher
filler content for the same strain, implying a higher modulus. The reinforcing
effect of the C.F. filler in the EOC matrix causes this. Even though the stress and
tensile modulus are higher, EOC/CF composites remained elastic.

Several theoretical models have been described in the literature to elucidate the
mechanical properties of composites containing different types of fillers. Among
these models, the hydrodynamic theory proposed by Einstein [15] is considered
the earliest one for spherical filler particles, which explains the viscosity of
colloidal suspensions [54].
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Figure 19. Tensile stress—strain curves of EOC/CF composites measured by DMA at
room temperature.
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According to Figure 20, the six-parameter model fitted the experimental data
better than the four-parameter model. The parameter values of both models are
included in Tables 4 and 5.
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Figure 20. Creep compliance curves measured by DMA at room temperature.
Experimental data vs. Burgers model and six-parameter model.

Table 4. Values of the four-parameter model.

Four-Parameter Model

Sample Em Ex Nk )
MPa) | (mpa) Mm MPaS) oo g R
EOC 6.7 | 142.6 | 67,1147 | 3099.2 | 0.991

EOC/10 wt% CF | 125 | 1816 | 79,980.1 | 4501.2 | 0.993
EOC/15 wt% CF | 14.3 175.1 | 76,050.2 | 4321.9 | 0.993
EOC/20 wt% CF | 19.5 | 193.3 | 83,418.2 | 5017.1 | 0.992
EOC/25wt% CF | 24.1 | 222.2 | 92,440.7 | 6160.3 | 0.994
EOC/30 wt% CF | 31.7 | 240.1 | 97,204.5 | 6803.7 | 0.994
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Table 5. Values of the six-parameter model.

Six-Parameter Model

Sample Eo No E: N E: 02

(MPa) | (MPa-s) | (MPa) | (MPa.s) |(MPa)| (MPa-s) R

EOC 6.8 |86,936.1| 220.2 | 978.6 |[194.9| 8612.1 |0.9995

EOC/10 wt% CF | 12.6 [109,715.6| 298.2 | 1964.3 | 244.6 | 13,323.8 |0.9996

EOC/15 wt% CF | 14.5 [102,613.3| 286.7 | 1684.1 | 231.4|12,130.8 |0.9995

EOC/20 wt% CF | 20.1 |108,270.9| 327.2 | 1480.5 | 239.9 | 11,713.2 |0.9996

EOC/25 wt% CF | 24.7 [120,924.9| 403.9 | 2206.1 | 271.9 | 14,217.2 |0.9997

EOC/30 wt% CF | 32.8 [123,687.4| 437.8 | 2034.5 | 286.3 | 14,497.8 |0.9996

Previous research by Theravalappil et al. has shown that elastic electrically
conductive composites reinforced with carbon fibres (EOC/CF) have a
percolation threshold at 10 wt.% C.F. This result is lower than that observed for
multi-walled carbon nanotube (MWCNT) composites due to the longer length of
the carbon fibers, which allows for the formation of a conductive path at a lower
concentration [55]. Generally, composites with filler concentrations close to the
percolation threshold exhibit a high electrical resistance and gauge factor [56],
making it difficult to measure their electrical properties accurately.

The strain dependence of resistance change for elastic electrically conductive
(EOC) composites with varying weight percentages of C.F. (15, 20, and 25 wt.%)
is depicted in Figure 21 and Table 6. The graph depicts the relationship between
the strain, tensile stress, and calibrated weights ranging from 20 to 500 g.
Unexpectedly, the resistance change decreases to negative values. This
observation is significant as it suggests that the composite material exhibits non-
linear behaviour under stress, and its electrical properties may not be suitable for
specific sensor applications.
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Figure 21. Strain dependence of resistance change for EOC/CF composites with
various tensile stresses.

Table 6. Values of negative resistance change.

wt.% C.F. Yo a b R?
15 —08.82 111.8 41.96 0.9886
20 —73.32 72.92 48.76 0.9876
25 —49.85 45.36 41.06 0.9978

As can be seen in Figure 22, resistivity variations were observed during
multiple loading and unloading cycles at a tensile stress of 1.202 MPa. The results
indicate that the loading/unloading process is consistent across two cycles and a
prolonged period, with no substantial changes in resistivity. Furthermore, the
resistivity levels oscillate between two values, indicating the stability of the
material. These findings highlight the importance of repeatability in pressure and
strain sensors, as it ensures consistency in measurement accuracy over time [57].

34



Therefore, the ability of a material to maintain stable resistivity values during
loading/unloading cycles is a critical factor to consider when selecting materials
for use in pressure and strain sensors. The findings of this study suggest that
carbon fibre-based composites may be suitable for use in these applications due
to their ability to maintain stable resistivity values over prolonged periods.
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Figure 22. Resistivity vs. time for loading/unloading cycles after (a) 1 min and (b) 5
s of EOC composite with 20 wt.% CF and tensile stress 1.202 MPa.
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CONCLUSION

In summary, this doctoral thesis has thoroughly investigated the complex
interplay between crystallization dynamics, electroconductivity, and mechanical
properties in selected engineering polymers and their blends. The overarching
objective was to elucidate the intricate relationships governing these fundamental
properties and their implications for advanced material applications. The research
commenced with a meticulous examination of the influence of thermal
degradation on the crystallization of Poly(butylene terephthalate) (PBT). This
investigation revealed a significant shift in crystallization temperature, signifying
profound modifications. This shift occurred in distinct phases, involving an initial
rise, a steep decrease, and subsequent degradation-induced changes. The study
also observed corresponding trends in crystallinity and crystallization Kinetics,
focusing on the influence of differing lamellar thicknesses. These findings
underscore the intricate nature of PBT's crystallization behaviour under thermal
degradation, contributing to a broader understanding of polymer degradation and
its implications for crystallization processes. Furthermore, the research delved
into the intricate terrain of Poly(butylene terephthalate) crystallization kinetics,
particularly in response to various fusion temperatures. Empirical results revealed
a crucial correlation between fusion temperature and the resultant heat flow curve,
unveiling a nuanced interplay between crystallinity and heat flow profile. The
Ozawa and Avrami models were adeptly employed to elucidate crystallization
Kinetics, affirming the role of fusion temperature in nucleation and crystal growth
mechanisms. These findings hold promise for optimizing processing parameters
and enhancing material attributes across diverse applications. Moreover, the study
explored the intricate interplay between fusion temperature, duration, and
nonisothermal crystallization kinetics in polyamide 6 (PA6). The research
unveiled insights into nucleation centers, crystallization temperature shifts, and
Kinetics using advanced analytical techniques. The models illuminate the complex
relationship between fusion temperature and crystallization processes, furthering
our comprehension of polymer material processing. Lastly, the research
investigated the integration of carbon fibres within an elastic polymer matrix,
yielding EOC/CF composites. The study meticulously analyzed the resulting
mechanical attributes and morphology alongside implications for
electroconductivity. The investigation demonstrated a marked enhancement in
tensile modulus and stress through various analytical methodologies while
maintaining elasticity. Moreover, it delved into electrical properties, revealing a
critical percolation threshold in the composites. These results suggest the potential
for advanced composites, particularly for applications in electronics engineering.
In conclusion, this doctoral thesis has comprehensively explored the intricate
relationships among crystallization, electroconductivity, and mechanical
properties within engineering polymers and blends. The findings of this research
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have far-reaching implications for material design and applications, paving the
way for innovative advancements in diverse fields.
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