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1. Introduction and Literature Review
1.1. Introduction

Polymer blending has become one of the most widely adopted approaches for developing materials
with tailored and enhanced properties by combining existing polymers with complementary
properties [ 1, 2]. Compared with synthesizing entirely new polymers, blending offers a more cost-
effective and time-efficient strategy while utilizing already established processing technologies
and industrial infrastructure [3-5]. Through appropriate selection of blend components and
composition, polymer blends can provide improved combinations of mechanical strength,
flexibility, toughness, thermal stability, chemical resistance, and processability that are often
difficult to achieve using a single polymer alone. Consequently, polymer blends have gained
considerable importance in applications such as automotive components, construction materials,

packaging, medical devices, smart textiles, and consumer products [6-9].

Among commercially important thermoplastics, poly(vinyl chloride) (PVC) remains one of the
most extensively used polymers because of its low cost, chemical resistance, flame retardancy,
mechanical strength, and processing versatility [10, 11]. However, despite these advantages, PVC
exhibits inherent rigidity, brittleness, and limited thermal stability, which restrict its application in
products requiring flexibility and elasticity [12]. For this reason, PVC is commonly modified

through plasticization or blending with more flexible polymers [10, 13].

Conventional plasticization of PVC relies predominantly on phthalate-based plasticizers because
of their high efficiency and low cost [14, 15]. Nevertheless, increasing concern regarding the
migration, toxicity, and environmental impact of phthalates has intensified the search for safer and
more sustainable alternatives. In recent years, bio-based plasticizers derived from renewable or
waste resources have emerged as promising candidates for replacing conventional petroleum-

based plasticizers while reducing environmental impact [16].

Thermoplastic polyurethane (TPU), on the other hand, is an elastomeric thermoplastic polymer
characterized by excellent elasticity, toughness, abrasion resistance, and favourable thermal
performance [17, 18]. Due to its segmented structure consisting of soft and hard domains, TPU
exhibits a unique combination of elasticity and mechanical durability [18, 19]. However, TPU is

substantially more expensive than PVC, which limits its use in high-volume and cost-sensitive



applications [20]. Blending PVC with TPU therefore offers a practical route for combining the
rigidity and cost-effectiveness of PVC with the elasticity and toughness of TPU, thereby enabling
the development of materials with balanced properties while reducing reliance on higher-cost

elastomeric systems.

At the same time, increasing environmental concerns and sustainability requirements have
stimulated growing interest in bio-based additives derived from renewable or waste feedstocks
[21]. Among these, glycerol diacetate monolaurate derived from waste cooking oil (WCO)
represents a particularly attractive alternative because it simultaneously addresses plasticizer

sustainability and waste valorisation within a circular-economy framework [22].

Despite the promising potential of PVC/TPU/bio-plasticizer systems, the final performance of
these polymer blends depends strongly on compatibility between the constituent components.
Compatibility governs intermolecular interactions, molecular mobility, phase morphology, stress
transfer, and ultimately the mechanical and thermal behaviour of the material [23]. Since most
polymer systems are thermodynamically immiscible, predicting and evaluating compatibility

remains one of the central challenges in polymer blend design [24].

Thermodynamic compatibility can be estimated using solubility parameter concepts, while
swelling-based analysis provides an effective indirect approach for predicting compatibility prior
to processing [25]. However, thermodynamic prediction alone cannot fully guarantee
compatibility in polymer systems, making complementary post-processing analyses necessary for
evaluating intermolecular interactions, molecular mobility, relaxation behaviour, and phase
morphology. Among the available characterization techniques, thermally stimulated discharge
(TSD) analysis offers high sensitivity toward localized molecular mobility and dipolar relaxation
processes, making it particularly useful for investigating intermolecular interactions and phase

heterogeneity in polymer blends [26, 27].

Although previous studies have separately investigated PVC/plasticizer, PVC/polyurethane
blends, and bio-based plasticizers, comprehensive investigation of ternary PVC, TPU, and bio-
plasticizer systems remains limited. In particular, the integration of thermodynamic compatibility
prediction using swelling-based solubility parameter analysis with complementary post-processing
relaxation, spectroscopic, morphological, mechanical, and thermal analyses has not been

comprehensively investigated. Furthermore, limited attention has been given to glycerol diacetate
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monolaurate derived from waste cooking oil as a sustainable plasticizer in PVC/TPU blend

systems.

Therefore, this study focuses on the development and investigation of sustainable PVC/TPU/bio-
plasticizer blend systems using glycerol diacetate monolaurate derived from waste cooking oil.
The study integrates thermodynamic compatibility prediction with comprehensive experimental
validation in order to establish relationships among intermolecular interactions, molecular
mobility, phase morphology, mechanical behaviour, and thermal stability. By combining the
complementary properties of PVC and TPU while reducing dependence on conventional phthalate
plasticizers, this study aims to contribute toward the development of flexible, thermally balanced,

and more sustainable PVC-based polymer systems.

1.2.Polymer Blends

Polymer blending is a widely used approach for designing and producing materials with tailored
and enhanced properties through the combination of existing polymers [28, 29]. In recent decades,
polymer research has increasingly focused on blending strategies rather than the synthesis of
entirely new polymers, owing to the ability of polymer blends to efficiently satisfy technological
requirements while reducing development time, production cost, and financial risk. Furthermore,
polymer blending utilizes already established processing technologies and industrial infrastructure,
making it an economically attractive route for the development of advanced polymeric materials

[1, 30, 31].

Polymer blends can provide combinations of properties that are difficult to achieve using
individual polymers alone. By controlling blend composition, intermolecular interactions, and
phase morphology, materials with improved mechanical strength, elasticity, flexibility, thermal
stability, and chemical resistance can be produced. Consequently, polymer blends have found
widespread applications in automotive, construction, packaging, medical, electrical, and textile

industries [6-9].

Despite these advantages, the major challenge in polymer blending is the inherently low miscibility
of most polymer systems [24]. Because high-molecular-weight polymers possess very low entropy
of mixing, many blends undergo partial or complete phase separation, resulting in heterogeneous

morphologies that strongly influence molecular mobility, mechanical performance, thermal



behaviour, and long-term stability [32, 33]. Therefore, understanding and controlling compatibility
is essential for establishing desirable structure-property relationships in polymer blends, since
compatibility directly governs intermolecular interactions, phase morphology, and stress transfer

between blend components [34, 35].

1.3. General Properties of PVC, TPU, and Plasticizers
1.3.1. Poly(vinyl chloride) (PVC)

Poly(vinyl chloride) (PVC) is one of the most widely used thermoplastic polymers due to its
versatility, chemical resistance, flame retardancy, ease of processing, and relatively low cost [10,
11]. Structurally, PVC consists of repeating chlorinated hydrocarbon units, where the presence of
polar carbon—chlorine bonds strongly influences its intermolecular interactions, molecular
mobility, and physical properties (Figure 1). Industrially produced PVC is predominantly atactic,
although it typically contains a few percent of syndiotactic sequences of varying length. The
stereochemical arrangement of the chlorine substituents influences chain packing and
intermolecular interactions and contributes to the characteristic structural organization of PVC. In
addition to its chemical structure, PVC exhibits a unique supramolecular structure arising from
strong dipole-dipole interactions between the polar C—Cl groups. These interactions promote local
ordering and the formation of supramolecular associations, which significantly influence the
molecular mobility, relaxation behaviour, thermal transitions, plasticization behaviour, and
mechanical properties of PVC. Consequently, PVC exhibits high mechanical strength, rigidity,
dimensional stability, and resistance to acids, oils, and many chemicals, making it widely utilized
in construction, transportation, electrical insulation, flooring, piping, and numerous industrial

applications [10, 36-38].

Despite these advantages, unplasticized PVC is inherently rigid and brittle, exhibiting limited
elasticity, poor impact resistance, and relatively low thermal stability [12, 39]. Upon heating, PVC
undergoes dehydrochlorination, resulting in the release of hydrogen chloride and the formation of
conjugated polyene sequences that accelerate thermal degradation [40-42]. These limitations
restrict its direct use in applications requiring flexibility, toughness, or prolonged thermal
resistance [43, 44]. Consequently, plasticizers are commonly incorporated to increase chain

mobility and improve flexibility and processability, thereby transforming rigid PVC into soft and



flexible materials suitable for films, tubing, cable insulation, medical devices, and flexible coatings

[45, 46].

The broad tunability of PVC through formulation and plasticization also makes it an important
matrix polymer for polymer blending systems. In particular, polymer blending provides an
effective strategy for improving flexibility, toughness, and thermal/mechanical performance while
retaining the advantageous properties of PVC. Due to its polarity, processability, and formulation
versatility, PVC has become an important base polymer for the development of flexible and

functional blend systems [10, 47].

| |
__(;_;.._.Cf_._
H H

I
Figure 1. Repeating unit structure of poly(vinyl chloride) (PVC).
1.3.2. Thermoplastic Polyurethane (TPU)

Thermoplastic polyurethane (TPU) is an elastomeric engineering thermoplastic widely used due
to its high elasticity, toughness, abrasion resistance, chemical resistance, and favourable thermal
performance [48, 49]. TPU is typically synthesized through the reaction of diisocyanates with
polyols in the presence of chain extenders, producing linear polymers containing repeating
urethane linkages together with ester, ether, or urea groups depending on the formulation. To
obtain linear thermoplastic polyurethanes, the reactants must be predominantly bifunctional; the
use of polyfunctional isocyanates or polyols can lead to branching and crosslinking, resulting in

thermoset rather than thermoplastic polyurethane structures [50, 51].

TPU has a segmented block-copolymer structure consisting of alternating soft and hard segments
covalently bonded within the polymer chain. The soft segments are generally long, flexible, and
relatively low in polarity, contributing elasticity and chain mobility, whereas the shorter hard
segments are more polar and provide mechanical strength, rigidity, and thermal resistance aa [48,

49]. Due to the polarity difference between these segments, TPU commonly exhibits microphase-
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separated morphologies stabilized by intermolecular interactions, particularly hydrogen bonding

between urethane groups [18, 19].

The unique combination of elasticity and mechanical strength makes TPU attractive for
applications including coatings, films, cables, medical devices, automotive components, and
flexible engineering materials [52]. In polymer blending systems, TPU is frequently incorporated
to improve flexibility, toughness, and impact resistance [34]. However, the segmented structure
and phase behaviour of TPU strongly influence its compatibility with other polymers, making
intermolecular interactions, molecular mobility, and phase morphology critical factors governing

the final properties of TPU-containing blends [35].

1.3.3. Plasticization and Conventional Plasticizers

Plasticizers are additives used to improve the flexibility, softness, toughness, and processability of
polymers, particularly rigid polymers such as PVC. Plasticization occurs through the reduction of
intermolecular forces within the polymer matrix, resulting in increased chain mobility and reduced
glass transition temperature (7). Consequently, the polymer becomes softer, more flexible, and
easier to process under thermal and mechanical conditions [53, 54]. During this process, plasticizer
molecules position themselves between polymer chains, increasing intermolecular spacing and

reducing chain-chain interactions [46, 55, 56].

In polymer blend systems, plasticizers may also contribute to improved compatibility by reducing
interfacial tension and facilitating intermolecular interactions between blend components. This
effect is particularly important in PVC-based blends, where differences in molecular structure and
polarity may promote phase separation and poor dispersion. Therefore, plasticization influences
not only flexibility and processability but also phase morphology, molecular mobility, and overall

blend integrity [57].

1.3.4. Environmental and Health Risks of Phthalates

Despite their high plasticization efficiency and widespread industrial use, phthalate-based
plasticizers have become a major environmental and public health concern [58, 59]. Since
phthalates are physically incorporated rather than chemically bonded to the polymer matrix, they
can migrate or leach from plastic products during service conditions, particularly under heat,

pressure, or mechanical stress [15, 60-62]. This behaviour is especially problematic in applications
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such as food packaging, medical devices, toys, flooring, and other consumer products associated

with frequent human exposure [63, 64].

Several commonly used phthalates, including di(2-ethylhexyl) phthalate (DEHP), dibutyl
phthalate (DBP), and benzyl butyl phthalate (BBP), have been identified as endocrine-disrupting
chemicals (EDCs) and have been associated with reproductive toxicity, hormonal imbalance, liver
damage, and other adverse health effects [65-67]. In addition, the release of phthalates into the
environment contributes to long-term contamination of soil, water, and ecosystems due to their
widespread use and limited biodegradability. These concerns have resulted in increasing
regulatory restrictions on high-risk phthalates by organizations such as the European Union
through REACH regulations and the United States Environmental Protection Agency (EPA) [68,
69].

Although phthalates continue to dominate the plasticizer market because of their low cost and high
plasticization efficiency, growing concern regarding their environmental persistence and potential

toxicity has intensified the search for safer and more sustainable plasticizer alternatives [14, 70].

1.3.5. Bio-Based Plasticizers and Glycerol Diacetate Monolaurate

In response to the environmental and health concerns associated with conventional phthalate
plasticizers, increasing attention has been directed toward bio-based plasticizers derived from
renewable, biodegradable, and waste-based resources. These materials aim to provide the
flexibility and processing advantages of conventional plasticizers while reducing toxicity,

migration, and environmental impact [53, 71, 72].

Among the various renewable feedstocks investigated, waste cooking oil (WCO) has emerged as
a particularly attractive raw material due to its abundance and limited current utilization. Globally,
approximately 15 million tons of WCO are generated annually, with more than 60% of which is
improperly discarded, contributing to environmental pollution and ecological damage [73-75]. The
utilization of WCO for the production of bio-based plasticizers therefore aligns with circular
economy principles by simultaneously addressing waste management challenges and reducing

dependence on non-renewable petrochemical resources [76, 77].

One promising bio-based plasticizer derived from WCO is glycerol diacetate monolaurate, which

is synthesized through a transesterification process [22]. The molecular structure of glycerol
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diacetate monolaurate is shown in Figure 2. Similar to conventional plasticizers, glycerol diacetate
monolaurate functions by positioning itself between polymer chains, thereby increasing free
volume and molecular mobility while reducing intermolecular interactions and glass transition

temperature [78].

Compared with conventional phthalates, glycerol diacetate monolaurate exhibits lower migration
tendency together with improved environmental and toxicological characteristics, making it a
promising candidate for applications involving medical devices, food-contact materials, and
environmentally friendly polymer products. In addition to its functional performance, the use of
WCO-derived plasticizers contributes to sustainable materials development through valorisation
of waste resources and reduction of environmental burden [22]. While they offer advantages in
terms of reduced toxicity and environmental impact, their performance depends strongly on their

compatibility with the base polymer [79, 80].
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Figure 2. Molecular structure of glycerol diacetate monolaurate.
1.4. Why PVC, TPU, and Glycerol Diacetate Monolaurate?

The selection of suitable components is a critical factor in designing polymer blends with balanced
and enhanced properties. In this research, PVC and TPU were selected as the base polymers, while
glycerol diacetate monolaurate was chosen as a bio-based plasticizer due to their complementary
properties. PVC provides good mechanical strength, flame retardancy, chemical resistance, ease
of processing, and low cost; however, its inherent rigidity, brittleness, limited elasticity, and
relatively low thermal stability restrict its use in flexible applications [81, 82]. In contrast, TPU
exhibits high elasticity, toughness, and better thermal performance, properties that can compensate

for several limitations of PVC [48, 49, 52].



Blending PVC with TPU therefore offers a practical approach for developing materials with
balanced rigidity and flexibility while reducing reliance on higher-cost elastomeric materials.
However, since the final performance of polymer blends strongly depends on intermolecular
interactions and phase behaviour, compatibility between the blend components becomes a key

consideration [34, 35].

Glycerol diacetate monolaurate was selected as a bio-based plasticizer due to its renewable origin
and plasticization efficiency. In addition to its renewable origin, glycerol diacetate monolaurate is
derived from abundant and largely underutilized waste cooking oil streams, which positions it as
as a highly sustainable option [73, 75]. The use of a waste cooking oil-derived plasticizer therefore
contributes not only to the development of flexible polymer systems but also to the utilization of

renewable resources and reduction of dependence on conventional phthalate plasticizers.

1.5. Thermodynamic and Technological Compatibility

The concept of polymer blend miscibility originates from the mixing behaviour of simple liquids,
where miscible systems form homogeneous single-phase mixtures [83]. However, polymer
blending differs significantly from liquid mixing because polymers have high molecular weights,
limited chain mobility, and very low entropy of mixing. Consequently, achieving complete
molecular-level mixing in polymer blends is thermodynamically difficult, and most polymer

systems exhibit partial or complete phase separation [24].

In polymer blends, miscibility generally describes the extent to which one polymer is molecularly
dispersed within another and how closely the system approaches homogeneous single-phase
behaviour. The degree of compatibility between blend components strongly influences phase
morphology, intermolecular interactions, molecular mobility, and ultimately the final properties

and performance of the material [23].

From a thermodynamic perspective, a polymer blend is considered compatible when favourable
intermolecular interactions produce a negative free energy of mixing and relatively homogeneous
phase behaviour. Such systems commonly exhibit single or unified relaxation and transition
behaviour, indicating significant molecular-level interaction between the blend components [84].

In contrast, thermodynamically incompatible blends tend to exhibit distinct transition temperatures



corresponding to their parent polymers, reflecting phase separation, weak interfacial adhesion, and

limited intermolecular interaction [25, 85].

Beyond thermodynamic considerations, technological compatibility represents a more practical
concept associated with processability and macroscopic homogeneity. A polymer blend may
therefore be considered technologically compatible when the components can be processed into
uniform materials without severe phase separation or structural defects while maintaining useful

and application-relevant properties [86].

1.6. Factors Affecting Miscibility of Polymer Blends

The compatibility of polymer blends is influenced by several factors, including blend composition,
polarity, intermolecular interactions, molecular weight, and temperature. Since most polymer
systems possess very low entropy of mixing, even small variations in these parameters can

significantly affect phase behaviour, intermolecular interaction, and blend morphology [32, 33].

Blend composition plays an important role in determining compatibility. In some systems, limited
amounts of one polymer may be dispersed within the matrix of another polymer, whereas blends
containing nearly equal proportions of both components often exhibit greater phase separation due
to reduced thermodynamic stability [87]. The polarity of the constituent polymers is also critical,
since polymers possessing similar polarity or chemical structure generally exhibit stronger
intermolecular affinity and improved miscibility, while large polarity differences tend to promote

immiscibility [88].

Specific intermolecular interactions such as hydrogen bonding, dipole-dipole interaction, and ion-
dipole interaction can further enhance compatibility between otherwise immiscible polymers. The
presence of functional groups capable of forming such interactions may significantly improve
molecular-level mixing and interfacial cohesion [89]. In addition, molecular weight strongly
influences blend miscibility because increasing chain length further reduces entropy of mixing,
making high-molecular-weight polymer systems generally more susceptible to phase separation

[90, 91].

Temperature also strongly affects polymer blend miscibility and phase behaviour. Depending on
the polymer pair, increasing temperature may either enhance or reduce miscibility, resulting in

upper critical solution temperature (UCST) or lower critical solution temperature (LCST)
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behaviour. Consequently, polymer compatibility may vary considerably with processing and

service temperatures [1, 92].

The influence of composition and intermolecular interactions has also been reported in PVC/TPU
systems. Jeong et al. [93] investigated PVC blends containing segmented TPU and reported that
PVC exhibited miscibility with the polycaprolactone soft segment of TPU, where the glass
transition behaviour varied systematically with blend composition. The study further demonstrated
that the mechanical response and deformation behaviour of the blends were strongly dependent on

composition and phase interaction.

1.7. Thermodynamic Compatibility and the Necessity of Swelling Experiments

The compatibility of polymer blends is fundamentally governed by thermodynamic
considerations. For a polymer blend to be thermodynamically miscible, the Gibbs free energy of

mixing (AG) must be negative [35]:
AG = AH — TAS (1)

where AH and AS represent the enthalpy and entropy changes associated with mixing at
temperature T, respectively. In polymer systems, the entropy of mixing is extremely small because
of the high molecular weight and limited mobility of polymer chains. Consequently, the enthalpic
contribution becomes the dominant factor controlling miscibility [94]. Under these conditions,
favourable intermolecular interactions such as hydrogen bonding, dipole-dipole interaction, or
donor-acceptor interaction are often necessary to reduce AH and promote compatibility between

polymer components [95].

The enthalpy of mixing can be estimated using the Scatchard—Hildebrand relationship:

AH =V 1¢,(61 — 52)2 (2)

where V is the total volume of the mixture, ¢ represents the volume fraction of each component,
and o is the solubility parameter of the material. According to this relationship, compatibility is
favoured when the difference between the solubility parameters of the components is small. When
o1 = 02, the enthalpy of mixing approaches zero, promoting molecular-level mixing and
homogeneous phase behaviour. In contrast, large differences in solubility parameter generally lead

to phase separation and thermodynamic incompatibility [96, 97].
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The solubility parameter is related to the cohesive energy density (CED) of a material and is

expressed as:

§ = (CED)Y/? = (%)1/2 (3)

where AE, is the molar energy of vaporization and v is the molar volume. The solubility parameter
therefore reflects the intermolecular cohesive forces within a material and provides a useful basis

for predicting polymer—polymer and polymer—solvent interactions [98].

For low-molecular-weight liquids, solubility parameters can be determined from vaporization
measurements. However, direct determination for polymers is impractical because polymers
typically degrade before reaching their vaporization temperatures [25, 98]. Consequently, swelling
experiments in solvents with known solubility parameters provide an important indirect method
for estimating polymer compatibility. In this approach, the polymer is immersed in a series of
solvents, and the solvent producing maximum swelling is considered to possess a solubility

parameter close to that of the polymer [96, 97]. The swelling percentage can be determined using:

%S = 2271 % 100 4)
wq

where w1 and w2 represent the sample weights before and after swelling, respectively [99]. Because
swelling behaviour reflects intermolecular affinity between the polymer and solvent, this method
provides a practical experimental approach for estimating polymer solubility parameters and
predicting blend compatibility prior to processing [96]. Accordingly, swelling-based solubility
parameter analysis was employed in the present study to evaluate the thermodynamic compatibility

of the investigated polymer systems.

1.8. Need for Complementary Compatibility Evaluation Beyond Swelling-Based
Prediction
In this research, the compatibility of PVC, TPU, and bio-plasticizer systems was initially predicted
using swelling experiments based on solubility parameter analysis, where smaller differences in
solubility parameter values (Ad) indicate closer intermolecular affinity and more favourable
thermodynamic compatibility [96]. Although a negative Gibbs free energy of mixing is a necessary
condition for compatibility, thermodynamic prediction alone cannot fully guarantee compatibility

in polymer systems from kinetic and mechanical perspectives [91].
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From a kinetic perspective, the high viscosity of polymer melts restricts chain diffusion and limits
molecular-level homogenization during processing. Even under elevated temperature and
mechanical mixing conditions, long-range diffusion of macromolecular chains remains inherently
slow because of the large molecular size and restricted chain mobility of polymers [24]. In
addition, from a mechanical standpoint, mixing occurs primarily between clusters and entangled
regions of polymer chains rather than completely disentangled individual molecules, which further

limits homogeneous intermolecular interaction within the blend system [32, 33].

Consequently, the final compatibility behaviour of polymer blends may not always correspond
completely with predictions based solely on thermodynamic considerations of the individual
components [100]. Therefore, compatibility prediction based on swelling and solubility parameter
analysis should be complemented by techniques capable of probing post-processing molecular

mobility, intermolecular interaction, relaxation behaviour, and phase morphology.

Thermal relaxation analyses such as DMA and TSD provide important information regarding
segmental dynamics and intermolecular interactions developed within the blend system after
processing, while morphological characterization reveals the degree of phase homogeneity and
interfacial structure [26, 47, 101]. Consequently, combining thermodynamic prediction with
relaxation and morphological analyses provides a more reliable and comprehensive evaluation of

compatibility behaviour in polymer blend systems.

1.9. Characterization of Compatibility in Polymer Blends

Evaluating compatibility in polymer blends requires the use of multiple characterization
techniques because compatibility influences several interconnected factors, including molecular
mobility, intermolecular interactions, thermal transitions, and phase morphology [102]. No single
analytical method can fully describe the compatibility behaviour of polymer systems, particularly
in partially compatible blends where phase interactions may occur at different structural scales
[88]. Consequently, a combination of thermal, relaxation, spectroscopic, and morphological
analyses is commonly employed to obtain a more reliable understanding of polymer blend

compatibility.

Dynamic mechanical analysis (DMA) is one of the most widely used techniques for evaluating

compatibility in polymer blends. In DMA, compatibility is commonly assessed through the
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relaxation behaviour associated with the glass transition of the blend components [103].
Completely compatible blends typically exhibit a single relaxation transition or a broad
intermediate transition resulting from cooperative molecular mobility and homogeneous mixing at
the molecular level (Figure 3e). In contrast, incompatible blends generally display two distinct
relaxation transitions corresponding to the glass transitions of the parent polymers, reflecting phase
separation and limited intermolecular interaction (Figure 3b). Depending on the extent of phase
interaction and heterogeneity, intermediate behaviours may also occur. Micro heterogeneous
incompatible systems may exhibit broadened or partially overlapping transitions while still
retaining two distinct relaxation processes (Figure 3c), whereas heterogeneous blends with
stronger intermolecular interactions may exhibit substantial transition broadening and partial
merging of the relaxation peaks (Figure 3d). Figure 3a represents the typical DMA response of a
single homopolymer for comparison [25, 85]. Typical DMA responses for homopolymers and
polymer blends exhibiting different degrees of compatibility are illustrated in Figure 3. Compared
with conventional thermal analysis techniques, DMA exhibits high sensitivity toward subtle

changes in molecular mobility, relaxation behaviour, and phase interactions.

Temperature °C

Figure 3. Typical DMA responses of compatible, partially compatible, and incompatible
polymer blends [104].
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Differential scanning calorimetry (DSC) is another widely used technique for evaluating polymer
compatibility through glass transition behaviour. A compatible blend typically exhibits a single
glass transition temperature (T,), whereas incompatible systems display two distinct glass
transitions corresponding to the individual blend components [105]. However, DSC has relatively
limited resolving power for partially compatible systems, particularly when the
T, values of the components are close or when one phase exists in low concentration.

Consequently, subtle phase interactions may not always be clearly distinguished using DSC alone.

Thermally stimulated discharge (TSD) analysis has emerged as a highly sensitive technique for
investigating molecular mobility and compatibility in polymer systems. Unlike DSC, which
primarily detects thermal transitions, TSD measures dipolar relaxation processes by monitoring
depolarization currents during controlled heating following electrical polarization. Because TSD
directly probes localized dipolar molecular motions, it is particularly sensitive to intermolecular
interactions, interfacial effects, and subtle changes in segmental mobility [26, 106]. Compatible
polymer blends commonly exhibit unified or strongly interacting relaxation behaviour, whereas
incompatible systems tend to show multiple distinct relaxation processes associated with phase-

separated domains [86].

Morphological characterization using microscopy techniques such as scanning electron
microscopy (SEM) provides direct information regarding phase structure, dispersion, and
interfacial adhesion in polymer blends. Compatible systems generally exhibit more homogeneous
morphologies with reduced interfacial separation, while incompatible blends often display distinct
dispersed domains, voids, or coarse phase-separated structures [107]. SEM observations therefore
provide important complementary evidence for interpreting compatibility behaviour obtained from

thermal and relaxation analyses.

Several studies have demonstrated the importance of combining multiple characterization methods
when evaluating compatibility in polymer blends. Wei Wu et al. [108] investigated segmented
polyurethane/chlorinated PVC blends using DSC and FTIR analyses. Their study demonstrated
that the thermal transition behaviour and intermolecular interactions of polyurethane/CPVC blends
were strongly influenced by the chemical structure of the polyurethane soft segments. The DSC

results revealed different glass transition behaviours among the investigated systems, while FTIR
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analysis indicated variations in intermolecular interaction within the blends. Representative DSC

curves for the investigated systems are shown in Figures 4 and 5.
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Figure 4. DSC curves of PCL/CPVC blends. Figure 5 DSC curves of PPO/CPVC blends.

Similarly, Tourta et al. [109] investigated the morphology of PS/PVC blends using SEM and
reported that increasing phase separation was associated with the appearance of aggregated
dispersed domains and microvoids resulting from weak interfacial adhesion. Their results

demonstrated that morphological observations provide direct evidence of compatibility behaviour

and phase interaction within polymer blend systems.

Figure 6. SEM micrographs of PS/PVC blends with varying compositions [109].

Overall, different characterization techniques probe compatibility at different structural and
molecular scales. DSC primarily detects bulk thermal transitions and may exhibit limited
sensitivity toward phase interactions or partially compatible systems [110]. In contrast, DMA
provides greater sensitivity toward cooperative viscoelastic relaxation behaviour, while TSD is
highly sensitive to localized dipolar molecular motions and intermolecular interactions [111].

Consequently, combining relaxation-based techniques with morphological analysis provides a
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more reliable and comprehensive evaluation of compatibility behaviour in complex polymer blend

systems than reliance on conventional thermal analysis alone.

1.10. Mechanical and Thermal Properties of Polymer Blends

The mechanical and thermal properties of polymer blends are strongly influenced by compatibility,
intermolecular interactions, and phase morphology. Unlike homopolymers, polymer blends
contain multiple structural regions, including continuous phases, dispersed phases, and interfacial
domains, all of which contribute to the overall material behaviour. The effectiveness of stress
transfer between these phases depends largely on the degree of interfacial adhesion and molecular
interaction developed within the blend system. When interfacial interactions are weak, stress
concentration and crack propagation tend to occur along phase boundaries, resulting in poor
mechanical integrity and reduced performance [57, 112]. Consequently, compatibility plays a
central role in determining the tensile strength, elasticity, toughness, thermal stability, and long-

term durability of polymer blends.

Mechanical and thermal characterization are therefore essential not only for evaluating material
performance but also for understanding structure-property relationships within blend systems.
Variations in tensile strength, modulus, elongation at break, hardness, thermal degradation
behaviour, and glass transition characteristics are often directly associated with changes in
intermolecular interaction, phase homogeneity, and molecular mobility. For this reason,
mechanical and thermal analyses are widely employed to assess the effectiveness of

compatibilization and the overall quality of polymer blend systems [113-116].

Several studies have investigated the relationship between compatibility and the mechanical or
thermal behaviour of PVC/polyurethane-based blends. Pielichowski and Hamerton [117]
examined the miscibility and thermal behaviour of solution-cast PVC/chlorinated polyurethane
(PVC/CPU) blends using DSC analysis. The investigated blends exhibited a single glass transition
temperature within the range of 55-65 °C, indicating compatible phase behaviour over the studied
composition range. The authors also reported improved thermal stability and attributed this
behaviour to intermolecular dipole-dipole interactions between the polyurethane carbonyl groups
and the chlorinated PVC structure, which may reduce diffusion of volatile degradation products

through the polymer matrix.
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Radhakrishnan and Gopinathan [118] investigated the thermal stability of PVC/NR-b-PU blends
prepared by solution casting at compositions of 80/20, 60/40, 40/60, and 20/80 using
thermogravimetric analysis (TGA). Their results demonstrated that thermal stability improved
progressively with increasing polyurethane content, with the 20/80 PVC/NR-b-PU blend
exhibiting the highest thermal resistance. The improved thermal behaviour was attributed to
favourable polar interactions between PVC and the hard segments of the polyurethane block
copolymer. Representative thermogravimetric curves of the investigated blends are shown in

Figure 7.

Mass loss/%

100 200 300 400 500 600
Temperature/°C

Figure 7. Thermogravimetric curves of PVC/NR-b-PU blends with different compositions [118].

Haponiuk and Balas [119] investigated the miscibility and tensile behaviour of PVC/polyurethane
blends using DSC and tensile testing. Their results showed that blends containing up to 30 wt.%
polyurethane exhibited single-phase transition behaviour, whereas additional low-temperature
transitions appeared at polyurethane concentrations of 35 and 40 wt.%, indicating partial phase
separation at higher TPU contents. Tensile testing further demonstrated that increasing
polyurethane concentration and temperature reduced yield stress while increasing elongation at
break. Based on these observations, the authors concluded that the polyurethane was partially

dispersed within a continuous compatible phase structure.
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Chang-Sik et al. [120] studied the fracture toughness and mechanical properties of plasticized
PVC/TPU blends prepared by melt blending using two TPU grades with different hardness values.
The investigated compositions ranged from 100/0 to 50/50 PVC/TPU ratios. Their results
demonstrated that increasing TPU content progressively improved tensile strength, elongation at
break, impact resistance, abrasion resistance, and thermal stability, while modulus and hardness
decreased because of the increasing elastomeric character of the blends. The softer TPU system
exhibited greater improvement in elongation at break due to the higher proportion of soft segments
within the polyurethane structure. The authors concluded that TPU incorporation significantly
improved the flexibility and toughness of plasticized PVC systems, although hardness decreased

with increasing TPU concentration.

Similarly, Pita et al. [34] evaluated the mechanical behaviour of PVC/thermoplastic polyurethane
and PVC/plasticizers, including DIDP and DOP. Their results showed that low-molecular-weight
plasticizers progressively reduced modulus and yield stress because of disruption of intermolecular
interactions within the PVC matrix. In contrast, PVC/TPU blends exhibited significantly higher
energy absorption prior to yielding compared with conventionally plasticized PVC systems,
indicating improved toughness and deformation resistance associated with the elastomeric nature
of TPU. The study primarily focused on the influence of processing conditions and mechanical
performance, while the compatibility behaviour and intermolecular interactions governing the

observed property changes were not investigated.

Overall, the reported studies demonstrate that the mechanical and thermal behaviour of polymer
blends i1s governed by intermolecular interaction. Improvements in flexibility, toughness,
elongation behaviour, and thermal stability are frequently associated with enhanced interfacial

interaction and more homogeneous phase structures.
1.11. Research Problem, Gaps, and Objectives

1.11.1. Problem Statement

Although PVC finds widespread industrial application because of its low cost, chemical resistance,
mechanical strength, and processing versatility, its inherent rigidity, brittleness, and limited
thermal stability restrict its use in applications requiring flexibility, elasticity, dynamic mechanical

resistance, and elevated-temperature performance [12, 37, 38]. Thermoplastic polyurethane
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(TPU), in contrast, exhibits excellent elasticity, toughness, abrasion resistance, and thermal
performance that PVC lacks [48, 49, 52]. Nevertheless, TPU is substantially more expensive than
PVC, often by approximately three times, limiting its use in high-volume and cost-sensitive
applications [17, 18]. Consequently, blending PVC with TPU offers a practical approach for
developing materials with balanced rigidity and flexibility while reducing reliance on higher-cost

elastomeric materials.

In addition, the rigidity of PVC makes plasticization essential for both processing and application
performance. Conventional plasticization of PVC relies predominantly on phthalate-based
compounds, which are physically incorporated into the polymer matrix and therefore susceptible
to migration, volatilization, and leaching during service conditions. These compounds have raised
serious environmental and public health concerns because of their toxicity and endocrine-
disrupting effects [15, 60-62]. Despite increasing regulatory restrictions and intensified efforts
toward safer and more sustainable alternatives, phthalate-based plasticizers continue to dominate
many industrial applications because of their low cost, high plasticization efficiency, and the

limited availability of sustainable alternatives capable of providing comparable performance [121].

Among emerging sustainable alternatives, glycerol diacetate monolaurate represents a promising
bio-plasticizer because it simultaneously addresses plasticizer sustainability and waste valorization
within a circular-economy framework. The compound is derived from waste cooking oil (WCO),
a largely underutilized waste stream that is generated globally in substantial quantities, a
significant portion of which is improperly disposed of, contributing to environmental pollution and

economic loss [73, 74].

Therefore, combining PVC, TPU, and a sustainable bio-plasticizer offers a potential route for
developing materials with balanced mechanical and thermal properties while reducing dependence
on conventional phthalate plasticizers and high-cost elastomeric systems. However, the final
behaviour of such multicomponent polymer blends depends strongly on compatibility,
intermolecular interactions, molecular mobility, and phase morphology developed during

processing.
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1.11.2. Research Gap

Some studies have investigated the compatibility and properties of PVC/polyurethane or
PVC/plasticizer blends using conventional characterization techniques [117, 119, 122, 123].
However, a major research gap exists regarding the synergistic integration of thermoplastic
polyurethane (TPU) and waste-derived bio-based plasticizers in PVC systems, as no study has
comprehensively investigated their combined effects on compatibility, intermolecular interactions,
phase morphology, and the resulting properties of sustainable PVC-based materials. Although
compatibility plays a critical role in determining polymer blend performance, compatibility
assessment in PVC/TPU systems has relied largely on conventional thermal characterization
methods, while integrated approaches combining thermodynamic compatibility prediction with
post-processing experimental validation remain limited. Furthermore, despite separate
investigations of PVC/TPU blends and swelling behaviour [99], the use of swelling-based
solubility parameter analysis as a predictive tool for thermodynamic compatibility, followed by
multi-technique experimental validation, has not been comprehensively explored for the design of
compatible and tunable ternary blend systems. Consequently, the relationships among
thermodynamic compatibility, intermolecular interactions, molecular mobility, phase morphology,
mechanical performance, and thermal stability have not been systematically established within a
unified framework for PVC/TPU/bio-plasticizer blends. Moreover, the influence of TPU and the
bio-plasticizer on the thermal stability behaviour of PVC systems, particularly resistance to
dehydrochlorination, has not been investigated. In addition, thermally stimulated discharge (TSD)
analysis remains underutilized for investigating intermolecular interactions, segmental mobility,
and phase heterogeneity in polymer systems despite its high sensitivity toward localized molecular
dynamics. Limited attention has also been given to glycerol diacetate monolaurate as a sustainable
plasticizer derived from waste cooking oil, a highly abundant yet largely underutilized waste

resource.

1.11.3. Objectives of the Research
General Objective

The general objective of this study is to develop and investigate PVC, TPU, bio-plasticizer blend
systems through integrated thermodynamic, relaxation, spectroscopic, morphological, mechanical,

and thermal analyses in order to establish structure—property relationships linking compatibility
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behaviour to material performance from molecular to macroscopic scales. The study also aims to
develop flexible and thermally balanced PVC-based materials by combining the complementary
properties of PVC and TPU while reducing reliance on high-cost elastomeric systems and

conventional phthalate plasticizers.
Specific Objectives

e To evaluate the thermodynamic compatibility of PVC with different TPU systems using
swelling experiments and solubility parameter analysis prior to processing.

e To investigate the compatibility, intermolecular interactions, molecular mobility, and
relaxation behaviour of PVC/TPU, PVC/bio-plasticizer, TPU/bio-plasticizer, and
PVC/TPU/bio-plasticizer blends using DMA, TSD, and FTIR analyses.

e To examine the phase morphology and structural homogeneity of the developed blend
systems using scanning electron microscopy (SEM).

e To evaluate the effects of TPU and glycerol diacetate monolaurate on the tensile strength,
elasticity, elongation at break, and hardness of PVC-based blend systems.

e To investigate the thermal degradation and dehydrochlorination stability of the developed
blend systems using conductivity-based thermal stability measurements and
thermogravimetric analysis (TGA).

e To establish relationships among thermodynamic compatibility, intermolecular
interactions, molecular mobility, phase morphology, and the resulting mechanical and
thermal properties of PVC/TPU/bio-plasticizer blend systems.

e To evaluate the potential of waste cooking oil-derived glycerol diacetate monolaurate as a

sustainable plasticizer for flexible PVC-based materials.
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2. Materials and Methods
2.1. Materials

Suspension-grade poly(vinyl chloride) (PVC) with a K-value of 70 was supplied by BorsodChem
Zrt. (Kazincbarcika, Hungary). Two thermoplastic polyurethanes (TPUs) differing in soft-segment
chemistry, namely polyester-based and polyether-based TPU, were obtained from the same
manufacturer and initially investigated for compatibility. Based on the preliminary thermodynamic
evaluation and processing characteristics, the polyester-based TPU was selected for the subsequent

experiments and detailed characterization studies.

The bio-based plasticizer glycerol diacetate monolaurate, derived from waste cooking oil, was
purchased from Rikevita Fine Chemical & Food Industry Co., Ltd. (Shanghai, China). It has a
reported molecular weight of 358.47 g/mol and a density of 0.99 g/cm?. Prior to processing, PVC
formulations were stabilized using 1.2 phr of a CaZn stabilizer together with 0.3 phr of an external

lubricant (E-wax). All materials were used as received.

For the swelling experiments and thermodynamic compatibility analysis, solvents with different
polarity and solubility parameters were employed, including hexane (Hex), ethyl acetate (EA),
methyl ethyl ketone (MEK), acetone (Ac), and isopropyl alcohol (IPA), together with their binary

mixtures, were used to cover a broad range of Hildebrand solubility parameters.

Detailed information regarding the materials and solvents used in this study is summarized in

Tables 1 and 2.

Table 1. Materials used in this research

Material Type/Grade Key Properties Function Source
Polyvinyl chloride[Suspension, K= 70 [High mechanical strength, Base polymer BorsodChem Zrt,
(PVC) rigidity, chemical resistance; Hungary

fine powder; avg. particle size:

160 pm
Thermoplastic ~ [Polyester -based andHigh elasticity, abrasion resist [Base polymer BorsodChem Zrt,
polyurethane Polyether-based ance, toughness; transparent Hungary
(TPU) pellets (~3 mm diameter)
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Glycerol diacetate Commercial grade [Molecular weight:358.47 g/m [Bio-plasticizer Rikevita Fine

monolaurate ol; Density: 0.99 g/cm? Chemical, China

Table 2. Base solvents used for swelling experiments and compatibility analysis

Solvents Mw (g/mol) Hildebrand Solubility Parameters(&)
[cal? cm™7]

Hexane 86.18 7.24

Ethyl acetate 88.108 9.1

Methyl ethyl ketone 72.11 9.27

Acetone 58.08 9.77

Isopropyl alcohol 60.1 11.97

2.2. Blend Preparation

The polymer blends were prepared using suspension-polymerized PVC, TPU, and a bio-based
plasticizer according to the formulations presented in Table 3. Prior to blending, PVC was dry-
mixed with commercial additives, including a CaZn stabilizer and E-wax lubricant, to improve
processing stability. The required quantities of PVC and TPU were subsequently introduced into
a 10L laboratory mixer (MTI Mischtechnik, Detmold, Germany) and mixed at a rotational speed
of 2500 rpm. Once the blend temperature reached approximately 80 °C, the bio-plasticizer was
gradually incorporated in order to achieve effective dispersion throughout the polymer matrix. As
the temperature increased to 125 °C during mixing, the rotor speed was reduced to 400 rpm and
cooling water was circulated to maintain controlled processing conditions. After cooling to
approximately 40 °C, the resulting dry blend, consisting of a slightly agglomerated powder, was

collected for further melt processing.

The prepared mixtures were then processed using an electrically heated laboratory roll mill
(Schwabenthan 150 U, Berlin, Germany) operated at 175 °C with a rotational speed of 21 rpm,
and a roll speed ratio of 1:1. Under these conditions, the polymer matrix softened sufficiently to
enable efficient distributive and dispersive mixing through continuous mechanical shearing. To

improve blend homogeneity, the material was repeatedly cut, rotated, and manually repositioned
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between the heated rolls during milling. The resulting sheets, with thicknesses ranging from

approximately 0.4 to 0.6 mm, were subsequently compression molded at the same temperature

under controlled pressure to obtain smooth and uniform specimens suitable for subsequent

characterization. Following molding, the samples were cooled to room temperature under ambient

conditions prior to testing.

Table 3. Compositions of the investigated PVC/TPU/bio-plasticizer blends expressed in parts

per hundred resin (phr).

Identifier & [PVC [PVC/Bio|PVC/Bio [PVC/TPU PVC/TPU [TPU |TPU/Bio [TPU/BioPVC/T [PVC/TPU/
(10/3)  [(10/5)  [10/3)  [(10/5) (50/5)  |(50/10) [PU/Bio [Bio

(10/1/5)(10/2/5)

PVC 100 {100 100 100 100 -k - 100 100

TPU - - - 30 50 100 (100 100 10 20

Bio-plasticizer| - 30 50 - - - |10 20 50 50

CaZn stab. 1.2 |1.2 1.2 1.2 1.2 1.2 1.2

E-wax 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Figure 8. Schwabenthan UL 150 electrically heated two-roll mill used for blend preparation.
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2.3. Swelling Experiments and Solubility Parameter Analysis
2.3.1. Preparation of Solvent Mixtures

Solvent systems covering a broad range of solubility parameters were prepared using ethyl acetate
(EA), hexane (Hex), acetone (Ac), methyl ethyl ketone (MEK), and isopropyl alcohol (IPA). The
volume fractions of the individual solvents were adjusted according to the linear mixing rule in
order to obtain mixtures with predetermined solubility parameter values and small incremental

variations, as expressed by Equation 5 [124]:
Omix = 2i $i 6; (5)

where ¢;and §;represent the volume fraction and solubility parameter of each solvent component,

respectively, while §,,,;,, denotes the solubility parameter of the resulting solvent mixture.

As an example, a solvent mixture with a solubility parameter of 11.2 cal’? - cm™3/2 was prepared

by mixing 35 vol% acetone (6§ = 9.77) with 65 vol% isopropyl alcohol (§ = 11.97), resulting in:
11.2 = (0.35 % 9.77) + (0.65 x 11.97)

In total, eighteen pure solvents and solvent mixtures with solubility parameters ranging from

approximately 7.2 to 12.0 cal’?-cm™3/2 were prepared to enable a comprehensive
thermodynamic assessment of polymer-solvent interactions. The compositions of the prepared
solvent systems are summarized in Tables 4 - 6, where the numerical values preceding the solvent

abbreviations indicate the volumetric percentage of each solvent component in the mixture.

Potential variations in the solubility parameter values caused by preferential solvent evaporation
during mixture preparation were considered negligible, since the selected solvents have relatively

similar evaporation characteristics under the applied experimental conditions.

Figure 9. Swelling of polymer samples in jars of different solvents and mixture solvents.
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2.3.2 Swelling Measurements

Rectangular specimens of PVC, polyester-based TPU, and polyether-based TPU were prepared
from compression moulded sheets for the swelling experiments. Each specimen, with an average

mass of approximately 0.40 g, was dried to constant weight prior to immersion.

The samples were immersed in excess amounts of pure solvents and solvent mixtures with known
solubility parameter values, as summarized in Tables 4-6, and maintained at room temperature (27

°C) throughout the measurements.

At selected time intervals, the specimens were removed from the solvent media, gently wiped with
filter paper to remove residual surface solvent, and immediately weighed. The swelling behaviour

was evaluated from the percentage increase in mass using Equation 6 [99]:

S(%) = = % 100 (6)

mo

where m,, represents the initial mass of the dry specimen and mg denotes the mass of the swollen

specimen.

The measurements were continued until equilibrium swelling was reached, which required
approximately five days for all investigated polymers. The solvent or solvent mixture producing
the highest degree of swelling was considered to possess a solubility parameter closest to that of
the corresponding polymer. Accordingly, the solubility parameter associated with the maximum

swelling value was taken as the effective solubility parameter of the investigated polymer [96, 97].

2.3.3 Determination of the Solubility Parameter of Glycerol Diacetate Monolaurate

The solubility parameter of glycerol diacetate monolaurate was estimated using the Small/Fedors
molecular group contribution method based on the molecular structure, density, and molar

attraction coefficient of the constituent functional groups [125].
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Figure 10. Molecular structure of glycerol diacetate monolaurate used for group contribution
calculations.

The total molar attraction coefficient (XF) was determined from the cumulative contributions of

the individual structural groups summarized in Table 4.

Table 4. Functional group contributions used for the estimation of the solubility parameter of
glycerol diacetate monolaurate.

Group Number (n) F nxF
CH; 3 244 732
CH: 12 133 1596
CH 1 28 28
f_s(t)e_rs:;l)p 3 310 930
Total ZF 3286

The solubility parameter was calculated according to Equation 7:

5== 7

%4

where Vis the molar volume of the compound, calculated using: V = %, where M represents the

molecular weight and p denotes the density of the material.

Using a molecular weight of approximately 358 g/mol and a density of 0.99 g/cm3, the solubility

parameter of glycerol diacetate monolaurate was estimated to be approximately:
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5 ~ 9.1 cal’?cm=3/2

2.4. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was performed using a Metravib DMA 25 instrument
(ACOEM Group, Limonest, France) operated in tensile deformation mode. Rectangular specimens
prepared from the roll-milled sheets, with dimensions of 30 mm % 15 mm x ~ 0.6 mm, were
analysed over a temperature range from -120 °C to 120 °C. The measurements were conducted at
a constant heating rate of 2 °C/min, while liquid nitrogen was used to achieve the required low-

temperature conditions.

The viscoelastic response of the samples was evaluated at a fixed oscillation frequency of 10 Hz
using a static displacement amplitude of 0.5 mm and a dynamic amplitude of 0.1 mm. During the
measurements, the temperature dependence of the mechanical loss factor (tan d) was continuously
recorded. The glass transition temperature (T,) of the investigated blends was determined from the
maximum of the tan 8 peak. Changes in the T, values with blend composition were subsequently

used to assess variations in segmental mobility and intermolecular interactions between PVC,

TPU, and the bio-based plasticizer.

2.5. Thermally Stimulated Depolarization (TSD)
2.5.1. Sample Preparation for TSD

Disk-shaped specimens with a diameter of 26 mm and a thickness of approximately 0.5 mm were
prepared from the compression-moulded sheets described previously in Section 2.2. Prior to TSD
measurement, the specimen surfaces were coated with a thin conductive gold layer in order to
ensure stable electrical contact with the electrodes and to reduce electrical noise associated with

partial discharge during the measurements.

Gold sputtering was carried out using a sputter coater operated under a low-pressure argon
atmosphere at 5—7 Pa and an applied voltage of 200 V. The deposited gold layer had a thickness

of about 4 nm and a coated diameter of 18 mm.
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Figure 11. Sputter coating instrument. Figure 12. Gold-coated polymer specimens.
2.5.2. TSD Measurement of Polymers and Blends

Thermally stimulated depolarization measurements were conducted using a TSCII instrument
(SETARAM, Caluire, France). The prepared specimens were mounted inside the measurement
chamber, which was first evacuated and subsequently filled with helium gas to improve heat

transfer and minimize the presence of impurities that could interfere with the depolarization signal.

The samples were polarized at 120 °C and subsequently cooled to -120 °C at a controlled cooling
rate of 5 °C/min using liquid nitrogen as the cooling medium. After polarization and cooling, the

depolarization current was recorded continuously during reheating at the same heating rate.

Each experimental cycle required approximately two hours. Further details regarding the
instrument configuration, measurement principle, and data evaluation procedure are available in
the literature [106]. Schematic illustrations of the TSD setup and the measurement instrument are

shown in Figures 13.
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Figure 13. a) TSCII thermally stimulated depolarization instrument, b) Schematic illustration of
the thermally stimulated depolarization (TSD) measurement setup [106].

1, heating—cooling chamber, 2 sample, 3 electrodes, 4 cooling control, 5 temperature programmer,
6 temperature sensor, 7 polarizing supply, 8 current amplifier, 9 data acquisition device, S earthing

switch.

2.5.3. TSD Measurement of the Bio-Plasticizer

The TSD characterization of the liquid bio-plasticizer was performed using a procedure similar to
that applied for the polymer specimens, except that conductive metal coating was not necessary
and impossible because the liquid sample provided direct and continuous contact with the
electrodes. Instead, a borosilicate glass fiber filter paper with a diameter of 7 mm, a thickness of
approximately 0.2 mm, and a nominal pore size of 2.6 um was used as a supporting carrier

material.

Prior to testing, the glass fiber paper was thoroughly impregnated with the bio-plasticizer and
placed in the specimen holder of the TSD instrument. Borosilicate glass was selected due to its
high chemical resistance and low polarizability, thereby minimizing interference with the
measured depolarization response. Additional details regarding TSD measurements of liquid

materials are reported elsewhere [126, 127].

2.6. Fourier Transform Infrared Spectroscopy (FTIR) Spectroscopy

Intermolecular interactions within the PVC/TPU/bio-plasticizer systems were examined by

Fourier transform infrared (FTIR) spectroscopy using a Bruker Tensor 27 spectrometer (Bruker
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Optik GmbH, Ettlingen, Germany) equipped with a diamond attenuated total reflectance (ATR)

unit.

The analyses were carried out over a wavenumber range of 400—4000 cm™ using a spectral
resolution of 4 cm™. For each specimen, 128 scans were collected to improve the signal-to-noise
ratio. All measurements were performed under ambient laboratory conditions, while the ATR
crystal was carefully cleaned before each analysis in order to avoid cross-contamination between

samples.

Spectral acquisition and data processing were conducted using OPUS software (version 7.5,
Bruker Optik GmbH). Particular attention was given to changes in characteristic absorption bands,
including peak shifts, variations in band intensity, and peak broadening associated with the
functional groups of PVC, TPU, and the bio-plasticizer. These spectral features were subsequently
used to evaluate intermolecular interactions and compatibility within the investigated blend

systems.

2.7. Scanning Electron Microscopy (SEM)

The morphology of the prepared polymer blends was examined using a Thermo Scientific Helios
G4 PFIB SEM CXe system (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a high-
stability Schottky field-emission cathode.

To enhance the contrast between the blend phases, the specimens were immersed in methyl ethyl
ketone (MEK) for 24 h in order to selectively remove the more soluble phase from the polymer
system. Following solvent treatment, the samples were cross-sectioned and subsequently dried at
70 °C for 24 h to eliminate residual solvent and preserve the developed morphology before

microscopic observation.

Prior to imaging, the specimens were mounted on conductive sample holders and coated with a
thin gold layer to improve surface conductivity and minimize charging effects during SEM
analysis. The observations were conducted under high-vacuum conditions using an accelerating
voltage of 15 kV. Secondary electron (SE) imaging was performed in in-column (ICE) mode to
obtain detailed information regarding phase morphology, phase dispersion, and the degree of phase

separation within the investigated blends.
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2.8. Tensile Testing

The tensile properties of the pure polymers and their blends were determined using a computer-
controlled INSTRON universal testing machine (Instron, Norwood, MA, USA) equipped with a
1 kN load cell.

Test specimens were prepared from the compression-molded sheets using a precision die cutter
(CTC-001162) to produce dumbbell-shaped samples conforming to ASTM D638 Type IV
specifications. The specimens had a gauge length of 33 mm, a gauge width of 6 mm, and a
thickness of approximately 0.6 mm. This specimen geometry was selected to ensure that
deformation occurred predominantly within the gauge section while minimizing stress
concentration and grip slippage during testing. Representative tensile test specimens are shown in

Figure 14.

Figure 14. Dumbbell-shaped tensile test specimens.

The measurements were performed at ambient temperature using a crosshead speed of 10 mm/min.
During testing, the samples were clamped between the stationary and movable grips of the testing
machine, and tensile loading was applied along the longitudinal axis until specimen failure
occurred. The applied force and corresponding elongation were continuously recorded throughout
the test using the load cell and extensometer system. From the resulting stress—strain behavior,

tensile strength, elongation at break, and Young’s modulus were determined.

2.9. Hardness Measurement

The hardness of the pure polymers and their blends was determined by indentation testing based

on the penetration depth of a standardized indenter under an applied load. Both Shore A and Shore
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D hardness measurements were performed in order to enable consistent comparison across
materials with different rigidity levels. While Shore A is generally more appropriate for softer
materials and Shore D for harder materials, the combined use of both scales provided

complementary information regarding the hardness behavior of the investigated formulations.

Shore A hardness was measured using a steel cone indenter under an applied force of 10 N,
whereas Shore D hardness measurements were carried out using a pin-shaped cone indenter with
a load of 50 N. During testing, the samples were positioned on a rigid, flat support surface while
maintaining a slight clearance between the specimen and indenter prior to contact in order to

prevent unintended surface loading.

The indentation force was applied perpendicular to the sample surface for a constant duration of
3 s. For each specimen, hardness values were recorded at five different locations and averaged to

obtain representative and reliable results.

2.10. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a Q600 simultanecous DSC-TGA
analyzer (TA Instruments, New Castle, DE, USA) in order to evaluate the thermal stability and
degradation behavior of PVC, TPU, and the bio-plasticized blends. For each measurement,
approximately 10 mg of sample was placed in a platinum crucible and heated under an argon

atmosphere with a flow rate of 100 mL/min to ensure inert testing conditions.

The measurements were performed over a temperature range of 30-550 °C at a constant heating
rate of 10 °C/min. During the experiment, the change in sample mass was continuously monitored
as a function of temperature. The obtained thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves were used to examine degradation stages, thermal decomposition
behavior, and residual char formation. These results were further utilized to compare the influence
of blend composition and bio-plasticizer incorporation on the thermal stability of the investigated

materials.

2.11. Conductivity-Based Thermal Stability Testing

The thermal stability of the PVC-containing polymer blends was investigated using a Thermomat

895 instrument (Metrohm, Herisau, Switzerland). The method is based on monitoring the evolution
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of hydrogen chloride (HCI) released during the thermal degradation of PVC through changes in

the conductivity of an absorbent solution.

For each measurement, samples weighing between 0.5 and 0.85 g, corresponding to a PVC content
of approximately 0.5g+2%, were introduced into the reaction chamber and maintained at a constant
temperature of 180 °C. Nitrogen was employed as the carrier gas to transport the volatile

degradation products into a conductivity cell containing deionized water as the absorption medium.

During thermal degradation, the released HCI dissolved in the water, resulting in an increase in
conductivity (uS/cm), which was continuously recorded as a function of time. The characteristic
thermal stability time was determined from the inflection point of the conductivity—time curve and
used to compare the influence of TPU and bio-plasticizer incorporation on the thermal stability of

the PVC-based blends.
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3. Results and Discussion
3.1. Swelling Behavior and Thermodynamic Prediction of Compatibility
3.1.1. Swelling Behaviour and Polymer-Solvent Interactions

The swelling behavior of PVC, polyester-based TPU, and polyether-based TPU was investigated
using eighteen solvents and solvent mixtures covering a broad range of solubility parameters. The
corresponding percentage swelling ratios together with the solubility parameter values are
summarized in Tables 5-7, while the swelling kinetics are presented in Figures 15—17. In the
sample notation used, the numerical values preceding the solvent abbreviations indicate the
volumetric percentage of each solvent component in the mixture.

Table 5. Percentage swelling ratios of PVC in various solvents and solvent mixtures as a
function of immersion time.

Solvents/mixture | & 10 {20 (40 |lhr |[Shr |lday|3 5

of solvents (cal’2cm™3/?) | min | min | min days | days
100Hex 7.24 14 | 1.8 |24 |24 2.4 2.4 2.4 2.44
91.4Hex/EA 8.6 | 7.4 50 |55 |55 |6l 6.1 6.1 6.1 6.1
75Hex/25MEK | 7.7 50 |6.1 [6.6 |10.5 [222 |36.1 |37.7 |38.8
59.1Hex/40.9EA | 8 7.5 | 133]18.622.0 |333 |36.6 |373 |40
46Hex/54MEK | 8.3 14.6 | 22.5 354|483 |548 |67.6 |73.5 |76
27Hex/73EA 8.6 13.2159.6 | 60.7|78.5 |[89.2 [92.8 |84.6 |96.4
100EA 9.1 11.2 1222240314 |40.7 |129.6 | 1314|1314
85EA/15Ac 9.2 27.6 | 353 |40.0 | 55.3 | 140.0 | 146.2 | 149.6 | 150.7
100MEK 9.27 18.2 | 36.6 | 454 | 107.3 | 156.3 | 167.2 | 174.0 | 174.5
54MEK/46Ac 9.5 21.2 1534|782 | 1224 |145.0 | 172.4 | 197.2 | 214
25EA/75Ac 9.6 30.0 | 43.3 | 53.3|83.3 |116.6 |133.3 |136.6 | 136.6
100Ac 9.77 27.7139.5|81.1 1099 | 112.1 | 115.5 | 121 | 121
111PA/89Ac 10 23.0(30.7|{419|76.5 |923 |96.1 |100 | 100
29IPA/71Ac 10.4 10.0 | 14.3 {20.0 | 31.4 |42.8 |57.1 |62.5 |65.7
47IPA/53Ac 10.8 7.7 | 13.1]185]203 |27.3 |351 |358 |37
65IPA/35Ac 11.2 1.2 |25 |41 |41 4.1 4.1 4.1 4.16
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Solvents/mixture | 6 10 |20 |40 lhr |S5hr |1day |3 5

of solvents (cal’?cm™3/2) | min | min | min days | days
83IPA/17Ac 11.6 1.1 |16 |16 |20 |25 25 |25 2.5
100IPA 11.97 1.6 |20 |3.0 |3.0 3.0 3.0 3.0 3

Table 6. Percentage swelling ratios of polyester-based TPU in various solvents and solvent

mixtures as a function of immersion time.

Solvents/mixture | 6 10 20 |30 lhr |Shr |1lday |3 5

of solvents (cal’?cm™3/2) | min | min | min days | days
100Hex 7.24 0.27 1027|027 |054 |08l |1.62 |1.62 |1.89
91.4Hex/EA 8.6 | 7.4 3.1 53 9.6 10 11.3 | 11.7 | 11.8 |11.8
75Hex/25MEK | 7.7 14.7 | 18.8 (225 273 |28 29.8 129.0 |29.16
59.1Hex/40.9EA | 8 6.6 13.3 | 20 232 1239 (245 |26.1 |26.6
46Hex/54MEK | 8.3 17.7 | 28.1 375 |46.8 |48 50 50 50
27Hex/73EA 8.6 15.6 |25 |343 [43.7 |453 |46.8 |47.5 |478
100EA 9.1 20.58 | 38.5|55.67|69.6 |81.2 |81.4 |81.7 |81.79
85EA/15Ac 9.2 345 | 5441672 |709 |763 |81 81.8 | 81.81
100MEK 9.27 335 16041799 |96.7 |107.4|110.7 | 112.0 | 113.1
54MEK/46Ac 9.5 43.6 | 77.6 | 89 102.2 | 111.7 | 115.5 | 117 | 1174
25EA/T5Ac 9.6 62.5 |78.1|87.5 [93.7 [96.8 |984 | 100 | 100
100Ac 9.77 345 | 583|740 |839 |87.0 [919 |92.2 |92.28
111PA/89Ac 10 57.6 |653]69.2 | 769 |80 82.6 | 845 | 84.6
29IPA/71Ac 10.4 38.1 |57.1]60.6 |70.0 |76.1 |76.1 |76.2 |76.2
47IPA/53Ac 10.8 26.0 |34.7 478 |50.0 |51.1 |51.7 |52.1 |52.1
65IPA/35Ac 11.2 19.0 |23.8|285 [333 |404 |424 |42.8 |428
83IPA/17Ac 11.6 1.1 1.6 |27 33 33 33 33 33
100IPA 11.97 2.7 3.0 |33 3.56 | 3.81 |11.70 | 12.9 | 12.97
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Table 7. Percentage swelling ratios of polyether-based TPU in various solvents and solvent

mixtures as a function of immersion time.

Solvents/mixture | 6 10 |20 40 |1hr |Shr | 1day |3 5

of solvents (cal'?¢cm™3/2) | min | min | min days | days
100Hex 7.24 0.5810.78 [0.97|136|1.95|4.88 |4.88 |4.88
91.4Hex/EA 8.6 | 7.4 1.66 1416 (6.2 |66 |[103|114 |[122]12.5
75Hex/25MEK | 7.7 12.1 ] 16.8 [20.5|21.4]26.1|28.5 |29.1|30.0
59.1Hex/40.9EA | 8 95 | 142 |19.0]23.8 (285|323 [33.3]333
46Hex/54MEK | 8.3 20.8 | 37.5 [48.3|50.1 583|625 |64.4 | 66.6
27Hex/73EA 8.6 12.0 | 20.1 |28.0|36.0|48.0|51.3 |52.052.0
100EA 9.1 11.6 1224 304|446 |62.9|66.5 |66.5 | 66.5
85EA/15Ac 9.2 20.8 {333 [42.6 525|583 |62.5 | 658 |66.6
100MEK 9.27 259 139.81|56.0|76.8 909958 |96.7 |97.2
54MEK/46Ac 9.5 28.0 480 |64.3]|76.0|82.4|83.6 |84 84
25EA/75Ac 9.6 24.0 | 36.0 |[44.0|48.0]60.0 |63.0 |64.0 | 64.0
100Ac 9.77 18.6 | 29.5 |38.649.5|56.0|56.1 |56.2 |56.52
111PA/89Ac 10 20.0 | 28.0 [44.0149.6|52.0 544 |55.6 |56
29IPA/71Ac 10.4 25.0 1333 [45.8|52.5|54.1 625 |65.1 |66.6
471PA/53Ac 10.8 155]19.2 | 284 |34.6 454|494 |50.0|50.0
65IPA/35Ac 11.2 9.0 |11.8 |16.3]18.8]27.3|319 |34.1 |36.36
83IPA/17Ac 11.6 39 |43 13.0|17.3]119.5|20.8 |21.6 |21.7
100IPA 11.97 1.92 129 3 427|641 |18.16 | 19.8 | 20.72
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Figure 15. Swelling kinetics of PVC in solvents and solvent mixtures with different solubility
parameters.
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Figure 16. Swelling kinetics of polyester-based TPU in solvents and solvent mixtures with
different solubility parameters.

39



100

90

[e]
o

~
o

o
o
k

[s'i]
£50 —a
g0
3
30
X
20
10 —
0 fr———¢ ¢
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (hr)
—— 100Hex ——91.4Hex/EA 8.6 75Hex/25MEK 59.1Hex/40.9EA
—=—46Hex/54MEK ~ —@=—27Hex/73EA === 100EA —— 85EA/15AC
——— 100MEK —0—754MEK/A6Ac == 25EA/75Ac —a&— 100Ac
—>¢=11IPA/89AC 29IPA/71Ac 47IPA/53Ac 65IPA/35Ac
83IPA/17Ac 1001PA

Figure 17. Swelling kinetics of polyether-based TPU in solvents and solvent mixtures with
different solubility parameters.

The swelling curves obtained for all investigated polymers exhibited similar overall kinetic
behavior. In each case, a rapid increase in solvent uptake was observed during the initial stage of
immersion, particularly within the first hour, followed by a progressive decrease in swelling rate
as equilibrium conditions were approached. Such behavior is characteristic of diffusion-controlled

swelling processes in polymeric materials.

The pronounced solvent absorption observed during the early stages of immersion can be attributed
to the high concentration gradient between the external solvent phase and the polymer surface,
which promotes rapid diffusion of solvent molecules into the outer regions of the polymer matrix.
As solvent penetration progresses, the intermolecular interactions between neighboring polymer
chains gradually weaken, allowing increased chain mobility and expansion of the polymer network
structure. With increasing solvent uptake, the concentration gradient progressively decreases,

resulting in slower solvent diffusion and a corresponding reduction in the swelling rate.
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Figures 15-17 show the swelling curves over the initial 5 hrs, during which the majority of solvent
uptake occurs. At longer times (up to five days), only minor changes in swelling were observed,
indicating that equilibrium conditions were gradually reached. The consistent kinetic trends
observed for all samples support the reliability of the swelling measurements used for subsequent

thermodynamic analysis.

3.1.2. Evaluation of Polymer Solubility Parameter and Compatibility

The equilibrium swelling behavior of PVC, polyester-based TPU, and polyether-based TPU was
analyzed in solvents and solvent mixtures possessing a wide range of solubility parameters. The
equilibrium swelling ratios obtained for each polymer were plotted as a function of solvent

solubility parameter (0), and the resulting swelling curves are presented in Figure 18.
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Figure 18. Equilibrium swelling curves of PVC, polyester-based TPU, and polyether-based TPU
as a function of medium solubility parameter (5).

41



PVC exhibited maximum swelling followed by complete dissolution at a solubility parameter of

9.5 cal'/?cm=3/ 2 resulting in an open swelling curve. Accordingly, this value was taken as the
effective solubility parameter of PVC. In contrast, both TPUs did not undergo complete dissolution
within the investigated solubility parameter range. This behavior is related to the segmented block
copolymer structure of TPU, which contains chemically distinct hard and soft segments. If a
solvent could dissolve one segment (either soft or hard), the other segment remains insoluble and

restricts complete dissolution of the material.

The polyester-based TPU showed a maximum swelling at & = 9.5 cal/2cm=3/ 2¢coinciding with

that of PVC. In comparison, the polyether-based TPU reached its maximum swelling at a slightly

lower solubility parameter of 9.27 cal”’?cm™3/2and showed a comparatively lower swelling
intensity. In addition, the TPU swelling curves displayed multiple maxima, reflecting the

heterogeneity of segmented polyurethane systems. For instance, the swelling maximum observed
near 8.3 cal'/?cm™3/2is mainly associated with the soft segments, whereas the peak around

10.4 cal*?cm™=3/ 2corresponds predominantly to the hard segments. These observations indicate
that different structural domains within the TPU interact preferentially with solvents possessing

different cohesive energy densities.

It was additionally observed that solvents having similar or small differences in overall solubility
parameter values did not necessarily produce identical swelling behaviour. For instance, ethyl

3/2

acetate and methyl ethyl ketone have solubility parameters of 9.1 cal?cm™ and

9.27 cal'/2cm™3/2, respectively, with a small difference of 0.17 cal’/?cm™3/2, yet methyl ethyl
ketone produced substantially greater swelling. This behavior can be explained by the fact that the
total solubility parameter represents the combined contribution of dispersion, polar, and hydrogen-
bonding interactions. Consequently, solvents with similar total solubility parameter values may
still interact differently with a polymer if the relative contributions of these intermolecular forces

differ.

The compatibility assessment was based on experimentally determined swelling behaviour, where
the position of maximum swelling reflects the closest match in cohesive energy density between
the polymer and the solvent [96, 97]. Accordingly, the proximity of these maxima among different

materials provides a direct indication of their thermodynamic affinity. PVC exhibited dissolution
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at & ~ 9.5 cal’/2cm™3/2 while the polyester-based TPU exhibited maximum swelling at the same
solubility parameter. This correspondence indicates a high degree of segmental thermodynamic
compatibility between the two systems, as polymers with similar cohesive energy densities are
expected to exhibit favourable interactions. In contrast, the polyether-based TPU exhibits a
deviation in solubility parameter and a lower maximum swelling response, indicating weaker

interactions with the PVC matrix.

This is further supported by its processing behaviour. As shown in Figure 19, the PVC/polyester-
based TPU blends produced smooth and homogeneous compression-molded sheets, whereas the

PVC/polyether-based TPU blends exhibited visible structural defects and poor uniformity.

Figure 19. Compression-molded sheets of (a) PVC/polyester-based TPU blends, (b)
PVC/polyether-based TPU blends.

These observations demonstrate that the thermodynamic prediction based on swelling behaviour
is consistent with practical processability. Accordingly, the polyether-based TPU was excluded

from further investigation, and subsequent analyses focused on the polyester-based TPU system.

The solubility parameter of the bio-based plasticizer was estimated using the molecular group

contribution method as described in Section 2.3.3, was approximately 9.1 cal”/?cm=3/ 2 which is
slightly lower than the values obtained for PVC and polyester-based TPU. Nevertheless, due to its
relatively low molecular weight and higher molecular mobility, the bio-plasticizer exhibits a
broader miscibility range and is therefore capable of interacting effectively with both components.

Although plasticizers with higher solubility parameters may show stronger interactions with the
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polymer matrix, they may also disrupt the hard-segment structure of TPU and negatively affect its
elastic behavior. In contrast, the present bio-based plasticizer provides a suitable balance between
compatibility and structural preservation, while additionally offering the environmental advantage

of being derived from renewable waste cooking oil.

3.1.3. Conclusion

The swelling studies demonstrated diffusion-controlled solvent uptake behaviour for all
investigated polymers, with rapid initial swelling followed by gradual equilibration. The multiple
swelling maxima observed for the TPU systems reflected the heterogeneous nature of segmented
polyurethanes arising from the presence of distinct soft and hard domains. It was also observed
that solvents with similar or very close solubility parameter values did not produce similar swelling

behavior due to differences in intermolecular interaction contributions.

PVC dissolved at 9.5 cal’?cm™3/2, and polyester-based TPU exhibited maximum swelling at the
same solubility parameter, indicating favourable thermodynamic compatibility between the two
polymers. In contrast, polyether-based TPU showed lower swelling and maximum swelling at a
different solubility parameter, suggesting weaker compatibility with the PVC matrix. These
predictions were consistent with processing observations, where PVC/polyester-based TPU blends
formed homogeneous sheets, whereas blends containing polyether-based TPU exhibited structural
defects and poor uniformity. The bio-based plasticizer, despite having a slightly lower solubility
parameter than PVC and polyester-based TPU, was predicted to be compatible with both polymers
due to its relatively low molecular weight (high molecular mobility), which enables broader
miscibility range. Moreover, its lower solubility parameter may additionally help preserve TPU

elasticity.

Although thermodynamic compatibility is a precondition and provides an important basis for
predicting blend behavior prior to processing, it does not guarantee compatibility in polymer
systems because restricted chain diffusion and limited molecular-level mixing can hinder
homogenization. Therefore, the compatibility predicted from swelling and solubility parameter
analysis were further verified using complementary techniques capable of evaluating molecular

mobility, relaxation behavior, and phase morphology, as discussed in the following sections.
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3.2. Molecular Interactions and Compatibility
3.2.1. Dynamic Mechanical Analysis (DMA) of Polymer Blends

Dynamic mechanical analysis was employed to investigate the segmental mobility and phase
interactions of PVC, TPU, and their binary and ternary blends. The temperature dependence of the
mechanical loss factor (tan d) is presented in Figure 20(a—d). The glass transition temperature (Ty)
was determined from the maximum of the tan d peak, while changes in peak position, shape, and

intensity were used to evaluate variations in chain mobility and blend compatibility.
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Figure 20. DMA tan d curves of PVC, TPU, and their blends.

Neat PVC exhibited a sharp tan & peak at approximately 92 °C, reflecting its rigid amorphous
structure and restricted segmental mobility. Incorporation of the bio-plasticizer caused a
pronounced shift of the relaxation peak toward lower temperatures together with noticeable peak
broadening, indicating increased chain flexibility and a broader distribution of relaxation

environments. The glass transition temperature decreased progressively with increasing plasticizer

45



content, reaching approximately 35 °C for PVC/Bio (10/3) and about 17 °C for PVC/Bio (10/5).
This substantial reduction in T, confirms the strong plasticization effect and favourable
compatibility of the bio-based plasticizer with PVC through weakening of intermolecular PVC-

PVC interactions and enhancement of cooperative chain motion.

Blending TPU with PVC (Figure 20b) also reduced the glass transition temperature, although the
effect was less pronounced than that observed for the bio-plasticized systems. The main PVC-
related relaxation shifted to approximately 86 °C for PVC/TPU (10/3) and 79 °C for PVC/TPU
(10/5). The absence of a distinct secondary transition corresponding to neat PVC suggests
significant intermolecular interaction and considerable phase mixing between PVC and TPU.
However, at higher TPU content, especially in PVC/TPU (10/5), a weak low-temperature shoulder

became visible, indicating localized phase heterogeneity associated with the TPU soft segments.

Neat TPU displayed a tan 6 maximum near -32 °C, corresponding to the glass transition of the
soft-segment domains (Figure 20c). The addition of the bio-plasticizer shifted this transition
slightly toward lower temperatures (approximately -40 to -41 °C) and increased the damping
intensity, reflecting enhanced flexibility within the soft-segment phase. Compared with PVC, the

relatively small shift in T, indicates that TPU already possesses considerable intrinsic chain

mobility, while the plasticizer acts mainly as a secondary mobility enhancer.

The ternary PVC/TPU/bio-plasticizer blends (Figure 20d) exhibited distinctly different relaxation
behaviour. Instead of separate PVC- and TPU-related transitions, a single broad tan & peak
appeared at substantially lower temperatures, approximately 12 °C for PVC/TPU/Bio (10/1/5) and
about 5 °C for PVC/TPU/Bio (10/2/5). Simultaneously, the low-temperature TPU-related shoulder
disappeared. This behaviour indicates improved compatibility between PVC and TPU in the
presence of the bio-plasticizer, which promotes enhanced molecular interaction and reduces phase

separation within the blend system.
3.2.2 TSD Results of Polymer Blends

To evaluate the compatibility and molecular interactions of the investigated systems, thermally
stimulated depolarization (TSD) curves and peak maxima normalized to an electric field of 1

kV/mm and an electrode area of 30 cm? are presented in Figures 21-23.
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3.2.2.1 TSD Curve Analysis of Polymer Blends

Figure 21 presents the TSD curves of neat PVC, neat TPU, and their blends with the bio-based
plasticizer obtained at a heating rate of 5 °C/min. The depolarization current response (pA) is
plotted as a function of temperature, revealing relaxation processes associated with molecular

mobility and charge detrapping within the investigated systems.

2500
——PVC
——TPU n
Bio
20007 PVC/Bio(10/3)
— - — PVC/Bio (10/5)
— - — TPU/Bio (50/5)
?—i 1500 — - — TPU/Bio(50/10)
- , .
3 1000 ;
© I
;o\
500 - / \.
P \
-\ \
0 i 1 ' ! ' T T T ‘/‘-I. -,.."-i\l‘\- |.\ ' T T T T T T T T
=120 =100 -80 -60 =40 =20 0 20 40 60 80 100 120

Temperature (°C)

Figure 21. TSD curves of PVC/bio-plasticizer and TPU/bio-plasticizer blends.

Neat PVC exhibited a dominant relaxation peak at approximately 79 °C, which is attributed mainly
to dipolar relaxation and charge detrapping processes within the rigid PVC matrix. The relatively
high relaxation temperature reflects the restricted molecular mobility and strong intermolecular

interactions characteristic of unplasticized PVC.

Upon incorporation of the bio-plasticizer, the PVC/bio-plasticizer systems retained a single
dominant relaxation peak, while the relaxation temperature progressively shifted toward lower

values with increasing plasticizer content. The intermediate position of the relaxation peaks

47



relative to the individual components indicates effective molecular interaction and successful
plasticization of the PVC matrix. The shift toward lower temperatures suggests enhanced
segmental mobility caused by weakening of intermolecular PVC-PVC interactions. Furthermore,
the presence of a single dominant peak confirms good compatibility and indicates the formation

of a homogeneous plasticized system without significant phase separation.

The TSD response of neat TPU exhibited two primary relaxation processes. The prominent peak
located at -45.5 °C corresponds to the relaxation of the soft segments, whereas the second, less
pronounced peak appearing near -35 °C is associated with the hard-segment domains. The
relaxation associated with the hard segments was less detectable in the neat TPU curve, due to the

restricted mobility of the hard segments and their relaxation at higher temperatures.

The addition of the bio-plasticizer influenced both relaxation processes of TPU. In the TPU/bio-
plasticizer blends, the soft-segment relaxation shifted to lower temperatures, appearing at
approximately -54 °C for TPU/Bio (50/10) and -52 °C for TPU/Bio (50/5), indicating enhanced
flexibility and increased molecular mobility within the soft domains. Similarly, the hard-segment-
related relaxations appeared at approximately -6.2 °C for TPU/Bio (50/10) and -14 °C for TPU/Bio
(50/5). The reduction in relaxation temperature demonstrates that the bio-plasticizer also affects
the hard segments by reducing segmental rigidity and facilitating molecular motion, making their
relaxation more detectable within the tested temperature range. The TSD curves therefore confirm
that the bio-plasticizer effectively increases the molecular mobility of both TPU segments,

demonstrating good compatibility and efficient plasticization behavior.

The presence of two distinct relaxation peaks reflects the intrinsic segmented morphology of TPU
rather than phase separation. This distinction is more clearly observed in TSD measurements
because TSD probes localized dipolar molecular motions at a finer molecular scale compared with

the cooperative viscoelastic relaxations detected by DMA.
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Figure 22. TSD curves of PVC/TPU and PVC/TPU/bio-plasticizer blends.

The PVC/TPU blends exhibited a single dominant relaxation peak positioned between those of
neat PVC and neat TPU, representing the combined relaxation behaviour of the two polymers. The
appearance of a single major relaxation peak rather than separate PVC and TPU transitions
indicates significant intermolecular interaction and formation of a relatively well-mixed interphase

with limited phase separation.

Consistent with the DMA results, the PVC/TPU (10/5) blend exhibited a weak low-temperature
shoulder, suggesting localized phase heterogeneity at higher TPU contents. In contrast, the ternary
PVC/TPU/bio-plasticizer blends displayed single broad relaxation peaks without evidence of
phase segregation, indicating improved compatibility and enhanced intermolecular interaction in
the presence of the bio-plasticizer. These observations are further supported by the SEM analysis

discussed in the subsequent sections.
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Figure 23. TSD result and resolved peaks of glycerol diacetate monolaurate.

The bio-plasticizer exhibited a glass transition near -35 °C, indicating its potential to improve
flexibility within the polymer systems. In addition, multiple relaxation peaks were observed,
suggesting that the material may contain minor secondary components or impurities originating
from the synthesis process. The multiple relaxation peaks may also be associated with the motion
of different molecular segments within the plasticizer structure, resulting in distinct dipolar

relaxation processes [26].
3.2.2.2 TSD Peak Maxima Trends

The variation of TSD peak maxima, corresponding to the temperature of maximum depolarization
during heating, is presented in Figures 24 and 25. These trends provide additional insight into the
influence of TPU and the bio-plasticizer on the molecular mobility and relaxation behavior of the

investigated blends.
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Figure 24. TSD peak maxima of PVC/bio-plasticizer and PVC/TPU blends.

For the PVC/bio-plasticizer system, the TSD peak maxima decreased progressively with
increasing plasticizer content, exhibiting an approximately linear trend. This behaviour reflects the
typical plasticization effect, where the bio-plasticizer weakens intermolecular interactions between

PVC chains and enhances segmental mobility, resulting in reduced glass transition behaviour.

In contrast, the PVC/TPU blends exhibited a less linear dependence. Increasing TPU content
caused a more pronounced reduction in the TSD peak maxima, particularly at higher TPU
concentrations. This behaviour indicates that TPU effectively disrupts the rigid PVC matrix and
strongly influences the dipolar relaxation behaviour of the blend. At 50 phr (33.3%) TPU, the
reduction in relaxation temperature was greater than expected, suggesting that TPU acts as an

efficient plasticizing component in terms of molecular mobility and T;reduction.
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Figure 25. TSD peak maxima of TPU/bio-plasticizer blends.

The TSD peak maxima of the TPU/bio-plasticizer blends (Figure 25) exhibited an interesting trend
characterized by a distinct minimum. This behavior arises because the T, of the bio-plasticizer is
higher than that of the apolar soft segments of TPU. At lower bio-plasticizer concentrations, the
plasticizer enhances the mobility of the TPU soft segments, resulting in a decrease in the TSD peak
maxima. However, with further increases in bio-plasticizer content, the plasticizer begins to
dominate the matrix and progressively restricts segmental mobility, leading to a gradual increase
in the TSD peak maxima. This trend demonstrates the dual role of the bio-plasticizer, which
promotes flexibility at lower concentrations while progressively limiting molecular movement at

higher concentrations.

3.2.2. Fourier Transform Infrared (FTIR) Analysis of Polymer Blends

The FTIR spectra of PVC, polyester-based TPU, the bio-plasticizer, and a representative
PVC/TPU (10/3) blend are presented in Figure 26. The spectra of the individual components

exhibited the characteristic absorption bands expected for their respective chemical structures,
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including the C—Cl stretching vibration of PVC, the urethane-related N-H and C=0O groups of
TPU, and the ester carbonyl and C—O stretching vibrations of the bio-plasticizer.
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Figure 26. FTIR spectra of PVC, polyester-based TPU, the bio-plasticizer, and the representative
PVC/TPU (10/3) blend.

In the PVC/TPU (10/3) blend, the main absorption bands of the individual components remained
identifiable, indicating that blending occurred primarily through physical interaction without the
formation of new covalent bonds. Nevertheless, slight spectral modifications were observed in
regions associated with polar functional groups. Minor variations in the carbonyl region together
with slight broadening of the C—-O and N-H bands suggest the presence of intermolecular
interactions between the blend components, most likely involving weak hydrogen bonding and
dipolar interactions between the polar PVC chains and the urethane groups of TPU. Although no
additional absorption bands appeared after blending, the observed spectral changes indicate

alteration of the local chemical environment surrounding these functional groups.



The FTIR spectrum of the bio-plasticizer, glycerol diacetate monolaurate, confirmed its ester-
functionalized structure through the presence of a strong ester carbonyl absorption together with
characteristic C—O stretching bands. The absorption bands near 2920 and 2850 cm™ corresponding
to aliphatic (—CH,—)stretching vibrations, further confirmed the presence of the laurate chain
structure. In addition to the major absorption features, several weak secondary bands were
detected, suggesting the possible presence of trace residual components or minor byproducts
originating from the synthesis process. In particular, low-intensity bands near 600 cm™ may
indicate small amounts of residual fatty acid esters or unreacted lauric acid, implying incomplete
esterification. These observations are consistent with the TSD results, which also suggested slight
molecular heterogeneity within the bio-plasticizer system. However, the relatively low intensity
of these additional features indicates that their concentration is minimal and that their impact on

the overall material performance is negligible.

Overall, the FTIR analysis confirmed the presence of complementary polar functional groups and
provided qualitative evidence of intermolecular interactions among PVC, TPU, and the bio-
plasticizer. These observations further support the compatibility behaviour inferred from the

swelling, DMA, and TSD analyses.

3.2.3. Scanning Electron Microscopy (SEM) Analysis of Polymer Blends

The SEM micrographs presented in Figure 27 illustrate the morphological characteristics of the
PVC/TPU binary blends and the ternary PVC/TPU/bio-plasticizer system, revealing significant

changes in phase structure with blend composition.

Figure 27. SEM micrographs of (a) PVC/TPU (10/3), (b) PVC/TPU (10/5), and (c)
PVC/TPU/Bio-plasticizer (10/2/5).
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The PVC/TPU (10/3) blend (Figure 27a) exhibited a relatively smooth and uniform surface with
only minor irregularities, indicating favourable intermolecular interaction and reasonably good
dispersion of TPU within the PVC matrix. However, increasing the TPU content to PVC/TPU
(10/5) (Figure 27b) resulted in a noticeably rougher and more heterogeneous structure containing
visible domains and localized discontinuities. The appearance of these TPU-rich regions suggests

partial phase separation and reduced compatibility at higher TPU concentrations.

In contrast, the ternary PVC/TPU/Bio (10/2/5) blend displayed a considerably more homogeneous
structure (Figure 27¢). The surface appeared smoother and more continuous, with reduced phase
contrast and without clearly separated domains, indicating improved phase dispersion and
enhanced interfacial interaction between PVC and TPU in the presence of the bio-plasticizer. This
improved morphology may be attributed to the ability of the plasticizer to increase chain mobility

and reduce interfacial tension between the blend components.

These morphological observations are consistent with the DMA and TSD results, where the ternary
blends exhibited reduced phase heterogeneity together with more unified relaxation behaviour.
Overall, the SEM analysis provides direct visual evidence that incorporation of the bio-plasticizer

improves compatibility and phase homogeneity within the PVC/TPU blend system.

3.2.4. Conclusion

The DMA, TSD, FTIR, and SEM analyses consistently demonstrated favourable compatibility and
significant intermolecular interactions within the PVC/polyester-based TPU/bio-plasticizer
systems. Both DMA and TSD analyses revealed progressive shifts of the relaxation peaks toward
lower temperatures following TPU and bio-plasticizer incorporation, while the presence of single
dominant transitions indicated good compatibility with the PVC matrix. In the ternary blends, the
appearance of a broad single relaxation peak together with the disappearance of the low-
temperature shoulder observed in the binary systems suggested improved compatibility and
reduced phase separation. Due to its higher sensitivity toward dipolar relaxation processes and
smaller probe scale compared with DMA, TSD additionally resolved the individual relaxation
behaviour of the TPU soft and hard segments and confirmed that the bio-plasticizer enhanced the
mobility of both domains. The TSD peak maxima trends further demonstrated that both TPU and
the bio-plasticizer lowered the relaxation temperature of PVC blends, while the TPU/bio-
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plasticizer system exhibited a characteristic minimum reflecting the dual influence of the
plasticizer on segmental mobility at different concentrations. FTIR analysis revealed slight band
broadening and spectral modifications in the C=0O, N-H, and C-O regions, indicating
intermolecular interactions primarily associated with dipolar interactions and weak hydrogen

bonding.

These findings were further supported by SEM observations, which showed increased
morphological heterogeneity at higher TPU contents, whereas the ternary blends exhibited
smoother and more homogeneous morphologies with improved phase dispersion and reduced
interfacial separation. Overall, the results are consistent with the thermodynamic compatibility
predicted from the swelling and solubility parameter analyses discussed previously. The improved
molecular-level compatibility and phase homogeneity observed in the ternary systems are also
expected to significantly influence the mechanical performance and thermal stability of the blends,

as discussed in the following sections.

3.3. Mechanical Performance and Structure—Property Relationships

The polymer blends prepared from PVC, TPU, and the bio-plasticizer exhibited a broad range of
mechanical properties that could not be achieved by the individual components alone. The
mechanical properties of the investigated formulations are summarized in Table 8, while the

corresponding stress-strain curves are presented in Figure 28.

Table 8. Tensile properties of the investigated polymer blends.

Properties PVC [PVC/Bio PVC/Bio [PVC/TPU PVC/TPU [TPU [TPU/Bio [TPU/Bio PVC/TPU[PVC/TP
(10/3)  (10/5)  (10/3) (10/5) (50/5)  (50/10) {bio U/bio
(10/1/5) |(10/2/5)
Tensile strength (MPa) [52.2 |44.3 20.8 43.3 27.8 52.9 149.9 34.2 323 P7
Young's modulus (MPa) 2768 (94 5.9 987.2 457.5 82 16.9 3.5 277 W9
Elongation at break (%) 86 (151 310 225 194 610 615 620 250 360
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Figure 28. Stress-strain curves of the investigated polymer blends.
3.3.1. Tensile Strength

Tensile strength represents the maximum stress a material can withstand before fracture under
tensile loading and is strongly influenced by intermolecular interactions, molecular mobility, and
phase morphology [128]. The tensile strength values of the investigated blends are presented in
Figure 29. Pure PVC exhibited a tensile strength of 52.2 MPa, reflecting the rigid nature of the
PVC matrix and the strong intermolecular interactions between polymer chains. This behaviour is
consistent with the relatively high glass transition temperature observed in the DMA analysis,

where restricted segmental mobility contributes to increased structural rigidity.

Incorporation of the bio-plasticizer significantly reduced the tensile strength of PVC. The PVC/Bio
(10/5) blend exhibited a tensile strength of 20.8 MPa due to enhanced chain mobility and reduced

intermolecular cohesion within the PVC matrix. This behaviour correlates with the substantial
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reduction in T, observed in the DMA measurements. The resulting high flexibility makes this
formulation suitable for applications such as flexible tubing, cable insulation, and soft packaging
materials. Reducing the bio-plasticizer content to 30 phr resulted in a higher tensile strength of
44.3 MPa, indicating a more balanced combination of flexibility and mechanical integrity. This
formulation may therefore be suitable for applications requiring moderate flexibility together with

adequate mechanical strength, such as flexible flooring and medical-grade hoses.

Blending TPU with PVC also modified the mechanical response of the system. The PVC/TPU
(10/3) blend exhibited a tensile strength of 43.3 MPa, suggesting that TPU contributes flexibility
and toughness while PVC maintains structural stability. The DMA, TSD, and SEM analyses of
this blend indicated significant intermolecular interaction with only minor phase heterogeneity.
The balanced strength and toughness of this blend may be advantageous for applications such as
protective films and automotive interior components. However, increasing the TPU content to
PVC/TPU (10/5) reduced the tensile strength to 27.8 MPa. This reduction is associated with
increased phase separation, as evidenced by the more pronounced low-temperature shoulder
observed in the DMA and TSD analyses together with the heterogeneous morphology revealed by
SEM. The resulting decrease in interfacial adhesion limits efficient stress transfer between the

phases.

Pure TPU exhibited a tensile strength of 52.9 MPa, arising from its segmented structure in which
the hard segments provide strength while the soft segments contribute elasticity. Incorporation of
the bio-plasticizer progressively reduced the tensile strength of TPU, with TPU/Bio (50/5) and
TPU/Bio (50/10) exhibiting strengths of 49.9 MPa and 34.2 MPa, respectively. This decrease

reflects the increased molecular flexibility induced by the plasticizer.

The ternary PVC/TPU/bio-plasticizer blends exhibited a balanced combination of strength,
flexibility, and elasticity. In these systems, PVC contributed rigidity, TPU imparted toughness and
elastic behaviour, while the bio-plasticizer enhanced chain mobility and simultaneously improved
compatibility between PVC and TPU, as confirmed by the DMA, TSD, FTIR, and SEM analyses.
The improved phase homogeneity enabled the ternary blends to achieve enhanced flexibility while
retaining moderate tensile strength, thereby overcoming the significant loss of mechanical

performance typically associated with highly plasticized PVC systems. As a result, these ternary
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blends hold strong potential for applications requiring a combination of flexibility, elasticity, and

mechanical durability.
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Figure 29. Tensile strength and Young’s modulus of polymer blends with varying compositions.
3.3.2. Elasticity

Young’s modulus describes the stiffness of a material and its resistance to elastic deformation
under tensile loading. Higher modulus values correspond to greater rigidity, whereas lower values
indicate increased elasticity and flexibility [129]. The variations in Young’s modulus for the

investigated blends are presented in Figure 29.

As observed from the stress-strain curves (Figure 28), pure PVC exhibited a steep initial slope
corresponding to a high Young’s modulus of 2768 MPa, reflecting its rigid structure and strong
intermolecular interactions arising from the polar C—Cl groups along the polymer backbone. The

high modulus is consistent with the DMA and TSD results, where PVC exhibited relaxation peaks
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at relatively high temperatures, indicating restricted molecular mobility and a stiff polymer

network. Such rigidity makes pure PVC suitable for structural and load-bearing applications.

Incorporation of the bio-plasticizer significantly reduced the stiffness of PVC. The Young’s
modulus decreased to 5.9 MPa for PVC/Bio (10/5), indicating substantial softening caused by
increased free volume and reduced intermolecular cohesion within the PVC matrix. Reducing the
bio-plasticizer content to 30 phr partially restored the modulus to 94 MPa, suggesting a more
balanced combination of flexibility and structural integrity. This behavior is also reflected in the
stress-strain curves, where PVC/Bio (10/3) exhibited an intermediate slope between rigid PVC and

highly plasticized PVC.

The incorporation of TPU also reduced the modulus due to the elastomeric nature of TPU. Pure
TPU exhibited a low modulus of 8.2 MPa, confirming its high elasticity and flexibility. In the
PVC/TPU blends, the modulus progressively decreased with increasing TPU content. The
PVC/TPU (10/3) blend retained a modulus of 987.2 MPa, indicating that PVC still preserved
considerable structural rigidity while TPU introduced flexibility and toughness. Increasing the
TPU content to PVC/TPU (10/5) further reduced the modulus to 457.5 MPa as the elastomeric

characteristics of TPU became increasingly dominant.

Blending TPU with the bio-plasticizer produced an additional reduction in stiffness. TPU/Bio
(50/5) exhibited a modulus of 6.9 MPa, while TPU/Bio (50/10) showed a further decrease to 3.5
MPa. This reduction is associated with enhanced chain mobility and reduced rigidity within the
TPU hard-segment domains caused by plasticizer incorporation. The corresponding stress-strain

curves displayed very low initial slopes, confirming the highly elastic nature of these formulations.

The ternary PVC/TPU/bio-plasticizer blends exhibited Young’s modulus values of 27.7 MPa for
PVC/TPU/Bio (10/1/5) and 4.9 MPa for PVC/TPU/Bio (10/2/5), demonstrating a synergistic
combination of TPU elasticity and bio-plasticizer-induced molecular mobility. The improved
compatibility and phase homogeneity previously confirmed by DMA, TSD, and SEM analyses
contributed to the balanced mechanical response of these systems. While TPU and plasticized TPU
inherently exhibit high elasticity, the ternary blends achieved substantial flexibility while utilizing
the more rigid and economically favorable PVC matrix. Moreover, the ternary systems provided
significant improvement in elasticity without severe loss of tensile strength compared with the

binary PVC/bio-plasticizer and PVC/TPU blends. Such balanced mechanical behavior makes
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these blends attractive for flexible engineering and soft polymer applications requiring repeated

deformation and bending.

3.3.3. Elongation at Break

Elongation at break represents the ability of a material to deform under tensile loading before
fracture and is commonly used as an indicator of flexibility and ductility [128]. The elongation at

break values of the investigated blends are presented in Figure 30.
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Figure 30. Elongation at break of polymer blends with varying compositions.

Pure PVC exhibited an elongation at break of 86%, reflecting its relatively rigid structure and
restricted chain mobility. During tensile deformation, pronounced neck formation was observed
(Figure 31a), indicating localized yielding prior to fracture, which is characteristic of rigid
thermoplastic materials. The addition of the bio-plasticizer significantly increased the elongation
at break of PVC. The PVC/Bio (10/5) blend exhibited an elongation of 310%, demonstrating the

strong plasticization effect of the bio-plasticizer through enhanced chain mobility and reduced

61



intermolecular forces within the PVC matrix. In contrast to rigid PVC, the plasticized systems
exhibited more uniform deformation without visible necking (Figure 31b), indicating improved
stress distribution and enhanced flexibility. Reducing the bio-plasticizer content to 30 phr still
maintained a relatively high elongation of 151%, confirming that even moderate plasticization

substantially improves the ductility of PVC.

The PVC/TPU blends also exhibited significantly improved elongation compared with pure PVC.
PVC/TPU (10/3) showed an elongation at break of 225%, indicating the effective contribution of
TPU elasticity to the blend system. However, increasing the TPU content to PVC/TPU (10/5)
slightly reduced the elongation to 194%. This reduction is associated with increased phase
heterogeneity at higher TPU concentrations, as previously indicated by the DMA, TSD, and SEM

analyses, which may limit efficient stress transfer and homogeneous deformation within the blend.

Pure TPU exhibited a very high elongation at break of 610%, reflecting the highly elastic nature
of its segmented structure, where the soft segments allow extensive deformation while the hard
segments preserve structural integrity. Incorporation of the bio-plasticizer further enhanced TPU
flexibility, with TPU/Bio (50/5) and TPU/Bio (50/10) exhibiting elongations of 615% and 620%,
respectively. These results indicate that the bio-plasticizer effectively enhances chain mobility

within the TPU matrix without substantially compromising elastic recovery.

The ternary PVC/TPU/bio-plasticizer blends demonstrated a balanced combination of flexibility,
elasticity, and structural integrity. PVC/TPU/Bio (10/2/5) exhibited an elongation at break of
360%, while PVC/TPU/Bio (10/1/5) showed a lower elongation of 250% due to the reduced TPU
contribution. These results indicate that the simultaneous incorporation of TPU and the bio-
plasticizer effectively improves the elasticity and elongation at break of PVC while maintaining
moderate mechanical strength. The improved compatibility and phase homogeneity previously
confirmed by DMA, TSD, and SEM analyses contributed significantly to the enhanced

deformation behaviour of the ternary systems.

Another notable observation during tensile testing was the transition of the samples from
transparent to a whitish appearance during deformation (Figure 31). This stress-induced whitening
is attributed to crazing and microvoid formation within the polymer matrix, which scatter incident
light [129]. In rigid PVC, whitening was highly localized within the necked region, whereas the

plasticized and TPU-containing blends exhibited more uniform whitening patterns, reflecting their
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more homogeneous deformation behaviour and improved stress distribution. Although this

phenomenon does not directly influence the measured mechanical properties, it may serve as a

useful qualitative indicator of strain distribution and deformation mechanisms within the blends.

Figure 31. (a) Stress localization and neck formation in rigid PVC; (b) Uniform deformation
behaviour in plasticized PVC during tensile loading.

3.3.4. Hardness

Hardness describes the resistance of a material to surface deformation or indentation under an

applied load [129]. In this research, both Shore A and Shore D hardness scales were used to

evaluate the mechanical response of the blends over a broad hardness range. Shore A

measurements were particularly suitable for softer and highly flexible formulations, whereas Shore

D was more appropriate for rigid materials such as unplasticized PVC. The measured hardness

values are summarized in Table 9 and illustrated in Figure 32.

Table 9. Shore A and Shore D hardness values of the investigated blend compositions.

Properties PVC [PVC/Bio PVC/Bio PVC/TPU [PVC/TPU [TPU [TPU/Bio [TPU/Bio PVC/TPU/PVC/TPU/bio
(10/3)  [(10/5)  {(10/3) (10/5) (50/5)  |(50/10) [pio(10/1/5)|(10/2/5)

Hardness (Shore A)97.78/84.2 87.2 08.6 08.4 85.6 |79 77.4 80 81

Hardness (Shore D)83 9.1 11.7 26.4 24.9 12.9 10.8 8.3 10.1 9.9
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Figure 32. Shore A and Shore D hardness values of polymer blends with varying compositions.

Pure PVC exhibited the highest hardness among the investigated materials, reflecting its rigid
molecular structure and strong intermolecular interactions that restrict surface deformation. This
behaviour is consistent with the DMA and TSD analyses, where PVC exhibited relatively high
glass transition temperatures together with limited molecular mobility. Incorporation of the bio-
plasticizer caused a substantial reduction in hardness due to increased free volume and enhanced
chain mobility within the PVC matrix. The resulting softening behaviour is therefore directly
associated with the reduction in intermolecular cohesion and increased flexibility observed in the

thermal relaxation analyses.

The incorporation of TPU into PVC also reduced the hardness of the blends while simultaneously
introducing greater elasticity and resilience. Owing to its segmented structure consisting of flexible
soft segments and reinforcing hard segments, TPU balanced the rigidity of PVC with elastomeric

flexibility, resulting in blends with intermediate hardness values.
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Blends containing both TPU and the bio-plasticizer exhibited a progressive decrease in hardness
with increasing plasticizer content. The combined effect of TPU elasticity and bio-plasticizer-
induced softening produced a broad range of tunable hardness values, demonstrating the ability to

tailor the mechanical response of the blends through composition adjustment.

3.3.5. Conclusion

The mechanical properties of the investigated blends demonstrated that the combined
incorporation of TPU and the bio-plasticizer enables effective tuning of tensile strength, elasticity,
elongation at break, and hardness over a broad range that could not be achieved by the individual
components alone. Incorporation of the bio-plasticizer significantly increased chain mobility and
flexibility, leading to reduced tensile strength, Young’s modulus, and hardness, while substantially
improving elongation at break. TPU incorporation also enhanced elasticity and elongation at break
through its elastomeric segmented structure; however, excessive TPU content resulted in partial
phase heterogeneity, which limited stress transfer efficiency and reduced mechanical performance

in some binary blends.

The ternary PVC/TPU/bio-plasticizer systems exhibited the most balanced mechanical behaviour,
combining the rigidity of PVC, the elasticity of TPU, and the flexibility induced by the bio-
plasticizer. These blends achieved substantial improvements in elasticity and elongation without
severe loss of tensile strength, while also providing tunable hardness characteristics. Importantly,
the ternary systems achieved mechanical flexibility and elasticity comparable to TPU-rich
materials while utilizing the more cost-effective PVC matrix, thereby reducing reliance on higher-
cost elastomeric components. The enhanced mechanical performance of the ternary blends is
consistent with the improved compatibility and phase homogeneity previously confirmed by
DMA, TSD, FTIR, and SEM analyses. Overall, the results demonstrate that the bio-plasticizer not
only improves flexibility and molecular mobility but also promotes more effective interaction
between PVC and TPU, enabling the development of flexible PVC-based systems with balanced

mechanical properties and tunable performance characteristics.
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3.4. Thermal Behavior and Stability
3.4.1. Dehydrochlorination Resistance of PVC-Containing Blends

The thermal stability of the PVC-containing blends was evaluated by monitoring the conductivity-
time behavior associated with hydrogen chloride (HCI) evolution during thermal degradation. The
conductivity curves of neat PVC and PVC-based binary and ternary blends are presented in Figure
33. The thermal stability time was determined from the inflection point of each conductivity curve,
corresponding to the transition into the rapid autocatalytic stage of PVC dehydrochlorination.
Minor conductivity increases observed at earlier times may result from trace HCI release from
thermally labile sites; however, these do not represent the rapid degradation stage. Therefore, the
stability time reflects the point at which HCI evolution accelerates and was used as a comparative

measure of resistance to dehydrochlorination [130].
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Figure 33. Conductivity—time curves of PVC and PVC-containing blends.

Neat PVC exhibited a thermal stability time of 35.2 min, corresponding to the onset of rapid
autocatalytic dehydrochlorination. Incorporation of the bio-plasticizer at lower concentration,

PVC/Bio (10/3), reduced the stability time to 26.4 min, indicating earlier initiation of degradation
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due to increased segmental mobility and facilitated C—Cl bond cleavage. However, increasing the
plasticizer content to 50 phr, PVC/Bio (10/5), increased the stability time to 42.2 min, suggesting
that modifications in the local molecular environment at higher plasticizer concentrations partially

counteract the mobility effect and delay dehydrochlorination.

The incorporation of TPU alone resulted in a considerable reduction in thermal stability. Both
PVC/TPU (10/3) and PVC/TPU (10/5) exhibited stability times of approximately 23 min,
significantly lower than that of neat PVC. This reduction is consistent with the partial phase
heterogeneity observed by SEM and the relaxation behaviour detected by DMA and TSD analyses,

which may facilitate localized degradation and accelerate dehydrochlorination.

In contrast, the ternary PVC/TPU/bio-plasticizer blends exhibited substantially improved thermal
stability. The stability times increased to 40.2 min for PVC/TPU/Bio (10/1/5) and 57.7 min for
PVC/TPU/Bio (10/2/5), indicating a pronounced delay in HCI evolution. This improvement is
consistent with the enhanced compatibility and phase homogeneity previously confirmed by
DMA, TSD, FTIR, and SEM analyses. The more uniform molecular environment and improved
interphase interactions within the ternary systems appear to reduce the susceptibility of PVC chains

to rapid autocatalytic degradation.

Overall, the results demonstrate that the thermal stability of PVC-based blends is governed not
only by molecular mobility but also by the overall phase structure and intermolecular interactions
within the system. While TPU or plasticization alone may accelerate degradation, their combined
incorporation in the ternary blends effectively improved resistance to dehydrochlorination and

delayed the onset of rapid thermal degradation.

3.4.2. Thermogravimetric Analysis (TGA and DTG)

Thermogravimetric analysis was employed to investigate the thermal decomposition behaviour of
PVC, TPU, and representative binary and ternary blend systems. Selected compositions were
analysed to identify the dominant degradation characteristics and to complement the thermal

stability trends obtained from the conductivity-based dehydrochlorination measurements.
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Figure 34. Thermogravimetric (TG) curves of PVC and selected PVC-containing blends.

The TG curves shown in Figure 34 reveal the characteristic multi-step degradation behaviour of
PVC and PVC-containing blends. Neat PVC exhibited an initial major mass-loss stage beginning
near 270 °C, corresponding to dehydrochlorination and formation of conjugated polyene
sequences, followed by a second degradation stage associated with backbone decomposition and
char formation. The relatively high residual mass is attributed to the formation of carbonaceous

char promoted by chlorine-containing structures.

Incorporation of the bio-plasticizer modified the degradation profile of PVC in a composition-
dependent manner. At lower plasticizer content, PVC/Bio (10/3) exhibited a slight shift of the
degradation onset toward lower temperatures, consistent with increased chain mobility and
facilitated degradation initiation. In contrast, PVC/Bio (10/5) displayed a more continuous mass-
loss transition across the primary degradation region, suggesting redistribution of degradation
processes rather than simple acceleration of degradation. This behaviour is consistent with the

delayed HCI evolution observed in the conductivity-based thermal stability measurements.

The PVC/TPU (10/5) blend exhibited a broadened degradation region due to overlapping
decomposition contributions from PVC and TPU. Although TPU did not suppress the initial

68



degradation stage of PVC, its incorporation moderated the sharp mass-loss behaviour
characteristic of neat PVC, resulting in a more gradual decomposition profile. A further
modification was observed in the ternary PVC/TPU/Bio (10/2/5) blend. Although the initial
degradation onset occurs within a temperature range similar to that of the binary systems, the mass-
loss behavior exhibits a smoother and more continuous transition throughout the main degradation
region, suggesting a redistribution of degradation processes rather than a direct shift in onset
temperature. This behavior indicates modified degradation kinetics resulting from changes in the

molecular environment of the ternary blend.
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Figure 35. Thermogravimetric (TG) curves of TPU-based systems and PVC/TPU blends.

The TG curves of the TPU-based systems are presented in Figure 35. Neat TPU exhibited a
dominant single-step degradation process at higher temperatures than PVC, corresponding mainly
to degradation of urethane linkages followed by decomposition of the segmented TPU structure.
Incorporation of the bio-plasticizer caused a modest shift of the degradation process toward lower
temperatures, reflecting increased molecular mobility together with the lower thermal resistance

of the plasticizer. The PVC/TPU blend exhibited a combined degradation profile containing
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contributions from both PVC and TPU, with the initial degradation dominated by PVC and the

broader high-temperature degradation region associated with TPU decomposition.
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Figure 36. Derivative thermogravimetric (DTG) curves of selected PVC-based systems.

The DTG curves shown in Figure 36 provide additional insight into the degradation kinetics of the
investigated systems. Neat PVC exhibited a sharp primary DTG peak corresponding to
dehydrochlorination, followed by a broader secondary degradation peak associated with
decomposition of the conjugated backbone [131]. In the PVC/Bio (10/5) blend, the primary
degradation peak became broader, indicating redistribution of degradation processes caused by
modified intermolecular interactions. The PVC/TPU (10/5) blend exhibited partial asymmetry of
the primary degradation peak due to overlapping degradation events originating from PVC and
TPU. Notably, the ternary PVC/TPU/Bio (10/2/5) blend exhibited further broadening and
attenuation of the primary DTG peak and smoother transitions between degradation stages,
consistent with suppression of rapid autocatalytic dehydrochlorination observed in the

conductivity-based thermal stability measurements.

Overall, the TG and DTG analyses demonstrated that the thermal degradation characteristics of

the blends are governed not only by the intrinsic thermal stability of the individual components
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but also by intermolecular interactions and phase morphology within the system. The bio-
plasticizer plays an important role in modifying the molecular environment and degradation
kinetics, thereby contributing to the improved thermal stability behaviour observed in the ternary

blends.

3.4.3. Conclusion

The conductivity-based thermal stability and TG/DTG analyses demonstrated that the thermal
degradation behaviour of the investigated blends is strongly influenced by blend composition,
intermolecular interactions, and phase morphology. Incorporation of the bio-plasticizer or TPU
individually altered the thermal stability of PVC by modifying molecular mobility and the local
degradation environment. While lower bio-plasticizer contents and TPU incorporation accelerated
the initiation of degradation and reduced dehydrochlorination resistance, higher bio-plasticizer
content resulted in delayed HCI evolution and more gradual degradation behaviour. The TG and
DTG analyses further showed that these modifications were associated with redistribution and
broadening of the degradation processes rather than simple shifts in degradation onset

temperatures.

The ternary PVC/TPU/bio-plasticizer systems exhibited the most favourable thermal stability
behaviour, showing delayed dehydrochlorination, smoother mass-loss transitions, and attenuation
of the sharp DTG degradation peaks characteristic of neat PVC. These improvements are
consistent with the enhanced compatibility and phase homogeneity previously confirmed by
DMA, TSD, FTIR, and SEM analyses. Overall, the thermal analyses confirmed that the combined
incorporation of TPU and the bio-plasticizer improves not only the flexibility and mechanical
performance of PVC-based systems but also modifies the degradation behaviour in a manner that
suppresses rapid autocatalytic degradation, thereby enhancing the overall thermal stability of the

ternary blends.
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4. General Conclusions
This dissertation investigated the development of sustainable PVC/TPU/bio-plasticizer blend
systems using glycerol diacetate monolaurate derived from waste cooking oil as an alternative to
conventional phthalate-based plasticizers. The study was motivated by the need to overcome the
inherent rigidity, brittleness, and limited thermal stability of PVC while simultaneously reducing

dependence on potentially toxic petroleum-based plasticizers and high-cost elastomeric materials.

The research combined thermodynamic compatibility prediction with comprehensive
experimental validation in order to establish relationships among intermolecular interactions,
molecular mobility, phase morphology, and the resulting mechanical and thermal behaviour of the
developed blend systems. Thermodynamic compatibility between PVC and TPU systems was first
evaluated using swelling experiments and solubility parameter analysis. Since thermodynamic
prediction alone cannot fully guarantee compatibility in polymer systems, complementary post-

processing analyses were subsequently employed to investigate the developed blends.

Dynamic mechanical analysis (DMA), thermally stimulated discharge (TSD) analysis, Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) were used to
evaluate compatibility behaviour, intermolecular interactions, relaxation characteristics, and phase
morphology. Particular emphasis was placed on the application of TSD analysis because of its
high sensitivity toward localized molecular mobility and intermolecular interactions in polymer
systems. Mechanical characterization was performed to investigate tensile strength, elasticity,
elongation at break, and hardness, while thermal stability and degradation behaviour were
examined using conductivity-based thermal stability measurements and thermogravimetric

analysis.

The results demonstrated that blending PVC with TPU and glycerol diacetate monolaurate
significantly modified the mechanical and thermal behaviour of the systems. The developed blends
exhibited improved flexibility, elasticity, elongation at break, and toughness compared with
unmodified PVC systems, while maintaining useful structural and thermal characteristics. The
study further showed that compatibility behaviour strongly influenced the final performance of the

blends through its effect on intermolecular interaction, molecular mobility, and phase morphology.
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The dissertation also demonstrated the importance of integrating thermodynamic compatibility
prediction with complementary experimental techniques for reliable evaluation of polymer blend
systems. The combined use of swelling-based solubility parameter analysis together with
relaxation, spectroscopic, morphological, mechanical, and thermal analyses provided a more

comprehensive understanding of compatibility behaviour from molecular to macroscopic scales.

Overall, this research contributes to the development of flexible, thermally balanced, and more
sustainable PVC-based materials while advancing understanding of compatibility behaviour in
multicomponent polymer systems. In addition, the use of glycerol diacetate monolaurate derived
from waste cooking oil provides both environmental and sustainability benefits by reducing
reliance on conventional phthalate plasticizers and promoting the valorization of underutilized

waste resources.

4.1. Future Perspectives and Industrial Relevance

This research contributes toward the development of flexible and thermally balanced PVC-based
materials by combining the complementary properties of PVC and TPU while reducing reliance
on high-cost elastomeric systems and conventional phthalate plasticizers. The results demonstrated
that PVC, TPU, and bio-plasticizer blends are both thermodynamically and technologically
compatible, and that the developed systems exhibit combinations of properties that could not be

achieved by the individual components alone.

Rather than targeting a single end-use product, the study establishes fundamental compatibility-
property relationships and sustainable formulation strategies for PVC/TPU/bio-plasticizer blends.
The tunable mechanical and thermal characteristics demonstrated in this work provide a
framework for designing materials with balanced rigidity, elasticity, toughness, and thermal

stability for a broad range of potential industrial applications.

For example, the PVC/TPU/Bio (10/2/5) blend formulation showed significant improvement in
elasticity and elongation at break without substantial reduction in tensile strength, suggesting
potential suitability for applications requiring repeated deformation and bending, such as flexible
cables subjected to repeated bending and deformation. Similarly, by adjusting blend composition,
other formulations can be optimized for different applications depending on the required

combination of mechanical, thermal, electrical, and chemical resistance properties.
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The verified thermodynamic and technological compatibility established in this research provides
a strong foundation for further formulation optimization and application-oriented material design
in PVC/TPU/bio-plasticizer systems. Future work may therefore focus on comprehensive property
mapping across broader blend compositions in order to identify optimized formulations for
specific applications. In this regard, the collaboration established during this research with
BorsodChem may provide opportunities for future industrial-scale implementation of the

developed formulations and processing strategies.
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5. New Scientific Results (Claims)
Based on the results and analyses presented in this dissertation, several major scientific findings
and original contributions are established. The following claims are derived from the integrated
investigation of compatibility, intermolecular interactions, molecular mobility, phase morphology,

and the resulting mechanical and thermal behaviour of the developed blend systems.
Claim 1

A thermodynamic compatibility evaluation methodology based on swelling experiments and
solubility parameter analysis was established and successfully applied to predict the compatibility
of PVC with different TPU systems prior to processing. The results demonstrated that PVC
exhibits strong compatibility with polyester-based TPU and comparatively weaker compatibility
with polyether-based TPU. The predicted compatibility behaviour was validated through
processing behaviour, where PVC/polyester-based TPU blends formed homogeneous sheets while
PVC/polyether-based TPU blends produced defective and non-uniform structures, and was further

confirmed through the unified relaxation behaviour observed in DMA and TSD analyses.
Claim 2

The bio-based plasticizer, glycerol diacetate monolaurate derived from waste cooking oil,
enhances compatibility between PVC and polyester-based TPU through modification of
intermolecular interactions and phase morphology. DMA and TSD analyses revealed
disappearance of the partial phase-separated relaxation shoulder observed in binary blends, FTIR
analysis indicated intermolecular interactions involving polar functional groups, and SEM
observations confirmed improved phase homogeneity in the ternary systems. These findings
demonstrated that the bio-plasticizer acts not only as a plasticizing agent but also as a

compatibilizing component within the ternary blend system.
Claim 3

The ternary PVC/TPU/bio-plasticizer systems achieved balanced mechanical performance through
substantial improvements in elasticity, flexibility, and elongation at break while maintaining
moderate tensile strength and tunable hardness within a PVC-rich matrix. The results further
demonstrated that improved compatibility and phase homogeneity directly govern the mechanical

behaviour and deformation characteristics of the blends, enabling elastomer-like elasticity while
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retaining the more cost-effective PVC matrix rather than relying solely on higher elastomer

content.
Claim 4

The combined incorporation of polyester-based TPU and the bio-based plasticizer improved the
thermal stability behaviour of PVC-based systems through modification of the molecular
environment and suppression of rapid autocatalytic degradation. Conductivity-based thermal
stability measurements revealed delayed dehydrochlorination and extended thermal stability times
in the ternary blends, while TG and DTG analyses showed smoother degradation behaviour,
redistribution of degradation processes, and attenuation of the sharp degradation behaviour
associated with neat PVC. These improvements were consistent with the enhanced intermolecular
interactions and improved phase homogeneity established through the relaxation, spectroscopic,

and morphological analyses.
Claim 5

The bio-based plasticizer exhibited a concentration-dependent dual effect on the segmental
mobility of TPU systems, enhancing molecular mobility at lower concentrations while
progressively restricting segmental motion at higher concentrations due to the increasing influence
of the higher-T; bio-plasticizer on TPU segmental dynamics. This behavior reveals the complex
role of the bio-plasticizer in governing TPU molecular dynamics and indicates that its influence

extends beyond conventional plasticization behaviour.
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B TSD raw curves and detail evaluations

- PVC 5K/min | 5K/min 1

2238: PUC U K7B-1 I(r) [pA]l wv.s. t [°C]
CnAl
measured
Ta
83.5
2 ] 78
93
1.5
1_
5
A : . . . . : S
58 18@ °C

const= 23.576

A= 52.21666

B= -17.12681 A= 142 kJ/mol |

S‘max 79 OC ’EO 10486-61 S B

Imax | 1780 pA Qo 140276 | pAs | C

Ae 421 kJ/mol Ag 5.3 - n/col | 2/4
Qmax 83.5 OC To 1.972e-26 S B

Imax | 595 pA Qo 105940 |pAs | C

Ae 188 kJ/mol Ag 4.0 - n/col | 3/1
e | 70 °C To 2.756e-15 | g B

Imax | 178 pA Qo 49675 pAs | C

Ac 109 kJ/mol Ag 1.9 - n/col | 4/5
s | 93 °C o 2.308¢-33 [ g B

Ae 241 kJ/mol Ag 1.2 - n/col | 5/3

88



Smax °C To S B
Iinax pA QO pAs C
Ac kJ/mol Ag - n/col | 6/C
Smax °C To S B
Ac kJ/mol Ag - n/col | 7/
[-+= pAs; (Ae=)
B PVC(C/Bio(10/3) SK/min | 5K/min 1
23315: P33 (PUC-Bio. 10:3) Itr) [pAl w.s. t [°C1
[nAl ]
measured (-exp)l
1.4 - 12.4
4.1
-12.2
1.2 -38.5
-63.5
1 -
.8
B
.4
e
o - —
100 °C
const= 23.576
A= 40.37308
B= -10.3121 Ac=85.7 kJ/mol |
Omax | 12,4 °C To 8.506e-16 | g B
Imax | 1333 PA Qo 302262 | pAs | C
Ac 93 kJ/mol Ag 114 - n/col | 2/4
Smax 24. 1 OC ’[:O 2.9706-1 7 S B
Imax | 470 pPA Qo 102644 | pAs | C
Ae 105 kJ/mol Ag 3.86 - n/col | 3/1

89




Omax | -12.2 °C 0 3.154e-9 | g B
Imax | 146 pA Qo 47275 pAs | C
Ac 53 kJ/mol Ag 1.8 - n/col | 4/5
S‘max '3 8.5 OC ’[O 12929-5 S B
Imax | 48 pA Qo 20170 pAs | C
Ae 32 kJ/mol Ag 0.76 - n/col | 5/3
Ymax | -03.5 °C To 5.613e-5 | s B
Ac 26 kJ/mol Ag 0.18 - n/col | 6/C
Smax °C To S B
Imax pA Qo pAs | C
Ae kJ/mol Ag - n/col | 7/
[-120- -65 = 3744 pAs; (Ae = 0.14)
B PVC/Bio (10/5) 5K/min | 5K/min 1
22299: PA PUC-Biocizer Itr) [pA]l wv.s5. t [°C]
[nAl
measured
-2
11
-27.3
-51
1 -
186
L5
1880:=
B T I T T I T T
-168 -58 A 58 188 °C
const= 23.576
A= 35.45122
B= -8.253238 A= 68.6 kJ/mol |
S‘max '2 OC To 36446-15 S B
Imax | 988 PA Qo 220639 | pAs | C

90



A |85 | kKI/mol | | Ae 183 |- | n/col | 2/4
Gmax | 11 °C 0 9.410e-15 | g B

Imax | 678 pA Qo 162276 | pAs | C

A | 87 kJ/mol Ae 6.1 - n/col | 3/1
Omax | -27.3 °C 0 3.683e-8 | g B

Imax | 175 pA Qo 58813 pAs | C

Ae |45 kJ/mol Ag 2.2 - n/col | 4/5
Gy | -51 °C o 1.450e-7 [ s B

Imax | 50 pA Qo 20965 pAs | C

Ae |30 kJ/mol Ag 0.755 - n/col | 5/3
Imax | 106 °C To 1.227¢9 |3 B not reli-
Imax | 435000 | pA Qo 1.8e8 pAs | C able!
Ae |81 kJ/mol Ag 6768 - n/col | 6/C
Snmx °C To S B

Imax pA QO pAS C

Ae kJ/mol Ag - n/col | 7/

[- -+ = pAs; (Ae=)
B PVC/TPU (10/3) 5K/min | 5K/min 1

22297: PUC_TPU poly. 18:3 log I(r) [pAl wv.s. t [°C]

PA | neasured
IDQ | 2?
39.6
-182
-22.3 ()

3 -

2 -

1 -

B T T lI|

—-184 -58 5] 5a 188 °C

91



const= 23.576
A= 35.11938
B= -8.509133 A=70.7 kJ/mol |
Imax | 3500 pA Qo 963855 |pAs | C
Ae 84 kJ/mol Ag 36.3 - n/col | 2/4
S‘max 39-6 OC To 5.9393'16 S B
Imax | 1660 pA Qo 407896 |pAs | C
Ac 103 kJ/mol Ag 15.4 - n/col | 3/1
Ymax | -102 °oC T0 2215e-5 |g B
Imax | 6.8 pA Qo 1900 pAs | C
Ae 23 kJ/mol Ag 0.072 - n/col | 4/5
Omax | -22.3 °C To 3.6025¢-8 | g B
Ae 46 kJ/mol Ag 0.53 - n/col | 5/3
S‘max 1046 OC To 1.094e-11 S B
Imax | 146250 | pA Qo 5.42¢7 pAs | C
Ae 95 kJ/mol Ag 2040 - n/col | 6/B
Smax °C To €- S B
Ae kJ/mol Ag - n/col | 4/
B PVC/TPU (10/5) 5K/min | 5K/min 1
22302: PUC_TPU 10:5  log I(r) [pAl wu.s. t [°C]
pA
log measured
9.3

24

-107

-25

o T T T T T T T T T T
-100 -50 0 50 100 °C

92




const= 23.576
A= 33.07349
B= -7.70952 A=64.1 kJ/mol |
Ymax | 9.3 °oC T0 2.768e-14 | g B
Imax | 468 pA Qo 119472 | pAs | C
Ae 84 kJ/mol Ag 4.3 - n/col | 2/4
S‘max 24 OC TO 9.7593'15 S B
Imax | 1245 pA Qo 311553 | pAs | C
Ac 91 kJ/mol Ag 11.7 - n/col | 3/1
x| -107 °oC To 1.550e-7 | g B
Imax | 7.5 pA Qo 1606 pAs | C
Ae 28 kJ/mol Ag 0.060 - n/col | 4/5
Gomax | 25 °C o 1.008e-8 [ B
Ae 48 kJ/mol Ag 0.67 - n/col | 5/3
Smax °C To S B
Imax pA QO pAS C
Ae kJ/mol Ag - n/col | 6/B
Smax °C To €- S B
Imax pA QO pAS C
Ae kJ/mol Ag - n/col | 4/
[-110 - -60 =703pAs Ae=0.026
H TPU
22293: TPU with polyol I(r) [pAl v.s. t [°C]
pA
neasured
-45.5
] -38
498 | 9.2
. -68
300 - 99
208 -
100 -
B - T T T T )
-16@ -58 8 =C

93




const= 39.293
A= 31.02126
B= -6.618414 Ae=55 kJ/mol |
Jmax | -45.5 °C to 5.689¢- |s B
22
Imax | 375 pA Qo 50852 pAs | C
Ae 100 kJ/mol De 1.91 - n/col | 2/4
Jmax '38 OC tO 24316- S B
17
Imax | 158 pA Qo 27317 pAs | C
Ae &3 kJ/mol De 1.01 - n/col | 3/1
Jmax | -9.2 °C to 1.509e- |s B
29
Ae 154 kJ/mol De 0.60 - n/col | 4/5
Jmax '60 OC to 55056-9 S B
Imax | 36 pA Qo 9794 pAs | C
Ae 42 kJ/mol De 0.369 - n/col | 5/3
Jmax | -82 °C to 2.906e-6 | s B
Imax | 7.6 PA Qo 2420 pAs | C
Ae 28 kJ/mol De 9.11e-2 |- n/col | 5/D
Jmax | -110 °C to 5218e- |s B
15
Imax 7.5 pA QO 959 pAS C
Ac 50 kJ/mol De 3.6e-2 - n/col | 4/B
Jmax -99 °C to 1.891e-7 | s B
Imax | 5.4 pA Qo 1342 pAs | C
Ae 29 kJ/mol De 5.05e-2 |- n/col | 8/F

94




B TPU/Bio (50/5)

pA

488

3B

288

22381 :

TPU 585

5K/min | 5K/min 1

I(r) [pAl

V.5,

t [*C]

neasured
-52.4
-14.5
-q44 .3

85

1688 ]
1808«
8 —
58 188 °C
const= 23.576
A= 30.58903
B= -6.83461 Ae=56.8 kJ/mol |
Smax '52.4 OC To 7.146e-18 S B
Imax | 376 pA Qo 59504 pAs | C
Ae 80 kJ/mol Ag 2.24 - n/col | 2/4
Omax | -14.5 °C T0 1.240e-11 | s B
Ae 64 kJ/mol Ag 1.7 - n/col | 3/1
pax | 443 °C To 5304e-16 | g B
Imax | 154 pA Qo 27820 pAs | C
Ac 75 kJ/mol Ag 1.05 - n/col | 4/5
S‘max °C To S B
Imax pA Q() pAS C
Ac kJ/mol Ag - n/col | 5/3
Smax °C To S B
Imax pA QO pAS C
Ac kJ/mol Ag - n/col | 6/C

95




°C

Smax To S
Iimax pA QO pAS C
Ac kJ/mol Ag - n/col | 7/
B TPU/Bio (50/10) 5K/min | 5K/min 1
22298: TPU 5818 I(r) [pA]l wv.s. t [°C]
PA
neasured
J -54
258 - -6.2
1 -43
-73
200 -
158
168 -
58
T T T T
-16808 -58 ] 58
const= 23.576
A= 27.37451
B= -6.398739 Ae=53.2 kJ/mol |
oy | 54 °oC o 1.416e-15 | g B
Ae 8470 kJ/mol Ag 1.455 - n/col | 2/4
x| 6.2 °oC To 2.091e-11 | g B
Imax | 92.5 pA Qo 25845 pAs | C
Ac 65 kJ/mol Ag 0.97 - n/col | 3/1
Gax | 43 °C To 8.165¢-10 | g B
Imax | 114 pA Qo 31153 pAs | C
Ae 49 kJ/mol Ag 1.17 - n/col | 4/5
S‘max '73 OC To 10416-9 S B
Imax | 17 pPA Qo 4094 pAs | C
Ae 42 kJ/mol Ag 0.15 - n/col | 5/3
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x| -97.6 °C o 3.596e-4 | g B
Imax 7.2 pA Q() 2523 pAS C
Ac 19 kJ/mol Ae 0.095 - n/col | 6/B
s | 76 °C o 3.886e-6 | g B
Imax | 5800 pA Qo 3346465 | pAs | C
Ae |52 kJ/mol Ag 126 - n/col | 7/ B
® PVC/TPU/Bio (10/1/5) 5K/min | 5K/min 1
23316: PP10 (PUC-Bio.-TPU) I(r) [pAl wv.s. t [°C]
Al ]
1.5 - measured (—exp)
1 -3.2
12
-16.8
-38
1 -
-5 _-
0] ] T T T T T T T
-110 -60 -10 40 90 °C
const= 23.576
A= 35.92974
B= -8.289648 A= 68.9 kJ/mol |
Gonax | 3.2 oC To 4.761e-14 | g B
Imax | 1450 pPA Qo 344207 |pAs | C
Ae |79 kJ/mol Ag 13.0 - n/col | 2/4
Gmax | 12 °C T0 4.746e-24 | g B
Imax | 204 pA Qo 31773 pAs | C
Ae 137 kJ/mol Ag 1.2 - n/col | 3/1
Gmax | -16.8 °C o 1.074e-14 [ g B
Imax | 220 pA Qo 47788 pAs | C
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A |78 | kKI/mol | | Ae 1.8 |- | n/col | 4/5
s | 38 °C o 1344e-5 | g B
Imax | 130 pA Qo 54851 pAs | C
Ae 32 kJ/mol Ag 2.07 - n/col | 5/3
Smax °C To S B
Ac kJ/mol Ag - n/col | 6/C
Smax °C To S B
Linax pA QO pAs C
Ae kJ/mol Ag - n/col | 7/

B PVC/TPU/Bio (10/2/5)

SK/min | 5K/min 1

23314: PPz I(rd [pAl wv.s. t [°C] PUC-Bioc.-TPU 100-50-20
[nAl
| measured —-exp.
-4.3
4.2
. 1Z.3
1.5 - -33
_ -57
1 -
5 -
160
1060
Q T T T T T
-106 =50 Q 50 1660 °C
const= 23.576
A= 32.88958
B= -7.652 A= 63.6 kJ/mol \
Smax '4,.3 OC To 41396-16 S B
Imax | 1256 pA Qo 264001 | pAs | C
Ac 158 kJ/mol Ag 9.94 - n/col | 2/4
Gpax | 4.2 °C To 3.660e-25 | g B
Imax | 570 pA Qo 82888 pAs | C
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Ae 139 | Kimol | | Ae 3.1 |- |n/eol |31
Goax | 12.3 °C o 1397¢-24 | g B
Imax | 306 pA Qo 46767 pAs | C
Ae 140 kJ/mol Ag 1.76 - n/col | 4/5
Ypax | 33 °C To 4.885¢-7 |g B
Ac 39 kJ/mol Ag 1.97 - n/col | 5/3
s | -57 °C o 2.856e-7 | g B
Imax | 22.5 pA Qo 7253 pAs | C
Ae 36 kJ/mol Ag 0.27 - n/col | 6/C
Smax °C To S B
Ae kJ/mol Ag - n/col | 7/
Smax °C To S B
Imax pA Qo pAs | C
Ae kJ/mol Ag - n/col | 8/B
B Bio-plasticizer 5K/min | 5K/min 1
17289: Biocizer Itr) [pA]l wv.s. 1t [°C]

PA neasured -33.5

388 -

2688 -

188 -

] ] T T !
-188 -58 2} bl

const= 180.723
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A= 28.74688

B= -5.546991 A= 46 kJ/mol |

S‘max ‘843 OC To 1.294e-22 S B

Imax | 88 pA Qo 9669 pAs | C

Ae 85 kJ/mol Ag 0.36 - n/col | 2/4
S‘max '33.5 OC To 1.173e-8 S B

Imax | 368 pA Qo 115351 | pAs | C

Ac 46 kJ/mol Ag 4 - n/col | 3/1
Ymax | -48.5 oC o 1.562e-26 | g B

Imax | 140 pA Qo 15756 pAs | C

Ae 118 kJ/mol Ag 0.59 - n/col | 4/5
x| -96 °C o 8.693¢-9 |[s B

Imax | 8.3 pA Qo 1889 pAs | C

Ae 34 kJ/mol Ag 0.071 - n/col | 5/3
x| 76 oC o 3.090e20 | g B

Imax | 23 pA Qo 2915 pAs | C

Ae 80 kJ/mol Ag 0.11 - n/col | 6/C
Smax °C T0 S B

Imax pA QO pAS C

Ae kJ/mol Ag - n/col | 7/
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