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General Introduction

General introduction

For many years, polymers have been widely employed in industrial applications because of
their vast range of characteristics and the relative simplicity of their production [1,2]. Their
properties can be further improved and tuned by blending two or more polymers [3-5].
However, most polymers are thermodynamically incompatible due to their low entropy of
mixing (Polymer mixing entropy is negatively correlated with molecular weight) [6].
Compatibilizers are often included in different immiscible thermoplastic blends to enhance their
processing and characteristics. The choice of compatibilizer depends on the specific
thermoplastic blend being used and the properties that need to be improved [7-9].

Low-density polyethylene (LDPE) and polypropylene (PP) are two of the most commonly used
polymers due to their benefits of low density, high stiffness, high softening temperature, and
outstanding chemical inertness. The fact that they are inexpensive and simple to process is also
crucial[10]. A substantial amount of research has been done on the creation and evaluation of
PP/PE mixes. Based on mechanical qualities, Bertin and Robin [11] It was shown in this
research that adding compatibilizers, such as PE-g-(2-methyl-1,3 butadiene) graft copolymer,
ethylene-propylene-diene monomer, or ethylene-propylene monomer, may boost impact
strength and elongation at break for all blends. Similarly, Graziano et al [12]. examined the
compatibilizing effects of grafted polyethylene (MAPE) with and without maleic anhydride on
PP and PE blends. Microscopic examination demonstrated that MAPE results in an
astonishingly fine PE/PP/MAPE morphology and provided evidence that MAPE may
significantly enhance the miscibility of PE and PP. Mechanical and rheological testing revealed
improvements in mechanical characteristics of 14 to 20% and reductions in interfacial tension
and PE/PP viscosity shift of 10 to 20%, respectively. Recently, it was showed their PP/LDPE
blends exhibit a combination of mechanical and material qualities necessary for flexible

packaging applications [13].

Recent developments in theory and simulations of polymeric systems have allowed for accurate
modelling of a wide range of polymeric systems both at the molecular and long wavelength
scales. In particular, various computational techniques have proven to be powerful tools in
obtaining atomic and molecular scale structural properties that complement experimental data.
In general, utilising experimental techniques, intermolecular bonding in a polymer blend is
relatively challenging to resolve. Molecular dynamics simulations have proven to be a reliable,

cost-effective, and fast tool that can supplement experimental results or help overcome major
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experimental limitations. Atomic scale simulations are also often used to predict the impact of

compatibilizers on the structure and physical characteristics of polymer mixes [14-16].

For several decades, many groups have investigated environmental stress cracking (ESC),
which refers to thermoplastic brittle failure, particularly PE [12-17]. PP can withstand ESC but
is less sensitive than PE [18]. Unfortunately, there is a lack of information on ESC on two-
component PE/PP blends [19]. Despite their ductility, polymer blends fracture brittlely when
stressed after exposure to a surface-active chemical [20]. Although numerous factors influence
polymers' environmental stress crack resistance (ESCR), shape and molecular weight
significantly impact that resistance [21]. Increased tensile strength and a greater susceptibility
to stress cracking over time are associated with higher density or crystallinity. As a result, ESCR
often rises as density declines [22]. A narrower molecular weight distribution (MWD) also
improves ESCR [22], although an overall higher molecular weight should result in a higher
ESCR [23].

This work examined the impact of 5% (SEBS and SEBS-g-MA) as compatibilizers of PP/LDPE
(80/20, 50/50, 20/80) blends using various analytical techniques, including FTIR, TGA, XRD
and SEM. Furthermore, a molecular dynamics simulation was utilized to assess the
relationships between chain mobility, glass transition temperature (Tg), and free volume of the
mix. To learn more about the structural, electrical, and energetic aspects of LDPE-PP blends,
researchers are investigating quantum chemistry calculations using density functional theory
(DFT). By employing DFT calculations, we aim to understand the impact of compatibilizer
agent SEBS-g-MA on the intermolecular interactions, phase behavior, and compatibility of
LDPE and PP in the blend.

We performed to investigate the interactions between SEBS-g-MA, PP, and LDPE at the
atomic-scale level. The principal objective of this study is to investigate the fracture behavior
(ESCR) of this blend without and with the incorporation of compatibilizing agents.
Characterization methods, including morphological and ESCR characteristics of the effect of
IGEPAL CA 630 on the blend.

The literature review is divided into two chapters (I and I1), the first dealing with polyolefin
blends. It includes a general discussion on the thermodynamics of blends and some notions on
miscibility and compatibility. The second chapter presents available information on the effect

of environmental stress cracking.



General Introduction

Chapter 111 uses theoretical calculations to present the structural study of compatibilized
PP/LDPE blends.

Chapters IV and V are devoted to the experimental study.

Chapter 1V describes the materials, preparation methods, and techniques used during

characterization.

Chapter V presents the study of blends (PP/LDPE) incorporating SEBS and SEBS-g-MA as

compatibilising agents.

Finally, the thesis concludes with a general conclusion and recommendations for future

work.
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I. Polyolefin blends

I.1. Introduction

Polypropylene/polyethylene blends have been studied for many years. Researchers from
academia and industry have focused mostly on polypropylene matrix blends because to the
commercial interest in enhancing this polymer's impact resistance at low temperatures.
Polypropylene combined with a substance with a lower glass transition temperature or more

ductility (elastomers, PE, etc.) has been extensively investigated to achieve this.

Despite having very similar chemical structures, polypropylene and polyethylene are
immiscible and incompatible in most cases. The mechanical properties of their blends are often
unattractive and unpredictable due to the influence of numerous parameters such as morphology
and crystallinity. Compatibilization methods have been developed to improve the properties of
blends.

1.2. Polyolefins

The most popular and widely utilized industrial polymer in the world, polyolefins (PO) make
various goods used in almost every facet of our everyday life, including packaging films,
pipelines, home bottles, and car components [1]. How the atoms in the chain molecules are
arranged or entangled gives PO its physical characteristics. Both the molecular distribution
and the physical characteristics are impacted by branching brought on by radical transfer [2].
Since they are based on inexpensive petrochemicals or natural gas and the necessary
monomers are made by refining or breaking crude oil, resource depletion may become a
deciding issue in PO manufacturing in the future [3]. Therefore, it is very desirable that PO
material neither during its transformation into goods or components nor during service has any
adverse effects on the environment [4]. After PO's life cycle, preventing any negative impacts
is critical (see Figure 1.1). PO are saturated hydrocarbon polymers based on ethylene, which
include combinations of these monomers or high-density, low-density, and linear low-density
polyethylene (LLDPE), propylene, and higher a-olefins. In addition, PO benefits greatly from
its unique chemical makeup it consists only of carbon and hydrogen in comparison to other
polymers including poly (vinyl chloride) (PVC), polyamides, and polyurethanes [5]. PO
defined as ethylene and propylene copolymers and polymers, account for about 40% of the
annual production of plastics and are clearly on the rise. The quantity of waste released into

the environment increases with the breadth of the material's usage [5]. PO so have a significant
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part in environmental issues, and whatever advancement they make significantly advances the
cause as a whole [6]. The polyolefins' chemical and biological inertness was once seen as a
benefit. These chemicals' excellent stability and resistance to degradation have caused them to
accumulate in the environment, resulting in several issues, including a noticeable increase in
visual pollution and a contribution to drain obstruction after heavy rains [7-10]. How
polyolefins seem in the environment is a significant element affecting their market position;
thus, the raw ingredients and manufacturing procedures used to create these materials
determine how they look. In addition, products must consider using renewable resources and

their capacity to be recycled or biodegraded.

Conversion of these
components into
hydrocarbon
monomers (ethylene
& propylene)

. .
+— -—

v

Pollution
such as H;O,
air and waste

Figure 1.1. Polyolefins product life cycle [3].
1.2.1. Polyethylene

On the globe, polyethylene (PE), the most extensively used plastic, belongs to the significant
polyolefin resin family. Ethylene is catalyzed into polymers to prepare them [11]. It is a
thermoplastic polymer made of lengthy chains created by combining ethylene monomer
molecules. Three fundamental PE kinds are often employed, depending on the polymerization
process: linear HDPE, branching LDPE, and LLDPE [12]. PEs are crystalline thermoplastics
with a low coefficient of friction, near-zero moisture absorption, superior electrical insulating
properties, durability, and simplicity of production. Their temperatures of heat deflection are
acceptable but not very high. Compared to LDPE and LLDPE, HDPE has higher stiffness,

rigidity, enhanced heat resistance, and increased resistance to permeability. HDPE has higher
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intermolecular forces and tensile strength due to its low degree of branching. It may be
generated via metallocene, Ziegler-Natta, or chromium/silica catalysts [13]. Molecular weights
(MWs) of 10,000 to several million are used to produce HDPE. In addition to having a high
density and melting point [14], it contains a linear polymeric chain (see Figure 1.2). Milk jugs,
water pipes, water pipes, toys, waste containers, soap bottles, margarine tubs, and packaging
are all made of HDPE. Using peroxide initiators, low-density PE is produced at elevated
pressure and temperature. Conversely, low pressure is used during the LLDPE manufacturing
process. A little quantity of long-chain olefin is copolymerized with short branching to create
LLDPE. Though many branches are added by utilizing comonomers, such as butene-1 or
octene-1, it is linear (see Figure 1.3). At a density of 920 g cm, the typical comonomer content
ranges from 8% to 10%. Strength comes from linearity and toughness from branching.
Compared to branching LDPE, LLDPE has much better modulus and ultimate tensile qualities
[14]. The density and crystallinity of LDPE and LLDPE are reduced by branching [15]. The
LDPE or LLDPE form is recommended for film packaging and electrical insulation.

— S
= SO0 Molecular structure
T ~

Chemical structure
N\ CH,-CH> fCH»-CH>}+CH>

Hydrogen

Figure 1.2. High-density polyethylene [14].
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Figure 1.3. Low-density polyethylene [15].

1.2.2. Polypropylene

Propylene undergoes polymerization to create the synthetic resin known as polypropylene. PP
films have many uses in packaging, textiles, stationery, and other fields because of their high
potential in aspects like dimensional stability, brilliance, barrier characteristics, and
processability. PP and PE are comparable in many ways, particularly regarding their electrical
characteristics and dissolution patterns. The molecular weight distribution (MWD),
crystallinity, type, and amount of comonomer (if any) all affect the characteristics of
polypropylene (PP). The degree to which PP is crystallinity-dependent determines its
mechanical characteristics. While toughness and impact strength decline with increasing
crystallinity, stiffness, yield stress, and flexural strength are all improved [13]. The steps in
making PP include raw material preparation, polymerization, post treatment, and granulation.
Another way to create an elastic ethylene-propylene copolymer is to polymerize propylene with
ethylene. The manufacture of PP is mostly made of melt-spun fibers. PP fiber plays a significant
role in home furnishings, such as carpets for indoor and outdoor use and upholstery [16]. Figure

1.4 shows the asymmetry of the propene molecule.

Depending on the location of the methyl groups, polymerization may result in one of three
fundamental chain structures: two are stereo-regular (isotactic and syndiotactic), and the third,

which lacks a regular structure and is referred to as atactic, is seen in Figure 1.5 [17].
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Figure 1.4. Propene molecule.

Isotactic poly{(propene)

Syndiotactic poly(propene)

Atactic poly(propene)
Figure 1.5. Molecular structures of polypropylene [17].
1.2.3. Other Polyolefins

Polybutene-1 may also be produced with a Ziegler-Natta catalyst when required for a
particular use. It was first developed to be a pipe material for water movement. Although it
exhibits superior creep resistance compared to PE and PP, it eventually could not gain
traction in the market since the pipes had significant failure due to their accelerated

deformation during use [18].

I.G. Farben created polyisobutylene (PIB), a homopolymer of isobutylene, using cationic
catalytic polymerization in the 1920s. Because of its poor permeability, it is used as a
binding agent in medical sealants and explosives. While PIB's higher molecular weight
variants are employed as toughening agents in polymers, the lower molecular weight version

may be used in sealing applications [18].
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Ethylene propylene diene (EPDM) is a saturated elastomeric thermoplastic material created by
copolymerizing ethylene/propylene and unsaturated diene, typically used in the automotive,
electrical, coatings, and construction sectors. Dienes are often added at a weight percentage of
2 to 5 weight percent. The most widely used dienes are ethylidene norbornene (ENB), 1,4
hexadiene, and dicyclopentadiene (DCPD). The ratio of ethylene to propylene will ultimately
determine the overall qualities; a larger propylene concentration helps with low-temperature
stability, while a higher ethylene content offers superior strength [19, 20]. Additionally, the kind
and quantity of the third monomer unit (ENB), the molecular weight and distribution, the
additions (oil and stabilizers), and the final microstructure differ between the commercially
available grades of EPDM. The key advantages of EPDM over conventional diene rubbers are
its low specific gravity [19], strong heat aging resistance, good chemical resistance, high
resilience to ozone and temperature, and significant abrasion and tear resistance. Traditionally,
alkyl-aluminum compounds catalyze the production of EPDM using vanadium-based catalysts;
however, soluble metallocene catalysts have been studied in the last several decades.
Metallocene catalysts, such as Ziegler catalysts, have many advantages over poisonous
vanadium, such as the capacity to influence the random distribution of monomers and control

the molecular weight distribution of the material [20].
1.3. Properties of Polyolefins

PO resins have low melting and crystallization temperatures due to weak VVan Der Waals forces.
This makes them unsuitable for applications needing more significant pressures and
temperatures without further modification [18]. Crude oil is broken down into simpler
hydrocarbon molecules, known as olefins, by breaking the carbon-carbon double or pi-bonds

in complex organic alkanes.

The crystallinity, molecular weight, distribution, and kind of co-monomer used all affect the
characteristics of polypropylene. While qualities like yield stress, flexural strength, and
stiffness are improved by a rise in crystallinity, impact strength [21] and other toughness are
decreased. Because of its better qualities, PP is more adaptable than other polyolefins (i.e.,
chemically resistant to numerous chemicals and having greater abrasion resistance). The
characteristics mentioned above of polypropylene may be varied throughout the polymerization
process, and its internal structure, which confers additional capabilities (such as mechanical and
thermal properties), determines its crystallinity. Its tacticity produces three sub-classes of PP:

isotactic (all substitution groups aligned on the same side of the molecule), syndiotactic
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(substitution groups alternate along the molecule), and atactic (substitution groups are randomly

arranged along the molecule).

Because of its superior mechanical and thermal properties, isotactic polypropylene (iPP) is used
more frequently than its other stereoisomer configurations (such as syndiotactic polypropylene
(sPP) and atactic polypropylene (aPP). Atactic PP is used in adhesives and certain low-cost
applications. Due to its stereoregularity, iPP has a melting point of 165 °C, while non-
stereospecific PP has a melting temperature window of 160-170 °C. Numerous industries,
including but not limited to the textile and automotive sectors, use polypropylene. Automobile
bumpers, gas cans, and interior parts (such as dashboards) are among the products made using
PP [22]. In the textile business, PP is effectively used to make carpets, upholstery, and ropes
when spun into fibers with a high molecular weight. It is used in the food business in the form

of thermoforming-produced disposable food containers.

Comparable to polypropylene, polyethylene is a thermoplastic polymer with exceptional
insulating qualities, hardness, low coefficient of friction, and strong chemical resistance [23].
The way that polyethylene branches varies throughout its many forms [22].

Differentiated by their degree of crystallinity and related physical features, the numerous
varieties of polyolefins are used to make a broad variety of commercial items, including food
containers, disposable diapers, packaging films, home bottles, pipelines, and car components
[18]. The primary drivers of polyolefin manufacturing success are the availability of monomer
units, the price of petroleum and other raw materials, current developments in polymerization
reactor technology, and chemistry. Figure 1.6 illustrates the PO market share represented by
polypropylene in 2018. This represents a 24% rise from 2010 (56 Mt) to 19.3% (69 Mt) in
applications such as food packaging, snack wrappers, hinged caps, microwaveable containers,
thermoplastic pipes, interior automobile components, banknotes, etc [24]. Conversely, in 2018
[25], the worldwide market shares of HDPE and LDPE were 12.2% (44 Mt) and 17.5% (63
Mt), respectively. The output of HDPE has risen by 23% in goods such as toys, milk and
shampoo bottles, thermoplastic pipes, household appliances, etc. since 2010 [24, 25]. Since
2010, the quantity of LDPE that is transformed into completed consumer items like as cling
wrap, food trays and containers, agricultural films, and reusable bags has grown by 25%.2,26.
Last but not least, the total amount of all other polymers (such as EPS, ABS, PC, PMMA, PTFE,
PET, PVC, and PS) has increased significantly year over year as well. These polymers also
make up a significant portion of the debris that ecosystems discard annually [26]. This is

because of its great stability and resistance to deterioration, which causes pollution and landfills
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to rise globally. The material poses a bigger harm to the environment not only during the

article's manufacture but also after it has completed its cycle of chemical and biological
inertness [23]. Recyclability of the product is now accorded equal weight with the production
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Figure 1.6. Polyolefin production breakdown [24, 25, 27-31].
1.4. Polyolefin blends based on polyethylene and polypropylene

The thermoplastic polymers PP and LDPE are extensively used in diverse plastic sectors.
Blends of PP and LDPE increase the processability and impact strength of PP as well as the
heat resistance and environmental stress cracking resistance of LDPE [32]. Liang et al.
investigated the mechanical and melt properties of a PP/LDPE blend system at varying LDPE
concentrations (from 0 to 100 weight percent). It was determined that the blend system's melt
flow rate was larger than that of the individual components and reached its maximum at a 50:50
ratio when the melt viscosities of the components, PP and LDPE, were closest to one another
in value [32]. Salih et al. [33] examined the mechanical performance of blends made of
PP/HDPE and PP/LDPE. It was noted that the tensile strength and Young's modulus dropped
when the LDPE content rose from 0% to 80% weight percent. Impact strength results [33]
showed a similar pattern of observation. Based on SEM data, the same investigation
demonstrated that the PP/LDPE (80/20) was immiscible. A compatibilizer, or third component,
may be added to an immiscible thermoplastic binary system to improve its characteristics and
increase its compatibility. Ethylene-propylene rubber (EPR) is often utilized for
compatibilization in PP/PE mix systems [34]. To increase compatibility, the propylene and

ethylene units of EPR are introduced into PP and LDPE, respectively. Reactive compatibilizers
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include maleic anhydride-grafted polypropylene (PP-g-MA) and maleic anhydride-grafted
polyethylene (PE-g-MA) [34]. Using an in-situ process, Tselios et al. combined PP/LDPE with
PP-g-MA and poly (ethylene-co-vinyl alcohol) (EVAL) in their study [35]. Compatibilizers
enhanced mechanical qualities such impact strength, tensile strength, and elongation at break
[35]. Unmodified 75/25 wt.% (PP/LDPE) was shown to exhibit 44% increase in impact strength
and 47% increase in elongation at break when compared to 10 wt.% compatibilizers in the same
75/25 wt.% sample. Su et al. investigated the effects of a 75/25 weight percent (PP/LDPE) mix
with compatibilizer and antioxidant agent in their article [36]. PP-g-MA served as the
compatibilizer, while hindered phenolic served as the antioxidant. Tensile strength, percentage
strain at break, and modulus were all greatest in the sample containing 9 weight percent and
0.15% compatibilizer and antioxidant agent, respectively. Nevertheless, no compatibilizer or
antioxidant was added to the PP/LDPE blends in this thesis. The purpose of this was to
comprehend how shear and temperature affected PP/LDPE blends throughout the repeated

extrusion process.
1.4.1. Blending techniques

The structure of polymer blends is very closely dependent on the technique used to prepare

them:
1.4.1.1. Mechanical blending

In this method, the transformation temperature must be higher than the glass transition
temperature (and even the melting temperature if one of the constituents is semi-crystalline or
crystalline). For dispersion to be effective, the shear forces generated by mixing may cause

partial degradation of the mixtures.
1.4.1.2. Solution blending

Blending can be achieved by dissolving the two polymers in the same solvent. If the two
solutions are miscible, mixing takes place under ideal conditions. The mixture can be recovered

from the solution by evaporation of the solvent or by co-precipitation.
1.4.2. Advantages and inconvenient of the two methods

The mechanical mixing technique appears to be the most widely used industrially. This method

allows good dispersion of one phase in the other thanks to the shearing forces generated by

15



Literature review

mixing, but the second method appears to be more expensive.
1.4.3. Using blends in industry

» Originally, the aim of blends was to improve a given property of the matrix, most often
its impact resistance. Today, new challenges are emerging, such as Cost reduction

(dilution of an expensive technical polymer);

» Responding to a given specification with the best properties/cost ratio;
» Reducing the number of grades to be produced and stock levels;

» Improving a property (processability, heat resistance, mechanical and chemical

resistance).
1.5. Immiscibility of PP/PE blends

The goal of blending PP and PE is to combine their advantageous qualities to create a final
product that can be used to highly demanding applications. Furthermore, the majority of the
global plastic market is made up of PE and PP, which provide significant recycling challenges
due to their nonbiodegradable nature. [37] As a result, mixing PP and PE is also seen to be a
helpful method of recycling them, making them suitable for highly demanding applications and
promoting the growth of a sustainable global plastic market while also enhancing the recycling
of commaodity plastics. Though PP and PE are comparable, they are not interchangeable, which
means that combining the two will reduce the final product's qualities. This often occurs when
one polymer, in the form of spheres with various diameters, is neither evenly nor
homogeneously spread into the other. The two polymers have a high interfacial tension (IFT),
which promotes the dispersion phase's coalescence. Consequently, limited interfacial adhesion
and inadequate stress transmission at the contact result in subpar end characteristics. It is
important to note, however, that there are methods for arranging PE and PP in more intricate
ways that combine the components' favorable qualities to create a new material that may be
used again in industrial settings. This helps address the previously noted issue of recycling PE
and PP. A notable example is the research conducted by Jordan et al [38], which examined the
effects of using various catalyzed PEs and PPs and processing conditions (cooling rate of the
processed PE/PP bilayers) on the interfacial adhesion of PE/PP bilayers. These variables have
a significant influence on interfacial adhesion because they alter the polymer's crystallization

and the chain alignments at the PE/PP bilayer contact.
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Crystals - Trapped Pullout Oligomer
Entanglements

Figure 1.7. Schematic representation of the four classes of POE interfaces [38].

Figure 1.7 shows the four kinds of interfaces that were found. The ZN-based PE and PP
represent the excess oligomer class; they exhibit a weak interface and poor interfacial adhesion
as a result. This occurs as a result of the vast amorphous, non-crystalllizable property of ZN
polymers. As a result, when mixing ZN PE and ZN PP, the extra amorphous oligomer at the
interface weakens the contact and reduces interfacial adhesion by preventing cross-interfacial
crystallization, which is the formation of strong chain entanglements between the crystalline
domains of the two polymers. On the other extreme is the class of entangled crystals, which are
nearly entirely amorphous and are represented by pairings of M-based PE and PP. As a result,
interfacial interlocking is preferred in this situation, and the two polymers' crystals are so
strongly anchored that interfacial adhesion rises dramatically it is 40 times greater than that of
the excess oligomer class. In contrast to the excess oligomer class, the applied cooling rate of
the produced PE/PP bilayers was much greater, which is another advantage for the entangled
crystals class. The adoption of a PE with a greater amorphous character in comparison to the
excess oligomer case and a lower cooling rate are linked to the two intermediate classes of
kinetically trapped entanglements and facile chain pullout, respectively. This research proposes
that a more sustainable usage of mixed recycled streams might be implemented by
comprehending and managing the nature of the polymer and the processing conditions. Mauri
et al [39]. work on improving the characteristics of PE/PP binary systems by organizing them
in nanoscale multilayered films is another intriguing study on this topic. They were able to
create a PE/PP nanolayered system with hundreds of layers and a thickness of less than 100 nm
by using the layer multiplying co-extrusion approach. In this manner, a significant amount of
interfacial space is created between PP and PE, which helps to promote the surface nucleation
effects. In fact, the presence of one component influences the crystallization of the other during
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the melt processing of a polymeric binary system. According to their research, the high
interfacial area of the PE phase promoted the PP phase's crystal rearrangement by providing a
large number of nucleating sites. This resulted in a notable increase in the mechanical properties
of the nanolayered PE/PP system, especially the tensile modulus (TM). Furthermore, because
PE's nucleating impact on PP's positive crystal rearrangement was effective right away after the
creation of the multilayered system, annealing was not necessary. More precisely, in
comparison to the system with 3 layers (thickness of 7.2 mm each), the system with 257 layers
(thickness of 50 nm each) increased in Young's modulus, TS, and elongation at break (EB) by
87%, 21%, and 7%, respectively. These findings may promote the large-scale production of
high-performance materials, which would save costs by combining the high TS and heat
resistance of PP with the high flexibility and toughness of PE in an efficient manner without
the requirement for annealing or the use of additives. Packaging is one application that benefits
from this strategy, as The Compound Company, for instance, has already established it
effectively with their brand Y parex. Packaging applications, on the other hand, have a limited
lifespan, which makes recycling difficult when pure components from these multilayered
polymeric systems—which include petroleum-based thermoplastic POEs—need to be entirely
recovered. There are methods for separating PP and PE from streams of mixed plastic trash,
such the delamination process or the dissolution-reprecipitation method for recycling post-
industrial multilayer waste [40]. The first involves the chemical breakdown of an interlayer,
whilst the second may be created by successively dissolving the mixture's various polymers at
a certain temperature. These two methods, however, are exceedingly challenging and
sophisticated, require a lot of energy and time, and do not ensure 100% component separation.
Consequently, the development of a sustainable global plastics market often favors the
recycling and mixing of mixed plastic waste streams. Compatibilization can improve the

characteristics of immiscible binary mixes, both recycled and virgin.

I.6. Thermodynamic considerations

The miscibility of a mixture is governed by the thermodynamics of the system [41, 42]. It must
be possible to create interactions within the mixture that allow the different components to mix
intimately at the molecular level. This characteristic can be described by the free energy of

mixing, which is expressed by the Gibbs relation according to equation 1:

AGH? = AHHT - TAS??’J (l)
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with: AGm: free energy ASm: entropy of mixing
AHnm : enthalpy of mixing T : temperature (Kelvin)

For a mixture to be miscible in the thermodynamic sense, the free energy AGm must be
negative. In the case of polymer mixtures, the change in entropy of the mixture is considered to
be almost zero between the state before and after mixing. Because of the high molar masses of
the constituents, the conformation of the molecules does not change significantly so that they
can be considered in two different states after mixing. The second term in equation 1 can be
neglected. The enthalpy of mixing AHm represents the affinity between the different

constituents. The three scenarios for polymers are as follows:

AHmM < 0 : the mixture is miscible. The attractive interactions that can take place are of the
donor-acceptor type, i.e. dipole ion, dipole-dipole or hydrogen bonds. The material has an
arithmetic mean of those of its components. Few polymer pairs are miscible. The materials in

our study do not fit this case.

AHm = 0 : there are few positive or negative interactions between the different components. At
least two distinct phases are formed in the mixture. The surface tension remains low between
the phases, the intra-component forces are slightly stronger and do not allow intimate mixing
at the molecular level throughout the domain of the different phases. Nevertheless, fine
morphology remains possible. On the other hand, it is possible to compatibilized them [43-46],

the materials used in our study correspond to this case.

AHmM > 0 : the interactions between the various constituents are far too great. The interfacial
tension is then far too high. There is therefore very little mixing between the components. A
coarse morphology can be observed in this case [47-49]. The interface is clean, with little
adhesion between the components. The mixture is very fragile mechanically. Equation 1 is not
sufficient on its own to characterize the morphology of a mixture between two immiscible
components. Indeed, it characterizes a state of equilibrium. However, as the mixture is produced
during a processing operation, it will be subjected to various stresses such as shearing,
elongational flow or temperature gradients which will impact the thermodynamic equilibrium,

and therefore the morphology of the mixture.
1.7. Improving the miscibility of PP/PE blends

There are three principal strategies for increasing the miscibility of a blend of immiscible phases

while improving certain properties. Firstly, a compound called a copolymer can be added to the
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formulation, which migrates selectively to the interface between the phases and improves
adhesion between them, lowers surface tension and therefore increases their miscibility [50,
51]. This is known as pre-formed compatibilization. This strategy is often used in competition

with another strategy, which is the in-situ formation of a copolymer.

In a second phase, it is possible to form the copolymer during the preparation of the mixture.
Chemical bonds are created between different phases by grafting or introducing specific
chemical groups. Depending on the coupling agent chosen, reactions can take place between
the different phases, giving rise either to strong interactions such as covalent bonds or weaker
interactions such as hydrogen or Van der Waals bonds [52, 53]. However, this strategy can be
difficult to implement. In-situ copolymer formation must be possible in highly viscous reaction
media (around 103 Pa.s), at fairly high temperatures (above 200°C) and for residence times of
the order of one minute for mixing in the process. Finally, it is possible to use fillers, and in
particular nanofillers, to either screen the repulsive interactions between components or create

specific interactions between the different phases [54, 55].
1.7.1. Compatibilization using copolymers

Numerous studies have treated the compatibility of PP/PE blends through the use of preformed
copolymers. Among the most widely used copolymers are those based on ethylene (ethylene-
octene copolymers, known as EO, and ethylene-propylene copolymers, known as EP). It is
difficult to choose a copolymer a priori because the nature and viscosity of the matrix and the
dispersed phase have to be taken into account. PP can be found in the form of a homopolymer
[56] or a blend of PP and copolymer [43, 57], known as impact polypropylene (mainly used in
the manufacture of car bumpers). PE can be polymerised in different ways. PEs with different
structures are obtained, either low-density polyethylene, LDPE, with a high level of branching
along the PE carbon chain [58, 59], or high-density polyethylene, HDPE, with a much lower
level of branching [43, 56]. In addition, there are other grades of PE with higher or lower
branching rates than the two PEs mentioned above. Koning and Utracki give a non-exhaustive
list of the different types of polyolefin blends and copolymers used [42].

Lin et al [56] studied the impact of the structure of EO-type copolymers in a PP/HDPE blend.
They found that a multiblock copolymer gave better mechanical properties, particularly in terms
of Charpy impact strength over a wide temperature range (from -40°C to 40°C), than a linear

copolymer.
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All the studies agree that the addition of a well-chosen copolymer creates an interphase between
immiscible phases through the selective migration of the copolymer at the interfaces of the
mixed phases, as shown in Figure 1.8. This is referred to as a "core-crown" morphology
between the compatibilizer and the dispersed phase. The molecular weight and structure of the
copolymer can act as a brake on its effectiveness, due to potential problems with copolymer
migration kinetics. There is no empirical law to guide the choice of one copolymer over another.
Changing the matrix or the choice of forming process can have an impact on the mechanical
properties of a blend. For a PP/HDPE blend (75/25) compatibilized with a blend of EP and EO
copolymers, replacing the PP matrix with an impact PP matrix with the same level of EO does
not give the same improvements in elongation at break, dropping from nearly 700% to 150%
[43].So, to validate the choice of a type of copolymer, a preliminary study of the mechanical
properties is essential, in order to target the requirements of a specification as effectively as

possible.
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Figure 1.8. Diagram of the different types of block copolymers that can be found: 1) Diblock,
2) Triblock, 3) Single graft and 4) Multigraft [42].

However, the addition of copolymers remains an effective way of compatibles polyolefin
blends. The most judicious choice would be to opt for a block copolymer that is miscible with
the different phases and has an "optimized” molar mass to ensure good migration at the
interface. This technique therefore requires the ability to synthesize copolymers with fairly
specific structures, and can involve fairly high costs. This is why another alternative strategy is

to produce these copolymers in-situ, i.e. during the preparation of the mixture.
1.7.2. Compatibilization using copolymers synthesized in-situ

In-situ compatibilization offers the advantage of being able to synthesize copolymers with
original structures. The reactions involved are mainly grafting reactions, which are considered
to be rapid. There are three main ways of synthesizing these copolymers: so-called living
copolymerization, chemical substitution after polymerization or chemical coupling between
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chemical functions specific to the polymers under study. The first two routes are referred to as
"grafting from" and the last as "grafting onto". The structure of the polymers studied, PP and
PE, does not allow chemical coupling to be carried out easily. A grafting step must first be
carried out. This involves introducing a reactive species onto the PP or PE, so that radicals can
be generated for grafting. Figure 1.9 shows the example of grafting maleic anhydride onto PP

using a peroxide [53].
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Figure 1.9. Grafting maleic anhydride onto PP using a peroxide [53].

However, this grafting step needs to be well controlled as secondary reactions can occur. As
can be seen, peroxide tends to cut the chains of PP macromolecules, degrading the PP [60]. On
PE, cross-linking reactions can take place, making it more viscous and therefore less easy to
handle [61]. Once grafting has been carried out on PP and PE macromolecules, chemical
coupling reactions can take place. Colbeaux et al [62] studied the impact of the choice of
coupling agents between grafted polyolefins in a PP/PE blend. In their studies, they used PP
and PE grafted with maleic anhydride, PP-g-MA and PE-g-MA, and two types of coupling
agent: an organic compound, 1,12 diamine dodecane, and two organic salts, zinc acetate and
sodium bicarbonate. The special feature of these coupling agents is that they are bifunctional.
This study shows that, to obtain good mechanical properties and good morphological
refinement, a minimum of 30% by weight of grafted polyolefins must be introduced. The choice
of coupling agent depends on the mechanical property to be improved: organic compounds tend
to improve elongation at break and salts increase Charpy impact strength. However, they were
unable to determine the chemical reactions involved between the different grafted polyolefins,
i.e. inter- or intra-chemical coupling between the grafts introduced on the PP and PE chains and

the coupling agents. Nevertheless, it is possible to form copolymers between PP-g-MA and PE-
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g-MA using diamine coupling agents. It is then possible to graft reactive functions onto the
macromolecules of our PP and PE, generally anhydrides, alcohols or amines, using various
techniques, radical reactions or irradiation. The latter enable different types of interactions
(hydrogen bonds or Van der Waals interactions) or covalent bonds to be formed between the
grafts introduced and coupling agents such as amines, anhydrides, epoxies, etc. One of the most
commonly used coupling reactions is that between an anhydride and an amine, because it is
very fast [63]. A recent approach to compatibles PP/PE blends is to introduce reactive fillers.
This strategy is similar to in-situ compatibilization, in that polyolefins that have also undergone
grafting reactions are used to react with fillers that have undergone specific chemical
treatments. This strategy simply involves trying to replace the coupling agents with fillers, and
mechanically reinforcing the blend.

1.7.3. Compatibility with use of charges

Compatibilization of PP/PE blends is strongly motivated by an increase in mechanical
properties such as elongation at break or Charpy impact strength, but this increase is generally
accompanied by a reduction in the blend's rigidity. In some cases, the addition of fillers can
mechanically reinforce the mix. There are several types of filler, the most commonly used in
polyolefin blends being talc [43] and montmorillonite [64]. Due to their chemical structures,
the presence of silanol functions (Si-OH) in talc and the presence of siloxane functions (Si-O-
Si) on the surface of montmorillonites, the latter are widely used as is or grafted, in blends with
polar polyolefins such as polyamides. In the literature, other fillers can be used, such as sodium
carbonate [65], silica [44], carbon black [66] or alumina or titanium nanoparticles [67].

Moreover, the use of these fillers in nanoparticle form is becoming increasingly widespread.

One example is the use of calcium carbonate, CaCOs, as a reinforcing filler in a PP/HDPE blend
in the study by Gonzalez et al [55]. They used two different particle sizes of CaCOs3, 3 and 1.8
pum in mean diameter, and four types of coupling agent, three of which were titanium oxides
and one zirconium oxide. Irrespective of the particle size used, they were able to show that,
without the addition of a coupling agent, an increase in crystallinity and losses in mechanical
properties were obtained, whereas, when the coupling agent was added to the formulation, a
decrease in crystallinity, combined with an increase in certain mechanical properties, was
observed. Depending on the coupling agent used, it is possible to modulate the desired
mechanical properties, as in the study by Colbeaux et al [62]. An increase in Young's modulus

and elongation at break was observed when titanium-based coupling agents were used, whereas
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zirconium oxide only had an impact on Young's modulus. In addition, synergistic effects were
observed when mixtures of coupling agents were used. When a mixture of two titanium oxides
was added, the Charpy impact strength increased significantly, from 12 J.m? for the
PP/HDPE/CaCOz mixture without a coupling agent, to nearly 16 J.m-1, whereas with a single
coupling agent, the increase in impact strength was around 13 J.m™. In conclusion, the use of
fillers to reinforce the final mechanical properties of the mix is growing rapidly. However,
depending on the processing conditions, unexpected changes in the properties of blends using
fillers can be observed, unlike blends using copolymers. The latter form an entangled system
quite easily, whatever the orientation of the copolymer. Depending on the shape of the filler
considered, the orientation of the filler in the mix is preferentially based on the flow of the mix
during processing and will have a crucial importance depending on the direction of the stress
(o) applied [43, 54]. An example is given of the appearance of cavities and the deformation of
montmorillonite sheets in a PA6 matrix, Figure 1.10 When the laminae are perpendicular or at
an angle to the direction of the applied stress, cavities appear in the filler, causing early failure,
Figure 1.10.a and b, whereas when the laminae and the stress have the same orientation,
slippage of the laminae relative to each other can occur without causing early failure, Figure
1.10.c.
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Figure 1.10. Schematic representation of the fracture/deformation mechanisms around
modified montmorillonite sheets in a PA6 matrix as a function of their
orientation and the direction of the applied stress [54].

Controlling the orientation of the fillers during compounding is an important parameter for
compatibilization by addition of fillers. We will now look at how to characterize
compatibilization in the case of a preformed copolymer. In fact, we have to deal with the
modulation of the properties of PP/PE blends using a continuous twin-screw extrusion process.
In view of the results obtained in the first chapter, this process has an average residence time of

around one minute, and the distribution of residence times is asymmetrical when high screw
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rotation speeds are used. Therefore, the development of in-situ compatibilities and the use of

fillers can suffer from problems of efficiency and reproducibility.
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I1. Environmental stress cracking

I1.1. Introduction

Using materials has been fraught with failure from the dawn of recorded history. Developments
in material science and engineering were fueled by these sometimes-disastrous failures. Any
alteration in a material's or component's qualities that renders it unsatisfactory in terms of
function, structure, or aesthetics is referred to as failure. Engineering polymers have
successfully replaced metals in many demanding applications over the past several decades,
and failures of this kind will become more significant. In order to take action to stop polymer
failure from happening again, it is often essential to determine the cause of the failure. When in
storage, transit, or use, polymeric materials are susceptible to processing and are impacted by
temperature, time, and the surrounding environment. Long-term characteristics in particular are
usually "unpredictable™ [1]. Failure in polymer components may be caused by liquid substances
(environmental stress cracking), cyclic stressors (fatigue failure), or long-term stress (creep
rupture) at relatively low stress levels (sometimes far below the tensile strength). After a while,
stress cracking may happen to a polymer that has been strained in air to a degree that is slightly
below its yield point. On the other hand, the time to failure will be drastically shortened when
stress and a chemical media are applied at the same time. Environmental stress cracking is the
term used to describe this kind of failure (ESC). ESC has been the focus of in-depth research
for about 50 years. Since ESC is responsible for 15-25% of all plastic component failures that
occur while they are in operation, it has garnered a great deal of attention [2]. Furthermore,
since it deals with stress-enhanced absorption, permeation, the thermodynamics of mixtures,
local yielding, cavitation, fibrillation, and fracture, the phenomena of ESC is very intriguing to

chemists and physicists [3].

When polyethylene first began to be used commercially, it was generally believed to be inert to
all liquids. Since the new material was supposedly stable, new uses appeared very once. For
example, concentrated hydrofluoric acid was packaged in polyethylene bottles for the first time
[4]. The industry was now faced with a plethora of reports about polyethylene failure.
According to reports, polyethylene is not suitable for use in cables because, at room
temperature, it rapidly cracks when it comes into contact with methanol [5]. J. B. Howard, who
had led the way in studying this phenomenon, provided the formal definition of the word ESC.

Polyethylene has an excellent profile of properties, and it may be used in a wide variety of ways
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with the right treatment and/or additions. The packaging industry (bottles, containers, foils,
films, etc.), the electric industry and electronics (wire and cable insulation), the medical field
(labware, caps, implant components, etc.), the automotive industry (tanks, pipes, coatings, etc.),

and many other industries depend heavily on the solution to the ESC problem.
11.2. Definition of environmental stress cracking (ESC)

When plastics fail at room temperature as a result of continuously occurring external and/or
internal stresses in the presence of surface-active substances (also referred to as stress cracking
agents), such as alcohols, soaps, dyes, and agents containing moisture, the phenomenon is
known as environmental stress cracking (ESC) [1, 2, 6, 7]. ESC is not a chemical reaction
between the polymer and the active environment, even if it arises from the polymer's interaction
with certain molecules. The stress cracking agents speed up the production of macroscopic
brittle-cracks but do not chemically degrade the polymer. One of the main issues with plastic
items' long-term service behavior is ESC. When ESC malfunctions after manufacture for
instance, during shipping, point of sale, warehouse storage, or long-term applications quite
costly failures may result. The stress corrosion issue in metals may be compared to ESC in
polymers [8, 9]. In the presence of surfactants and under stress, a similar mechanism was seen
in the metals. Macroscopically, ESC is defined by the slow, brittle decomposition of organic
compounds in polymers. A certain amount of time passes before ESC occurs; the longer the
durability, the lower the stress [10]. There are two origins of the time factor. Two things happen:
first, plastic deformation happens gradually; and second, it takes time for the stress cracking
agent to enter the tiny fractures that serve as the starting point for the final fracture. Stress
cracking tends to happen at loads well below the yield point and becomes more likely as

temperature rises [11].

I1.3. Characteristics of environmental stress cracking

The ESC phenomenon is characterized by the acceleration of the cracking process in materials
due to several factors such as temperature, stress, age, and chemical activity. Before the material
approaches the yield point, brittle fracture and elastic area fractures appear in the material
undergoing ESC. In other words, the stress exerted at this moment is less than the material's
stress at the yield point. Chemicals that are utilized with materials after they are manufactured

that is, secondary chemicals are often the ones that induce ESC in materials [12].

Another feature of ESC is that when exposed to chemicals, the polymeric material does not
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experience chemical changes such as the production of new bonds or morphological alterations.
The sole thing that causes material fracture is the breakdown of secondary bonds, or
interlinkages. Additionally, since amorphous polymers have a larger free volume than
crystalline polymers, they are more prone to ESC. As a result, the degree of crystallinity and
environmental stress cracking resistance (ESCR) are closely correlated. Because a bigger
chemical makes it more difficult for it to access the free volume of the material, ESCR is also
strongly correlated with the molecular weight of the chemical attacking the polymer [12].

Generally speaking, the material's tensile stress causes molecular disentanglements, which
result in ESC. As a result, when compressive load is applied, the material will not undergo ESC
[12]. In terms of the chemicals that cause ESC, due to the compounds' solubility compatibility
with the materials, fluids with moderate hydrogen bonding, such as organic fluids (aromatic
hydrocarbons, halogenated hydrocarbons, ethers, ketones, aldehydes, esters, etc.), are more
likely to be severe stress cracking agents than non-hydrogen bonded fluids, such as aliphatic
hydrocarbons, and highly hydrogen bonded compounds, such as water or alcohol [12]. Liquid
nitrogen, which has a boiling point of -196 °C, is a stress cracking fluid for many polymers

because fluids are most aggressive at temperatures close to their boiling points [12].

The stress vs strain curve (Hooke's law) for polymers is seen in figure 11.1 below, with the
elastic area being represented by the first straight diagonal line. In this area, the amount of stress
placed on the material is equal to the amount of strain it is under. When the tension is relieved
in this instance, the material returns to its initial state when no stress was applied. The material
eventually reaches a point after a certain amount of stress when it becomes permanently
stretched and is unable to return to its previous shape when the tension relaxes. We refer to this
as the yield point. As the tension is increased further, the material is under more strain, which
continues until the material ultimately fractures and cracks. That is the fracture stress point,
when necking occurs. Therefore, the stress applied to the material should be below the yield
point and ideally in the lower or middle portion of the elastic area, according to the ESC theory.
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Figure 11.1. Hooke’s Law (stress vs. strain curve) for polymers.
11.4. Stress cracking agents

Any liquid that under basic immersion circumstances is rapidly absorbed by a plastic with a
high absorption rate has a great potential to be a severe stress cracking agent for that specific
plastic. These liquid/plastic combinations are readily obtained via basic chemical compatibility
testing. When choosing polymers and designing systems, it is best to steer clear of these
pairings. Strong or moderate stress cracking agents are often found in most liquids with poor
hydrogen bonding. These consist of organic liquids such as ethers, ketones, aldehydes, sulphur-
and nitrogen-containing chemicals, halogenated hydrocarbons, aromatic hydrocarbons, and
esters [2]. This makes alcohols and water, as well as other liquids with strong hydrogen bonds,
such as alpha-hydroxycarbons, less aggressive agents. The temperature at which many liquids
become more aggressive is close to their boiling point. High molar volume liquids are not as
likely to be strong stress cracking agents. These liquids often boil at high temperatures and have
high viscosities. For the majority of amorphous polymers, typical solvents that induce stress
cracking include petroleum ether, carbon tetrachloride, toluene, acetone, ethanol, and
chloroform. Components of plastic medical devices are often exposed to substances like lipid

solutions and isopropanol, which may cause ESC [1].

Surface-active environments are often liquids that have the ability to reduce the surface energy
of polymers without dissolving or swelling them. The yield point and shrinkage are inversely

correlated with the liquid environment's capacity to reduce the polymer surface energy [13].
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The driving power by which the stress cracking liquid travels through the crazy fibril structure
determines the ability of a stress cracking chemical to produce stress cracking of the polymer.
The liquid starts to plasticize the polymer as soon as it reaches the craze tip, which permits the
craze to spread. The solubility characteristics of the liquid and the polymer determine how much
of a solvent is absorbed by the polymer. Three forms of cohesive forces are included in Hansen's
definition of the solubility parameter: dispersive, polar, and hydrogen bonding [1, 14]. The
overall cohesive attraction between the fluid molecules is measured by a stress cracking agent's
solubility characteristic. If the polymer's solubility parameter and the fluid's match, diffusion
of the agent will take place, increasing the likelihood of ESC. The relationship between the
solvent's solubility parameter and the critical strain for solvent-induced stress cracking and
craze onset was initially shown by Kambour et al. [15]. Examining the solubility properties of
both the polymer and the stress cracking agent may help anticipate the degree of stress cracking
in situations when the stress cracking agent is an organic solvent [16]. The cause of ESC is the
stress cracking agent's selective absorption into a micro-yielded or stress-dilated zone. This
process causes fracture and locally lowers the polymer's yield strength. The kind of fracture
may vary between ductile and brittle based on factors like load and duration. Stress-induced
detergent molecule diffusion into the polymer may increase chain mobility, which in turn
lowers the activation energy (plasticizing effect) of the deformation process [7]. By reducing
the cohesive forces that hold the tie molecules in the crystallites, stress-cracking chemicals let

the molecules "pull-out™ and detangle from the lamellae [1].
11.5. Failure mechanism of environmental stress cracking

A visual inspection of the semi-crystalline polymer deformation process is helpful in providing
a molecular description of ESC. Then, ductile behavior and brittle behavior may be contrasted
using this paradigm. It is crucial to take into account the intercrystalline or amorphous polymer
chains while explaining the failure process. Figure I1.2a displays three forms of intercrystalline
material: Chains hung from the end of a crystalline chain are known as cilia; loose loops are

chains that start and finish in the same lamella; and tie molecules are chains that start and finish

in neighboring lamellae.
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Figure 11.2. Initial steps in the deformation of polyethylene [4].

The failure mode may be either brittle or ductile, based on the amount of stress and the time
factor. The tie molecules expand as shown in figure 11.2b when a tensile stress is applied
normally to the face of lamellae. The knot molecules can only be dragged out so far before
breaking (figure 11.2c). The lamellae now fragment into tiny units (figure 11.3a). These so-
called "mosaic blocks™ are immediately integrated into a new fiber shape, as per this concept
[17] (figure 11.3b). The integrity of the tie molecules is essential for ductile-type action to take

place because they keep the lamellae "bricks" together [4].

(b)

Figure 11.3. Steps in the ductile deformation of polyethylene [4].
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The long-term brittle-type plastic failure occurs at lower stress levels than the ductile process
previously outlined [18]. The low stress level of the material prevents it from achieving the
requisite tension for large-scale fiber pullout. As a result, for a considerable amount of time,
the loading scenario as shown in figure 11.2 is projected to persist. The material breaks in a
brittle way when, after a certain amount of time, the majority of the tie molecules detangle and

the load can no longer be maintained by the few tie molecules that remain (figure 11.4).

Figure 11.4. Final step in the brittle failure of polyethylene [4].

The brittle-failure process is accelerated by the stress cracking agents, as was previously
described. Any substance that causes stress cracking will lubricate the tie molecules, making it
easier for them to separate from the lamellae. Each semicrystalline polymer's deformation
behavior is complexly influenced by a number of parameters, including shape, molecular
orientation, degree of crystallinity, molar mass, and drawing circumstances. Polyethylene goes
through a number of distinct structural states when it is distorted in the solid state up to fracture.
Based on measurements of real stress-strain curves, elastic-recovery characteristics, and texture
changes at various phases of the deformation process, Strobl et al. [19-21] investigated the
deformation behavior of several polyethylenes under an applied tensile load. The findings of
their study indicate the existence of a common general scheme for the behavior of deformation,
which can be linked to four distinct events: (1) the initiation of isolated slip processes; (2) a
shift in the slips' activity towards collective activity; (3) the initiation of fibril formation

following the fragmentation of lamellar crystals; and (4) chain disentanglement leading to a
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finite truly irreversible deformation. The stresses at which these points occur don't change at
different temperatures throughout the drawing and crystallization processes. Conversely, there
are significant differences in the associated stresses. The bulk orientation variations of
crystalline and amorphous chain segments may be characterized using Raman spectroscopy and
polarized vibrational spectroscopy [22—-23]. The backbones of chains often align in the direction
of a polymer's stretch. Pezolet [24] observed that, in particular, for polyethylene, the high
mobility of the flexible amorphous regions causes the amorphous chains to exhibit greater
alignment in the strain direction than the crystalline chains at draw ratios of 7. At higher draw
ratios, the crystalline chains align with the direction of stress as the initial crystalline lamellae
disintegrate. X-ray scattering measurements for high density polyethylene show that the
flexible amorphous areas' facilitation of lamellae block rotation is the main deformation
mechanism [25]. The chain-slip process within the lamellae is the deformation mechanism that
occurs beyond the yield point. Kip et al.'s [26] comprehensive morphological analysis of cold-
drawn polyethylene materials was conducted using wide-angle X-ray scattering and Raman
spectroscopy. Their findings indicate that molecules are most likely drawn through the crystals
to generate the crystalline structure with dislocations and ruptured crystals that are formed by
cold drawing. Using atomic force microscopy, Somorjai et al. [27] described the surfaces of
low- and high-density polyethylene while the polymers were stretched. Stretching the polymers
causes the surfaces to become rougher. When the strain increases, the nodular domains on the
surface expand in the direction of the stretch, and compress when the strain decreases. The
yielding and fracture of polyethylenes are significantly influenced by the degree of crystallinity.
Nonetheless, the temperature of deformation affects how much crystallinity there is. The yield
point rises with crystallinity degree in the temperature range where yielding is the mechanism
of failure [28]. For linear polyethylenes, the fracture toughness typically rises with lowering the

degree of crystallinity in the low-temperature zone, where the brittle fracture is the failure mode.
11.6. Factors influencing the ESC-behavior

The concentration of the stress-cracking agent, exposure temperature, exposure duration, and
most importantly, the degree of strain on or inside the polymer, all have a significant impact on
the ESC behavior of a polymer. Stress concentrations, dilational stress, cyclic loading, and
rising temperatures all hasten the shift to brittle behavior [2]. Temperature has a complicated
influence. Physical aging results from small-scale relaxation processes that occur in amorphous

portions of glassy polymers, which compress the sample's volume and cause it to become denser
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[29]. The local chain packing changes, but the polymer structure stays the same. As a result,
physical characteristics including tensile strength, glass transition temperature, and brittleness
are altered and their dimensions vary. The material's enthalpy, specific volume, and fracture
toughness all drop as physical aging progresses, while the yield stress, tensile modulus, glass
transition temperature, and other properties may all rise. Stress will rise and the nature of the
stress field will change owing to localized concentration of stress caused by local geometrical
features such as voids, inclusions, and notches. Stress fields with significant dilational stress
speed up the start of a craze, whereas hydrostatic pressure slows it down [2]. Important polymer
characteristics and factors influence ESCR. Longer polymer chains produce more tie molecules
and an increase in ESCR when the molar mass is larger [30]. As the degree of crystallinity
increases, ESCR decreases [6, 30]. Better ESCR of LLDPE is provided by longer comonomer
short chain branching (more a-olefins) and greater comonomer content [4, 31]. The ESCR
typically decreases with increased pigment concentration [32, 33]. The material's thermal
history and the processing circumstances have a significant impact on the polymers' ESCR
behavior [34-37].

11.7. Environmental stress cracking resistance (ESCR)

The capacity of the materials to withstand fracture or a cracking process is known as
environmental stress cracking resistance. If these materials fail, ESCR can guarantee a decrease

in the costs associated with manufacturing, waste, and product repair [38].
There are several strategies that may be used to lower ESC. Here are a few of them:

1. By selecting the proper polymeric material according on the application's environment, ESC
may be decreased. This entails selecting a material that is resistant to the chemicals that will be

used as well as other elements like temperature and stress.

2. The distribution, molecular weight, and shape of the polymer all have a significant impact
on ESC resistance. The ESCR may rise when the polymer's molecular weight increases [39].
Additionally, as a general rule of thumb, the polymer's ESCR increases as the polymer's
branching increases. Consequently, ESCR rises as density falls [40]. The explanation for this is
that polymers with higher chain entanglements are more resistant to ESC. Chain length affects
the quantity of chain entanglements. There is greater entanglement in larger chains (higher
molecular weight) than in shorter chains. Less mobile chains would also need more time to

untangle. greater molecular weight polymers have greater ESCR, which is further supported by
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polymers with longer chains having superior ESCR [41].

3. Selecting a chemical during material assembly or production that won't start the material's
cracking process is an additional strategy. This may also be measured to determine if the
chemical and the material are compatible using Hansen's solubility parameter calculation,
which is explained later. ESCR will rise in proportion to the difference in the solubility
parameter between the polymer and the chemical. An additional approach to verify the
compatibility of fluids with the polymer would be to use different conventional testing
techniques. We'll talk about these test techniques later. In addition, the material's susceptibility
to stress cracking may be influenced by chemical concentration. Because of the chemical's
increased aggressiveness on the material, chemical concentration may generally be directly
correlated with the rate of stress cracking [40].

4. Research also demonstrates that ESC rate increases with test environment temperature, hence

lower temperatures are preferable for ESCR [40].
5. Reducing the amount of stress that is applied to the material lowers its ESC rate. [40]

6. Because of increased secondary bond interlocking and cross-linking, crystalline or
crosslinked polymers have a lower void volume accessible for chemical entry, making them

more resistant to ESC than glassy or amorphous polymers.

7. The use of polymer mixes may raise ESCR. An appropriate ratio of crystalline to amorphous
polymers may raise the ESCR. L. M. Robeson [38] reported that when a miscible combination
of amorphous PEI and crystalline PEEK was used instead of pure PEI, the ESCR rose.
Similarly, adding crystalline and miscible PVF to amorphous PMMA resulted in an
improvement in ESCR. Polymer blends used in automotive applications have shown enhanced
resistance to cracking when subjected to lubricants such as gasoline and oil. Noryl GTX
(PPO/nylon 6,6), Xenoy (PC/PBT), Germax (PPO/PBT), Triax (ABS/nylon 6), Elemid
(ABS/nylon 6,6), and fiberglass reinforced PSF/PET are a few examples of polymer blends
utilized in the automobile industry.

8. Using fiber reinforcement in the materials is another method for raising ESCR. Fiber
reinforcements may assist stop the simple development of fractures and crazes that can form on
surfaces by bridging them. An example of this was seen in fiber-reinforced polystyrene (PS),

which, according to L. M. Robeson [42], required more tension in the presence of acetone to
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shatter than PS without fiber reinforcement. Another example is the superiority of fiber
reinforced PSF over other materials in the automobile sector for spring-loaded safety interlock
devices. Additionally, when glass fibers are included in the materials, a lower cooling rate will
result in fibers free of the amorphous phase and greater crystallinity, according to M. N. Bureau
et al. [42].

9. Impact modification, particularly with rubber, may raise the material's ESCR since the
material can tolerate more chemicals and greater stress. Nonetheless, the material's ESCR is
significantly impacted by the size of the rubber particles. L. M. Robeson states that materials
with bigger rubber particles have stronger ESCR qualities than those with smaller rubber
particles, but only to a certain degree [38]. After that, the ESCR decreases as the size of the
rubber particles increases. The size limit that was noted was six micrometers. In comparison to
materials without rubber modification, there is a drop in modulus and thus a decrease in surface
stress at constant strain as a result of rubber modification. Rubber modification further aids in
stabilizing any surface crazing that may have happened. Evidence of rubber modification
raising ESCR in PC, ABS, and polystyrene (PS) has been found. Enhancing PC's ESCR and
impact strength has also been seen by the use of thermoplastic polyurethanes or hydrogenated

styrene-butadiene-styrene block copolymer [38].

10. The material's ESCR may be affected differently by a variety of manufacturing process
characteristics. A few factors affecting the material's ESCR include its design, injection
molding, sharpness of the material's edges, manufacturing process temperature, injection
molding cycle duration, quenching rate, etc. For instance, a material with sharp edges has a
greater chance of exhibiting fractures because those edges may help cracks start and spread
more quickly. The ESCR of the material may also be impacted by molding pressure and
processing temperature. These factors may alter surface flaws and crystal shape, which may

have an impact on ESC [43].
11.8. Test methods for evaluation of ESCR of plastics

Checking ESCR performance for quality control, competitive product assessments, and
research and development activities is a regular laboratory requirement for ESC-prone
polymers. The ESCR of thermoplastics may be measured using a range of test techniques,
which are categorized into two groups: tests at constant strain and testing at constant load

(stress). Remember that since the strain is not kept constant during the test, any test that applies
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a constant strain is less harsh than the seemingly similar test that applies a constant load [2].
The ESC conditions will get less severe over time as a result of stress relaxation, which causes
the tension in the sample caused by continuous strain to diminish.

I1.8.1. Tests at constant strain

Constant strain methods are the most widely used because they are inexpensive to conduct and
require little equipment investment. The main drawback of using constant strain tests with
plastics is that the stress will decay over time due to stress relaxation. It is crucial for the
accuracy of the ESC tests to choose the most appropriate strain applied on the sample because
high strain will cause cracking to occur too quickly to observe, and lower strain will result in
long-term experiments. Wang et al. [44] conducted research to establish the appropriate values
of strain to be exerted in the ESC test of various types of plastics. They discovered that the
strain should be selected in the elastic region of the stress-strain curve for brittle plastics, while

the plastic region.
I1.8.1.1. Three-point bending test

In order to achieve a maximal surface strain, a mid-point deflection [ is often used. The exam
has two main variations, which are shown in Figure 11.5 [2, 45]. Samples are inserted into the
test apparatus, and the screw is adjusted to provide the necessary strain. The stress cracking
agent is submerged in the deformed samples, or strips. The samples are taken out after the
prearranged test duration, cleaned with distilled water, and left to dry for a full day at room
temperature. After that, the samples' tensile characteristics are examined and they are checked

for crazing.

Figure 11.5. Three-point bending apparatus for testing the ESCR under constant strain.
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11.8.1.2. Bell telephone test (BTT)

Bell Laboratories in the USA developed this test to evaluate the ESCR efficacy of polyethylene
cable insulation [1, 2]. The test specimens (38 x 13 x 3 mm3) are placed in a metal U-shaped
specimen holder after being bent and notched (at around 180°C) with the notch facing

downwards (Figure 11.6).

Figure 11.6. Bent-strip test for flexible materials (Bell telephone test).

The maximum surface strain is calculated by using the following equation:

Epax = x100 [%] (1)

w—t

where t is the thickness of the sample and w is the width of the holder.

The holder is put within a glass tube that has a water solution containing 10% Igepal CO-630.
After being sealed, the tubes are submerged in 50°C water. A function of time is used to record
the quantity of samples exhibiting cracking. The emergence of any crack that is apparent to the
unaided eye is used to assess failure. Duration of the test should be at least 48 h. Every sample
must pass the examination. The test should be deemed unsuccessful if even one test specimen

fails.

The BTT approach has become the accepted standard technique. On the other hand, automating
this process is difficult. The only method used to identify the presence of cracks or fractures in
the test pieces is visual inspection carried out at predetermined intervals. As a result, the
procedure might result in a mistake. An almost entirely human error-free technique for

measuring the ESC at constant strain was presented by Saeda and Suzaka [46]. Because it was
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invented at Oita Research Laboratory, Showa Denko, Japan, this approach is known as the ORL

method. Figure 11.7 depicts the device's longitudinal sectioned view.
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Figure 11.7. Oita Research Laboratory (ORL) ESCR test device. A — sample holder, B — bent
strips, C — shaft, D — load, E — electric switch, F — supporting plate [46].

The sample holder is the same size as the ASTM-D1693 sample holder (Bell telephone test),
which has the capacity to retain 10 bent test strips in place while they are being tested. The ORL
technique can accurately and human error-free identify the time to failure by automated
methods (by employing an electric device), while the BTT detects the time when a tiny fracture

occurs in the specimen.
I1.8.2. Tests at constant load (Stress)
I1.8.2.1. Constant tensile load test

Lu and Brown [47, 48] created the test to gauge the slow fracture development characteristic of
polyethylenes. A single edge notched specimen is subjected to a continual load test in air or a
stress cracking agent at different temperatures while simple strain requirements are fulfilled. The
device arrangement utilized for the test under constant load is shown in figure 11.8. The failure
time is captured using a basic timer. When the specimen fractures, the timer stops. By plotting
the crack opening displacement against time, one may use a microscope to observe the pace of

slow crack development.
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Figure 11.8. Apparatus for the test at constant load [49].

The testing temperature affects the applied stress value. The value that results in brittle failure

as quickly as

feasible is the one that is advised. Based on in-depth research on many

polyethylenes conducted by Lu and Brown [50, 51], the constant load test is typically performed

in a 10% Igepal solution at a temperature of 50°C and a load of 4.2 MPa.
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Figure 11.9. Rapra high temperature tensile creep rupture set-up [2].
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The Rapra high temperature tensile creep rupture testing apparatus, which is very comparable
to the standard test under constant load, is shown in figure 11.9. The process involves applying

a tensile tension and timing the rupture.
11.8.2.2. Monotonic creep test

A monotonic creep testing apparatus was created by Hough and Wright [3] to evaluate the ESC
of amorphous thermoplastics. This is comparable to the long-used slow strain rate testing
method that the metals industry used to evaluate hydrogen embrittlement and stress corrosion
cracking [52]. Here, however, the strain reaction to a steady stress rate is seen. The procedure
shown in figure 11.10 uses a tensile creep machine in which a blow-molded vessel is used in
lieu of the weight pan. figure 11.11 shows the Moire fringe extensometer used to assess

specimen strain.

Elecironics —

Basic Creep Machine
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Extensomater
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Pump
. Water Container
Reservalr
— | _ - _ _J J-l

Figure 11.10. Monotonic creep testing machine [3].

High resolution and discrimination may be achieved using the monotonic creep approach. The
method's ability to produce critical time, critical stress, and critical strain suggests using it to
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look into the criteria for the ESC phenomenon's starting [2].

Speocimen -

Environmental Chamber

Grommet

Figure 11.11. Rapra Moiré fringe extensometer with environmental chamber attached to the

specimen [3].
11.8.2.3. Test method for determining ESCR of polyethylene plastics

The most widely used technique in the industry to gauge the ESCR of polyethylene polymers
is BTT. Even while BTT seems appealing when considering simplicity, there are a number of
issues with it. A few factors may influence how easily the test findings can be repeated: The
stiffness of the polymer material determines the bent specimen's curvature; the strain is not kept
constant throughout the test; therefore it is challenging to guarantee a sharp notch that is
consistent from specimen to specimen. A novel technique for calculating the ESCR of ethylene
polymers at various strains and temperatures was created by Crissman [53] (Figure 11.12). A
metal cylindrical shape with a predetermined radius of curvature is bent around a strip
specimen. This guarantees that during the test, every specimen will adhere to the same
geometry. The specimens are usually strips without notches. A ten percent Igepal solution in
water serves as the stress-cracking agent. The behavior of several polyethylenes under
continuous applied stress and in the temperature range of 23 to 90°C is examined for stress-
cracking behavior. It was found that a set of parameters may be used for polyethylenes with
molar masses and densities that vary greatly. A notional specimen thickness of 1 to 1.25 mm, a

bend radius of 5.5 mm, an applied stress of 5 MPa, and a temperature of 75°C are the ideal test
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Figure 11.12. View of the device for testing ESCR of polyethylene plastics [53].
11.8.3. Bottle ESCR test

Regretfully, findings obtained for bottles constructed of the same material may not always
match with data collected using bent strip techniques. To evaluate the ESCR of plastic bottles,
a bottle ESCR test has been created. Using this method, ten volume percent of the bottles are
filled with a stress cracking solution. After that, the sealed bottles are heated to 60°C in an oven,
which causes a rise in internal pressure [1]. Bottles that hold up after seven days are deemed
sufficient. It may be inferred that because of their ease of use and low cost of testing equipment,
constant strain techniques are often used to investigate the ESCR of plastics. However, the
findings are not as repeatable due to human mistake (visual failing), the test specimen's
curvature depending on the polymer material's stiffness, and the test's inability to sustain
consistent strain. Because tension relaxes with time, the stress will gradually lessen. Because
the notch opening and crack opening displacement are often detected using an optical
microscope, tests conducted under continuous load have higher accuracy levels. In the early
stages of the slow crack development process, time to failure may be predicted since the time
to full failure is exactly related to the time for fracture initiation. As a result, the testing process

is quicker than it would be under constant strain [53].
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11.9. Importance of study of ESC

These days, ESC of materials is a prominent subject because to the many companies that are
dealing with this issue. ESC may reduce material durability, which might have an adverse effect
on the brand's reputation and the economy. For this reason, a lot of effort is put into this field.
Fifteen to twenty-five percent of plastic failures have been attributed to stress cracking [54]. It
seems like 40 or 50 years have passed since the issue of ESC of polymers was first studied. Due
to the infinite variety of materials and chemicals that can be combined with different
environmental conditions to create a seemingly endless research topic, it is impossible to draw
conclusions from the data that has been collected thus far because each combination of
chemical, material, and environmental condition will produce a unique effect. Different
materials may be utilized in different sectors to create a wide range of goods, each with its own
set of uses. Different chemical agents may be used at unknown circumstances throughout the
production process of these items or even during the usage of these materials by consumers,
which might fracture the material. As a result, it's critical to understand which fluids may be
utilized in both the production process and by consumers once they've received the knowledge
about additional circumstances under which the material won't fail. The packaging, automotive,
and aerospace sectors are just a few that are impacted by polymeric material cracking. Due to
the extensive use of amorphous polymers in their products, several sectors are particularly
significant in this regard. Several additional businesses that may be impacted by this polymeric
material breaking include the toy, sports, FMCG, and medical sectors, among others. The
following is a discussion on ESC in the automotive sector, since the thesis focuses on ESC of
interior polymers, notably ABS and PC/ABS used in cars.

11.10. Analysis techniques of ESC

Environmental stress cracking may be examined utilizing a variety of methods after ESC
testing. The simplest method of analyzing ESC of materials is to simply look for crazes and
cracks in the materials' morphology using an optical microscope. Then, compare the materials
based on how many crazes and cracks they have after a given test time, or compare them based
on which material fractures the fastest. If distinguishing between materials using an optical
microscope proves to be challenging, a Scanning Electron Microscope (SEM) may be used as
an additional means of material observation. Because SEM has a better resolution power than
an optical microscope, it can identify materials down to very fine details. These techniques are

qualitative analysis; quantitative data for comparison cannot be provided.
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I11. Theoretical calculation

I11.1. Computational part

Recent developments in theory and simulations of polymeric systems have allowed for
accurate modelling of a wide range of polymeric systems both at the molecular and
long wavelength scales. In particular, various computational techniques have proven
to be a powerful tool, in obtaining atomic and molecular scale structural properties,
which complement experimental data. In general, utilizing experimental techniques,
intermolecular bonding in a polymer blend is relatively challenging to resolve.
Molecular dynamics simulations have proven to be a reliable, cost-effective and fast
tool, that can supplement experimental results, or help in overcoming major
experimental limitations. Atomic scale simulations are also often used to predict the
impact of compatibilizers on the structure and physical characteristics of polymer

mixes.
111.1.1. Molecular dynamic simulation (MDS)

Molecular Dynamic simulation is a useful tool for understanding how SEBS and
SEBS-g-MAH compatibilizer interact with an LDPE/PP blend. It’s used to assess
their effects on compatibility. In the present work, chains of PP and LDPE with and
without oxidation (the PP and LDPE oxidized chains are called PPO and PEO
respectively) with 50 repeat units were constructed. The oxidized models are built
on the basis of FTIR results, to approximate the actual behavior of the blend and to
study the effect of oxidation on blend compatibility All MD simulations were
carried out using the Materials Studio program from Accelrys Inc. In order to clarify
the inter- and intramolecular interactions, the COMPASS force field was used. The
velocity-Varlet method with a 1 fs integration timestep was used to integrate the
motion equations. The van der Waals (VdW) interaction has an 8.5 cutoff. The
Coulomb interactions were calculated using the Ewald summation technique. To
execute the simulations, the NVT ensemble used the Anderson thermostat and
Berendsen barostat was used for NPT [1]. The pressure was fixed at 1 atm, and the

temperature at 483 K.
111.1.2. Quantum computational calculation

The Material Studio Software 7.0 numerical-based density-functional module (DMol3) was
used to carry out the Density Functional Theory (DFT) investigation. It is used to estimate the
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density of states (DOS) and the exchange-correlation function; it returns information related to
the effect of SEBS-g-MA adsorption on the properties of the blended complex PP-PE, and how
(Egab) changes next to the interactions that take place, together with an all-electron double
numerical basis set with polarized d-function (DNP). The GGA (Generalized Gradient
Approximation) with PBE (Perdew-Burke-Ernzerhof) functional [2,3] was selected for
calculating the exchange and functional correlation using the Grimme [4] method for DFT D
corrections. A polarization d-function for all atoms is included in the DNP basis set, which
contains a numerical function for each orbital that is occupied. The maximum force and
maximum displacement thresholds have been set at 0.004 Ha/A, and 0.005 A, respectively, with
the maximum energy change set at 2x10- Ha [5,6].

Frontier molecular orbitals (FMO) of PP-PE and their mixtures were studied to
highlight the impact of contact on the electrical charge properties of the blends
systems. We took into account both the Higher Occupied Molecular Orbital
(HOMO) and the Lower Unoccupied Molecular Orbital (LUMO) while describing
the electrical characteristics of the molecule [7]. The lowest unoccupied orbital is a
good place for electrophilic action, according to the border orbital theory. The
flexibility to participate in the reaction is greater for the electrons in the HOMO
orbital. The electrophilicity indices (®), chemical potential (n), and global hardness
() are electronic parameters which return information about the reactivity of
molecules and help in interpreting their properties and understanding the nature of
molecules in terms of their stability. The following equations were used to calculate

them in both gaseous and solvent phases:

w = p?/2n 1)

_ Exomo + ELumo (2)
2

_ Evumo —~ Enomo (3)
2

Fukui functions f(r) were used to predict electrophilic and nucleophilic locations
favored for covalent and noncovalent interactions created between PP-PE and
SEBS-g-MA [8].

57



Structural study by theoretical calculation

The Fukui function f(r) (Eg.4) [9] is a derivative of a molecular electronic density
with a specific electronic potential (V(r)) and a fixed number of electrons (N) [10]:

f(r) = (%)Vm @

Eq 5 and 6 discuss two Fukui formulations for cationic and anionic atoms based on a

finite difference approximation of the Fukui function f(r) [10]:

a +

40 = (B, = P = on® ®)
N

r© = (%), ., = O — w0 ©

Where f*(r) and f~(r)represent the cationic and anionic Fukui functions,
respectively, and pns1(r), pn(r), and py_i(r)represent the electronic density at

distance in the system made up of N + 1, N, and N — 1electrons, respectively.
I11.2. Computational analysis

The binding energy were explored from MD simulations. Figure 111.1 shows various structures

obtained after equilibration and density stabilization.
111.2.1. Molecular dynamic simulation
a) Binding energy

We can completely comprehend the interaction process by computing and comparing the
binding energies of the various equations. Equations 7 may be used to compute the binding
energies of the PP-PE, PPO-PEO, and SEBS-g-MA interaction models.

Ebind = -Einter = -E total -E1 -E2 ()

Where Etotal, E1 and E2 are the energies of the blends studied. The binding energies of different
blends are given in Table I11.1.
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Table I11.1. Interaction energies for binding (kcal/mol).

N° E(PP) E(PE) E(SEBS- ]

System E(Total) E(SEBS) E(bind) E(Inter)
Sys E(PPO) E(PEO) g-MA)
1 3PP-3PE -3213,34 -1415,84 -1357,03 - - 440,47  -440,47
2 3PP-3PE-1SEBS -3688,97 -1167,30 -1304,44  ---------- -54597 671,26 -671,26
3 3PP-3PE-1SEBS-g-MA -3581,89 -1326,51 -119531  -179,98  --------- 880,09 -880,09
4 3PPO-3PEO -1740,73  -759,22  -691,24 = ----meem - 290,27  -290,27
5 3PPO-3PEO-1SEBS -3280,05 -940,56  -928,47 = ---------- -461,57 949,45  -949,45
6 3PPO-3PEO-1SEBS-g-MA -2340,98 -743,97  -704,84 -52435  ---eee-- 367,82 -367,82

The binding energy of PP/PE increases with the inclusion of the compatibilizer SEBS-g-MA,
which indicates that the interaction strength between PP-SEBS-g-MA and PE-SEBS-g-MA is
greater than that of PP-PE comparison between of 3PP-3PE-SEBS-g-MA and 3PP-3PE which
are 440.47 and 880.09 kcal/mol. Comparing between the systems 3PP-3PE-SEBS-g-MA and
3PP-3PE- SEBS the presence of anhydride maleic in the compatibilizer agent enhance the
binding interaction from 671.26 to 880 kcal/mol.

The patterns of their contact may also be seen after MD modeling to reach the same conclusion
(Figure 111.1). The molecular chains of PP or PE are wrapped on them showing in Figure 111.1.
The inclusion of SEBS-g-MA increases the compatibility between the two polymers in the
matrix or we can say that the miscibility of the blend increases, which explains the experimental
results. In the case of SEBS as a compatibilizer and as shown in Figure I111.1 e and f, SEBS in
the box favors interaction with the PEO or PE chain rather than PP or PPO due to the ethylene
segment existing in the SEBS structure, and as it is clear that the PP chains overlap each other
creating a separate phase in the system. This finding confirms the result obtained in the
experimental results, i.e. that SEBS-g-MA is the best computerizing agent compared with
SEBS-g-MA.
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1- 3PP-3PE 2- 3PP-3PE-1SEBS 3- 3PP-3PE-1SEBS-g-MA

4- 3PPO-3PEO

Figure 111.1. The final structures, which were determined by dynamic simulations for the
formulation of PP/PE and PPO/PEO blends, show the structures following
equilibration and density stabilization.

b) Intermolecular interactions

In blended systems, the bonds between the PP-PE systems are insufficiently strong due to their
saturated chemical nature. Table 111.2 highlights the corresponding binding energies, indicating
that electrostatic binding predominates in this system. However, the mixture's binding strengths
are strengthened by the addition of SEBS-g-MA. This rise is ascribed to SEBS-g-MA's impact
on the mixes' characteristics. The unbound interaction energies E (Kcal/mol) for the different

chemical systems are listed in Table I11.2.
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Table 111.2. The energy of non-bonded interactions AE (Kcal/mol) for various chemical.

N° Sys System AEnon-bond  AEvaw  AEH-bond  AEelectrostatic
1 3PP-3PE -1318,667  -244,418 0,000 -1074,250

2 3PP-3PE-1SEBS -1561,690  -251,800 0,000 -1309,890
3 3PP-3PE-1SEBS-g-MA -1661,533  -72,844 0,000 -1588,689
4 3PPO-3PEO -320,147 -314,675 -0,002 -5.470

5 3PPO-3PEO-1SEBS -1486,600  -180,380 -0,320 -1306,540

6 3PPO-3PEO-1SEBS-g-MA  -582,607 -376,386 -0,001 -206,222

The energies E_(VdW), E_(H-bond), E_(electrostatic), and E_(non-bond), which, using the
Dreiding Force Field, calculate the exact value of the hydrogen bond energy for each structure
[11].

E (non-bond) = E (H-bond) + E_VdW + E_electrostatic  (8)

On the other hand, when maleic anhydride is present in SEBS-g-MA, the contact energies with
oxidized PP-PE are similarly increased, leading to a strong interaction. The most important
interaction in the case of SEBS in the blending system is electrostatic, as shown in Figure 111.1
(), in the amorphous cells between the PE chain and the ethylene segments present in the
compatibilizer, implying that SEBS-g-MA can function well as a compatibilizer for PP-PE
blends.

111.2.2. Quantum molecular descriptors (QMDs)

Table 111.3. Electrophilicity index (o) global hardness (n), and chemical potential (p) are all
measures of the global reactivity of DFT.

System Eromo ELumo Egap (V) U (V) nE€V) o©(EV)
(eV) (eV)

PP-PE -4,675 -3,868 0,807 -4,2715 0,4035 22,61
PE-SEBS-g-MA -4,432 -4,072 0,36 -4,252 0,18 50,22
PP-SEBS-g-MA -4,434 -3,612 0,822 -4,023 0,411 19,69
PPO-PEO -4,616 -4,399 0,217 -45075 0,1085 93,63
PEO-SEBS-g-MA -5,079 -3,287 1,792 -4,183 0,896 9,76
PPO-SEBS-g-MA -5,103 -3,245 1,858 -4,174 0,929 9,37
PEO-SEBS -6,39 -0,15 6,54 -3,12 3,27 1,49
PPO-SEBS -5,573 -0,73 4,84 -3,15 2,42 2,05

Frontier molecular orbitals (FMOs) are the most crucial molecular orbitals for assessing

chemical reactivity and Kinetic stability. The HOMO and LUMO orbitals are the boundary
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molecular orbitals. It is well known that the transition from the ground state to the first excited
state (electro-absorption) is brought about by a one-electron excitation from HOMO to LUMO.
The kinetic stability of the system improves with increasing HOMO-LUMO separation.
Therefore, more energy is needed to transfer electrons from HOMO to LUMO. Regarding this,
Table 111.3 lists the orbital energies of PE-PP, PE-SEBS-g-MA, PP-SEBS-g-MA, PPO-PEO,
PEO-SEBS-g-MA, and PPO-SEBS-g-MA along with other chemical properties.

Considering the findings in Table 111.3, It is evident that PP-PE Blend is the most stable than
PPO-PEO since the HOMO-LUMO gap is 0.807 eV, 0.217 eV respectively with a global
hardness is equal to 22.61 eV and 93.63 respectively. In the case of PPO-PEO, n have the
lowest values thus resulting the most reactive component. With the use of thermodynamic
parameters, Deghiche et al [5] detailed in their study that the global electrophilicity index (o),
which quantifies the advantageous energy change that occurs as an electron-rich chemical
system approaches saturation. As a result of the electrons moving from the donor (HOMO) to
the acceptor (LUMO), there is an energy loss. table 111.2 shows the PPO-PEO blend is the
largest electron acceptor, indicating the presence of oxygenated groups in the structure of the
blends resulting from thermo-oxidation during the transformation, which supports the FTIR
results. If we accept that the molecules' high EHOMO values tend to give electrons to the
acceptor molecules with low EHOMO values. Therefore, the addition of the computerizing
agent improves the chemical agreement between PPO and PEO as it is compatible with both

polymers at the same time as it is clearly shown in table 111.3.

Figure 111.2 shown The DFT global reactivity of PPO-SEBS, PEO-SEBS, PPO-SEBS-g-MA,
PEO-SEBS-g-MA and PPO-PEO blends. "-C-" atom of the CH3 group in the PP chain is where
the PPO-PEQO's HOMO is located, whereas the "-H" atom of the CH2 group in the PP chain is
where the LUMO is located (see figure 9). The LUMO is located on the carbon atom connected
to the "-H" atom of the CH group associated with the phenyl group of the SEBS-g-MA chain,
while the HOMO of the PPO-SEBS-g-MA is found on the "-C-" atom of the CH3 of the PP
chain. This conclusion was supported by the Fukui indices, f (+) and f (-), which showed that
this functional group is in charge of electron-donating and electron-accepting, respectively.
This result indicates a high degree of affinity between PPO and SEBS-g-MA.
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PPO-
PEO

Figure 111.2. DFT global reactivity of PPO-PEO blends with and without SEBS-g-MA/SEBS.

The same result for PEO-SEBS-g-MA, the HOMO of the PEO-SEBS-g-MA is
found on the "-C-" atom of the CHs of the PE chain, whereas the LUMO is found on
the carbon linked to the "-H" atom of CH group attached with phenyl group of
SEBS-g-MA chain. In the case of SEBS used as a compatible’s agent, the HOMO of
PPO-SEBS was found between C=C in the aromatic groups present in the SEBS
chain, whereas LUMO is found in the H atom of the CH3 group of PPO. In PEO-
SEBS, the HOMO is clustered between the C-H of the PEO chain and the SEBS

63



Structural study by theoretical calculation

ethylene segments, whereas the LUMO is located between the H atoms on either
side of the SEBS ethylene and the PEO. This finding match with the morphological
conclusion (XRD and SEM). The HOMO-LUMO study has provided us with
valuable information on the underlying molecular mechanisms that govern the
behavior of these materials. This sheds light on how the SEBS-g-MA molecule
enhances the compatibility of the PP-PE blend.

111.2.3. Density of state

In order to determine how the compatibilizer will affect the final blend's properties, density of
state (DOS) calculations was done on blends of PP-PE and PPO-PEO with and without SEBS-
g-MA. Figure 111.3 displays the findings for the complexes of PP-PE and PPO-PEO.
With matching HOMO-LUMO energy gaps of 4.90 and 4.33 eV, PP-PE and PPO-PEO are
anticipated to be insulators, while the gap values of PE-SEBS-g-MA, PP-SEBS-g-MA, PEO-
SEBS-g-MA, PPO-SEBS-g-MA, PEO-SEBS, and PPO-SEBS are 0.36, 0.822, 1.792, 1. 858,
4.382 and 5.973 eV. The presence of the phenyl group in the SEBS-g-MA structure is
responsible for the clear decrease in gap energy in the presence of the compatibilizer. This
impact validates the chemical composition of SEBS-g-MA with respect to each PP component.
In the overall DFT reactivity picture, it is evident that, whether the PE is oxidized or not, the
affinity between the components is located in the olefin part of the SEBS-g-MA compatibilizer
due to the presence of the PE chain in the SEBS structure, which enhances the interaction,
mainly of an electrostatic type, that favors the dispersion of the MDS cells. Maleic anhydride
interacts more with the oxidation group of PP. In the case of SEBS without maleic anhydride,
the Gap energy of PPO-SEBS is higher than that of PPO-SEBS-G-MA, the PPO chain favors
interaction with them, indicating that there is no affinity between PP and SEBS, which in fact
leads to phase separation and incompatibility and confirming also that the presence of MA is
responsible for the compatibilization. Meanwhile, the same observation was made for PEO-
SEBS with PEO-SEBS-g-MA, where the PEO chain interacts with the ethylene present in the
SEBS structure.
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Figure 111.3. DOS of PP-PE blends and PPO-PEO with and without SEBS-g-MA/SEBS.
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Experimental study

V. Materials used and experimental techniques

1V.1. Materials

IV.1.1. Polypropylene (PP)

polypropylene (PP H 1045) was supplied by TASNEE, Saudi Arabia. The melt flow rate
(230°C/2.16Kg) is 4.5 g/ 10 min, the density is 0.9 g/cm?®,

Gt
CH_CH2
n

IV.1.2. Low-density polyethylene (LDPE)

Low-density polyethylene (FD0274) was supplied by LOTRENE, Qatar. The MFl is 2.4 g/ 10

min, the density is 0.932.
o
¢
H H/,

IVV.1.3. Styrene ethylene butylene styrene (SEBS)

marketed as Kraton G1652, has a molecular weight of 7200 g/mol, and a block of poly
(ethylene-co-butylene) medium (EB) with a molecular weight of 37500 g/mol, its density was
0.90.

IV.1.4. Maleic anhydride grafted styrene-ethylene-butylene-styrene (SEBS-g-MA)

SEBS-g-MA sold under the trade name Kraton FG1924X is a three-block copolymer of type S-
EB-S.
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IVV.1.5. Nonylphenyl-polyethylenglycol (igepal ca 630)

Nonidet P40 substitute detergents consist of nonyl-phenyl-polyethylene glycol, was supplied

HaC Ow}OH
HaC n

HsC i Chg

from Sigma-Aldrich.

IVV.2. Preparation of blends

An internal mixer (Figure 1V.1), the PLASTI-CORDER Brabender, was used to mix a sample

of plain polymers and PP/LDPE mixes with and without a compatibilizer for five minutes at

210°C and 80 rpm.

LDPE [ 5% compatibilizer agent J —

internal mixer (BRABENDER)

.
ra

L T=210°C ;t=8 mm

Characterization

Figure 1V.1. Blend preparation procedure flowchart.
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Table I1V.1. Formulations and compositions of the different blends.
Formulation PP (%) LDPE SEBS (%) SEBS-g-MA (%)

(%)
M1 100 - - -
M2 - 100 - -
M3 80 20 - -
M4 50 50 - -
M5 20 80 - -
M6 77.5 17.5 5 -
M7 47.5 47.5 3) -
M8 17.5 77.5 5 -
M9 77.5 17.5 - 5
M10 47.5 47.5 - 5
M1l 17.5 77.5 - 5

After its removal from the mixing chamber, the mixtures are cooled in ambient air and then
crushed. The blend is eventually compressed with a hydraulic press POLYLAB at 210°C for 7
min plus 5 min degassing. The volume fraction of the compatibilizing agent (SEBS or SEBS-
g-MA) was 5% with different weight fractions of PP and LDPE in the blend. Table 1.1 lists

the many formulations that were examined.
IVV.3. Experimental techniques

IV.3.1. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy analysis was performed using a spectrometer
SHIMADZU IRSprit. was used to identify functional groups and evaluating the chemical
changes in the materials. The spectra were determined in the wavenumber range from 4000 to

400 cm™ at 64 scans and resolution at 4 cm™.
IVV.3.2. Differential Scanning Calorimetry (DSC)

A Netzsch DSC 200 F3 Maia® thermal analyzer differential scanning calorimeter was used to
analyze each blend's melting behavior. First, the apparatus was calibrated using indium as a
reference material. A nitrogen atmosphere was used for the DSC analysis of the samples. The
same scan rate was used for all experiments, which were conducted with sample mass of 10
mg. The samples were heated from 30 to 200 °C at a rate of 10°C/min. The crystallinity (y) of
the polymers in the blends was determined using the following equations: [1]
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%xpp = m x 100 1)
AHim
%xLDPE = m x 100 (2)

Where %y PP is the percentage crystallinity of PP, %y LDPE is the percentage crystallinity of
LDPE, AH', is the melting enthalpy of PP, AH'n is the melting enthalpy of LDPE, AH®
m(LDPE) is the equilibrium melting enthalpy of LDPE = 288 J-g”' [2], AH® m(PP) is the
equilibrium melting enthalpy of PP = 207 J-g~' [3], ¢ PP is the weight fraction of PP, and ¢
LDPE is the weight fraction of LDPE.

I1VV.3.3. Thermogravimetric analysis (TGA)

An analyser (Mettler Toledo, Stare system Mettler thermobalance) was used to examine the
thermal degradation behaviour of PP/LDPE blends and their components. The samples,
weighing 5-8 mg (film), were heated from 20 to 600 °C at a heating rate of 10 °C/min, under
nitrogen atmosphere.

1V.3.4. X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern for LDPE, PP and their blends was recorded on the Rigaku
miniflex Benchtop X-ray Diffractometer system operating at 30 kV and 15 mA current with Cu
Ka radiation (1 = 1.5418A). The diffracted intensities were recorded in the 26 angles from 10°
to 40°.

IV.3.5. Scanning electron microscopy (SEM)

Using a field emission scanning electron microscope (model Supra 40 VP, Zeiss, Germany) set
to an accelerating voltage of 1 KV, the morphology of the blend's fracture surface was
investigated. The samples were cryogenically cracked after being submerged in liquid nitrogen.
All surfaces were then covered in gold to enhance image quality and eliminate electrostatic

discharge.
IVV.3.6. Mechanical properties

The most fundamental of all mechanical tests are without a doubt the tensile test. It is employed
to ascertain fundamental mechanical characteristics, such as the elastic modulus, strength at
break, and elongation at break. A ZWICK Roell Z100 universal instrument was used to conduct

tensile testing in accordance with ASTM D882. The samples were examined at a cross-head
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speed of 3 mm/min under standard temperature and pressure conditions. We tested the tensile
strength, Young's modulus, and elongation at break.

IV.3.7. Environmental stress cracking resistance (ESCR)

The ESCR was performed for LDPE/PP blends in a 10% aqueous solution of IGEPAL CA-630
according to ASTM D1693 using the following procedure (In Figure 1V.2):

1-Make a 3.15mm thick plate using a press.

2-Cut 10 specimens of (38.1 x 12.7mm) for each analysis.

3-Maintain the specimens at 23°C for 24h.

4-Gauge the surface of each specimen with a (19 x 0.5 x 0.5 mm?®) blade perfectly in the center.

5-Introduce the specimens in the U-shaped specimen holder so that the incision is facing

outwards.

6-Immerse the specimen holders with the 10 specimens in the test tube containing the reagent

(IGEPAL) previously maintained at 50°C by immersion in the thermostatic bath.

7-Monitor the moment at which each specimen breaks and note the results up to 50%.

i A /
LA
SN A =

Figure 1V.2. Strip bent test based on ASTM D1693.
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IVV.3.8. Scanning electron microscopy after ESCR tests

The samples microstructure was investigated using a NeoScope JCM-5000 scanning electron
microscope and an accelerating voltage of 10 kV. The material surfaces of the observed samples
were prepared by cryogenic fracturing in liquid nitrogen to prevent plastic deformation.
surfaces were subsequently coated with gold to enhance picture resolution and prevent
electrostatic charges. After ESCR tests, the failed samples were gathered for further scanning
electron microscopy examination of the fracture surface (SEM). Sample morphologies were
examined by (1) inspection of the fracture surface of the unsuccessful samples to determine the
morphology of the crack surface, and (2) cross-sectional image of the ESCR using microtome

sectioning in a direction parallel to the crack direction.
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V. Results and discussions

V.1 Fourier transform infrared spectroscopy (FTIR)

—\ - VYT

( PP/LDPE/5%SEBS-g-MA

WW PP/LDPE/5%SEBS

PP/LDPE

Transmittance (a.u)

] ] I . ] I I 1
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Figure V.1. FTIR spectroscopy of PP, LDPE, their blends without and with
compatibilizers.
FTIR was used to analyze the functional groups present in PP/LDPE blends without and with
the compatibilizer SEBS (styrene-ethylene/butylene-styrene) and SEBS-g-MA (SEBS grafted
with maleic anhydride). Figure V.1 shows the main chemical bonds detected by FTIR
spectroscopy of the blends studied. PP and LDPE show characteristic peaks for specific C-H
stretch (2918 cm™ and 2839 cm™) (PP) and C-H (2918 cm™ and 2847 cm™) (LDPE). The
bending vibrations of -CH; and -CHj3 are 1458 cm™ (PP) and 1374 cm™ (PP), respectively,
and that of -CH, is 1462 cm™ (LDPE). The most important characteristic vibrational peak of
LDPE is at 729 cm™, which is due to the vibrations of C-C bonds. As expected no
disappearance of major peaks or appearance of new peaks in the FTIR spectrum of PP/LDPE

blend is observed due to the lack of interaction or reaction between the two polymers [1].

In general, polyolefins are very susceptible to oxidation [2]. For PP, LDPE, and their

combinations, faint and wide absorption peaks at 1650 cm™ are seen. These peaks are due to
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the carbonyl (C=0) group's stretching vibration. Therefore, environmental oxidation must be
to blame. The absorption of the carbonyl group diminishes with the addition of the SEBS
(styrene ethylene/butylene styrene) and SEBS-g-MA (SEBS grafted with maleic anhydride)
compatibilizers, weakening the peak at 1650 cm™. Therefore, it can be inferred that adding the
MA group to PP causes a contact between the tertiary hydrogen of PP and the carbonyl group
of the MA in the SEBS-g-MA, which in turn lowers PP and LDPE oxidation in the

environment [3].

V.2 Differential Scanning Calorimetry (DSC)

Heat flow (wig)

T T T T T T T T T T T T T
O a0 f=1s] 100 110 120 130 140 150 160 1T 180 190
Tempeaerature {(“C)

i : ———— g‘i/:—
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Teamparature {“C)

Figure V.2. DSC spectra of: (a) blends. (b) blends with SEBS. (c) blends with SEBS-g-MA.
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Figure V.2 depicts the differential scanning calorimetry (DSC) thermograms of the blends,
including polypropylene (PP) and low-density polyethylene (LDPE), both in the absence and
the presence of the compatibilizers styrene-ethylene-butylene-styrene grafted with maleic
anhydride (SEBS-g-MA) and styrene-ethylene-butylene-styrene (SEBS). Figure V.2 (a)
demonstrates that the values of the melting temperature (Tm) of pure PP and LDPE, are
162.7°C and 112.1°C, respectively. The blends exhibit two distinct melting peaks, which
correspond to the melting behaviors of PP and LDPE.

The enthalpies, calculated from DSC thermograms, of PP, LDPE, and their blends with and
without compatibilizers are shown in Figure V.2. Also shown in Table V.1, are the
crystallinities of PP and LDPE obtained using Egs. (1) and (2), in the blends with and without
compatibilizers, this table shows that the enthalpy of melting of PP/LDPE blends decreases
with increase of LDPE content. This behavior is due to the fact that adding low-density

polyethylene (LDPE) to PP leads to a decline in crystallinity.

Table V.1. DSC data of PP, LDPE, and their blends.

Material PP LDPE PP LDPE PP LDPE
Tm(°C) Tm(°C)  AHf(J/g) AHF(J/g)  Xc (%)  Xc (%)

M1 162.7 - 77.2 - 37 -

M2 - 112.1 - 113.2 - 46

M3 163.9 112.3 50.1 8.8 35 15

M4 161.9 112.3 39.1 41.3 37 28

M5 164.5 112.6 12.5 78.9 30 34

M6 161.6 111.2 60.2 9.4 36 16

M7 163.3 112.8 34,5 36.1 33 25

M8 163.7 111.8 12.0 79.6 29 34

M9 164.3 112.1 57.9 9.6 35 16

M10 162.2 111.9 37.1 42.6 35 29

M11 163.8 112.5 11.4 74.9 27 32

Table V.1 illustrates the impact of blending on crystallinity. The decrease in the melting
enthalpy of PP is observed when the concentration of LDPE is increased. This behavior is
ascribed to the decrease in the amount of PP in the blend. However, when incorporating 20
weight percent of LDPE into PP, a marginal increase in the crystallinity of PP is noted. The

presence of PP in LDPE blends reduces the enthalpy of fusion of LDPE, thereby leading to a
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drop in the crystallinity of LDPE. Nevertheless, incorporating 20 weight percent
polypropylene (PP) into low-density polyethylene (LDPE) results in a marginal enhancement
of LDPE's crystallinity. The observed phenomenon may be attributed to the presence of this
low content of PP enhances the nucleation of LDPE, resulting in increased crystallinity [4].
Incorporating 5%-SEBS-g-MA into the PP20/LDPE blend results in a marginal reduction in
the crystallinity of both PP and LDPE. The estimated lowest crystallinity of polypropylene
(PP) in the blends was determined to be 27%. This value was obtained for a blend
composition consisting of 17.5% PP, 77,5% low-density polyethylene (LDPE), and 5% of a
maleic anhydride-grafted styrene-ethylene-butylene-styrene (SEBS-g-MA) copolymer.

V.3 Thermogravimetric Analysis (TGA)

The TGA curves for PP, LDPE, and PP/LDPE blends without and with SEBS and SEBS-g-
MA reveal various degradation patterns in Figure V.3. Table V.2 gives an overview of the
specimens' decomposition temperatures. Given that PP's T5% and T50% values are lower,
LDPE is more thermally stable than PP. When compared to LDPE, every second tertiary
carbon in the main chain of PP is more vulnerable to attack, which accounts for its inferior
thermal stability [5]. The amount of LDPE enhances the thermal stability of PP, although the
temperatures of the mix are comparable to those of pure polymers. This finding suggests that
the addition of the more thermally stable LDPE weight percentage will increase the thermal
stability of PP. SEBS is more thermally unstable than PP and LDPE. The addition of MA
groups to the SEBS chains is said to reduce the thermal stability of SEBS-g-MA in
comparison to pure SEBS. In contrast to Figure V.3(a) and V.3(b), Figure V.3(C) in the
20PP/80LDPE combination produced the greatest outcomes for us. Compared to the blends,
the incorporation of SBES was reduced marginally. Unlike SEBS-g-MA, which marginally

rises in comparison to SEBS.
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Figure V.3. ATG thermograms of PP, LDPE, and PP/LDPE blends without and with SEBS
and SEBS-g-MA. (a) 80PP/20LDPE, (b) 50PP/50LDPE, (c) 20PP/80LDPE.
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Table V.2. TGA data of virgin PP, LDPE and their blends.

Samples T5%(°C) T50%(°C)
M1 424.01 457.75
M2 436.05 472.98
M3 425.44 458.01
M4 424.65 462.78
M5 431.45 468.74
M6 422.26 455.63
M7 423.94 460.26
M8 427.58 466.06
M9 419.61 457.25
M10 415.38 460.15
M11 428.45 468.05

V.4 X-ray diffraction (XRD)

Figure V.4 shows X-ray diffraction patterns for LDPE, PP, and their mixes in terms of
intensity 20 measured in the 26 range from 10 to 40. PP presents five diffraction picks, which
correspond to the a-form typical of PP. The 20 grating with the corresponding crystal lattices
is 14.35° (110), 17.12° (040), 18.85° (130), 21.45° (111) and 22.15° (041) [6]. The
characteristic peaks for LDPE are 21.7° (110) and 23.9° (200) [2]. Most of the peaks in the
PP/LDPE blends (M3, M4, M5) have identical crystal lattices to PP. With the integration of
SEBS and SEBS-g-MA generally, a modest rise in the intensity of the 14.35° (110) peak was
seen in Figure V.4(a). Due to a reduced proportion of SEBS and SEBS-g-MA, the integration
has little effect on the LDPE/PP binary blend's crystal structure.
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Figure V.4. X-ray diffraction (XRD) curve of PP, LDPE, and their blends.

V.5 Scanning electron microscopy (SEM) analysis

Figure V.5, V.6, and V.7 show scanning electron microscopies (SEM) which can provide

information on the morphology and interfacial adhesion of PP/LDPE blends with SEBS

(styrene-ethylene/butylene-styrene) and SEBS-g-MA (SEBS grafted with maleic anhydride)

as compatibilizers.

The PP and LDPE components exhibit a coarse morphology and phase separation in the SEM

images of the PP and LDPE blends without compatibilizers in Figure V.5. Due to the high

interfacial tension that exists between the blends, there is poor interfacial adhesion between
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the phases, which results in the creation of voids and the detachment of the dispersed

particles, which confirms poor adhesion at the interface between the homopolymers [7].

SEM micrographs may indicate enhanced interfacial adhesion between the PP and LDPE
phases with the addition of SEBS (Figure V.6), as well as a more uniform distribution of the
blend's constituent parts. By serving as a link between the PP and LDPE phases, the SEBS
compatibilizer reduces the size of the scattered phase domains and produces a finer
morphology. It is possible to further enhance the blend's shape and interfacial adhesion when
SEBS-g-MA is added as a compatibilizer (Figure V.7). Due to the interaction between the PP
and LDPE matrix and the maleic anhydride of SEBS-g-MA, the components may be

distributed even more uniformly and the interfacial adhesion may be improved.

Figure V.5. Scanning electron microscope (SEM) images of PP/LDPE blends: (a) M3
(PP80/LDPEZ20), (b) M5 (PP20/LDPES0).
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Figure V.6. Scanning electron microscope (SEM) images of PP/LDPE blends with 5%

SEBS: (2’) M6 (PP80/LDPE20/SEBS), (b’) M8 (PP20/LDPES0/SEBS).

Figure V.7. Scanning electron microscope (SEM) images of PP/LDPE blends with 5%
SEBS-g-MA: (a”’) M9 (PP80/LDPE20/SEBS-g-MA), (b) MlI
(PP20/LDPESO/SEBS-g-MA).

V.6 Mechanical Properties

The strength at break, elongation at break, and Young's modulus are shown as a function of
the compound compositions in Figures V.8, V.9, and V.10, respectively. The effects usually
associated with impact modification are reduced elastic modulus and tensile strength and
increased elongation at break [8]. Copolymers are compatible with thermoplastics and thus
are frequently used for impact modification and improvement in stress—crack resistance [9].
Figure V.8. illustrates the tensile strength of LDPE/PP without and with the incorporation of
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SEBS and SEBS-g-MA. The addition of LDPE to PP reduces the tensile strength value, so
that the tensile strength of the PP/LDPE blends were between the values of the pure
homopolymers. The addition of SEBS, and SEBS-g-MA to the PP/LDPE blends reduces the
tensile strength values by 20 to 33%. This suggests that the tensile strength of compatibilized

blends is determined not only by the interfacial adhesion, but also by the matrix strength,

which is strongly affected by the amount of compatibilization [10].
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Figure V.8. strength at break of PP/LDPE, and their blends.
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Figure V.9. Elongation at break of PP/LDPE, and their blends.
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The elongation at break for the blends is shown in Figure V.9. The PP/LDPE 80/20, 50/50
and 80/20 blends have lower elongation at break than the pure polymers. The result of very
low elongation at break in the 50/50 blend is most probably a consequence of low interfacial
adhesion, i.e. high interfacial tension, indicating the incompatibility of the two polymers.
These properties can be explained as follows. It is well established that at temperatures above
the crystallization melting points of the two polymers, the LDPE and PP chains segregate into
distinct micro domains, with LDPE exhibiting greater clustering [11]. The clustering of LDPE
and PP is due to incompatibility between the LDPE and PP chains [12]. This unfavorable
clustering increases with the number of individual polymers in the blend [13]. In all PP/LDPE
blends, the addition of SEBS or SEBS-g-MA improves the values of the elongation at break
from 4 to 39%. Similarly, a maximum value of elongation at break was observed in the 80/20
PP/LDPE blend with the incorporation of SEBS-g-MA at 190%.
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Figure V.10. Young's modulus of PP/LDPE, and their blends.

It is generally known that Young's modulus of a rigid polymer can be reduced by the addition
of a soft polymer. A decrease in the Yonug's modulus of a polymer can also be caused by a
decrease in crystallinity. since an increase the volume fraction of the amorphous regions in the
blend [4], which are more mobile than the crystalline regions above the glass transition
temperature. This result is confirmed in Figure V.10 which shows a decrease with the
addition of LDPE from 1150 to 329 MPa. Therefore, LDPE provides flexibility to PP. The
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addition of SEBS and SEBS-g-MA decreases the Young's modulus values by 22 to 270 MPa,
which substantially improves the flexibility of PP/LDPE blends.

V.7 Environmental Stress Cracking Resistance (ESCR)

This test consists in determining the susceptibility to develop a crack under the conditions of
the test, by identifying the moment at which 50% of the samples present visible ruptures. The
failure times of the different samples are depcited in Table V.3. Samples M4, M5, M7, M8,
and M10 failed by introducing the specimens into the "U™ shaped holder, as indicated by
Figure 1V.2, we found that small cracks develop on both sides parallel to the notch and lead

eventually to catastrophic failure.

Table V.3. ESCR in terms of failure time of the various blend compositions.

Formulation ESCR (h)
M1 864
M2 5
M3 770
M4 Failed
M5 Failed
M6 600
M7 Failed
M8 Failed
M9 > 1000
M10 Failed
M11 6

The specimens M3, M6, and M9 with an increase in ESCR 770h, 600h, and > 1000h
respectively compared to M11 = (6h) may be due to the high impact resistance and high
ESCR of the Polypropylene phase 864h, a by M9 which gave good results with incorporation
of SEBS-g-MA which plays the role a compatibilizing agent.

V.8 Scanning Electron Microscopy After ESCR Tests

Scanning electron microscopy (SEM) was applied to study the morphology of LDPE/PP
blends, Figure V.12 and V.13 show the morphology of samples M3 and M6 before and after
the incorporation of IGEPAL CA 630 which resulted in visible breaks in the ESCR.
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The SEM micrographs in Figure V.12 clearly indicate that the LDPE/PP blends (M3, M6)
have a two-phase morphology showing the immiscibility of the LDPE and PP used, in the
compositional range studied. In combination with the DSC results, it can be concluded that
the difference in the crystallization rates of LDPE and PP, leads to multiple melting peaks and
phase separation in the SEM pictures. Once the ESCR test was completed, the failed samples

were collected for further analysis of the crack surface by SEM.

Figure V.13 shows the fracture surface of the failed samples to obtain the morphology of the
crack surfaces. Samples M3 and M6 have high ESCR resistance, which observed that the size
of fibrillation inside the crack surface seems large due to the effect of IGEPAL CA 630 on the

treatment zone during crack propagation. Thus, the main controlling factor of the ESCR

property in blends is the fibrillation, i.e., the density of the bond chains [14].

Figure V.12. SEM micrographs of the PP/LDPE blends: a: M3 (PP80/LDPE20), b: M6
(PP80/LDPE20/SEBS).
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Figure V.14. SEM micrographs of the region parallel to the crack direction at different hours
(a: Oh, b: 1000h,) for the sample M9.

Figure V.14 (a, b) is a high magnification image of the region parallel to the crack direction
at different times (Oh, 1000h) for sample M9. One notes from these micrographs the
difference between a and b which results from the incorporation of IGEPAL forming a large
void that the material was not stretched enough to cause failure. Furthermore, M9 surprisingly
did not show any failure during the ESCR test at 50°C. Under external stress, stress
concentration and stress enhancement by superposition of local stress fields are formed
between the particles [15]. We can conclude that the incorporation of SEBS-g-MA decreased
the local stress fields, which act as an accounting agent.

88


https://scholar.google.com/scholar?hl=fr&as_sdt=0,5&qsp=2&q=observational+experimental+study&qst=ib

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

experimental study

References

Dikobe D.G, Luyt A.S. Investigation of the morphology and properties of the
polypropylene/low-density polyethylene/wood powder and the maleic anhydride
grafted polypropylene/low-density polyethylene/wood powder polymer blend
composites, J. Compos. Mater, 2017.

Borovanska I, Dobreva T, Benavente R, Djoumaliisky S, Kotzev G. Quality assessment
of recycled and modified LDPE/PP blends. J. Elastomers Plast, 2012.

Al-Juhani A.A, Suleiman M.A. Study of the Effect of EPDM Structure on the
Compatibility of PP/LDPE Blends. Arab. J. Sci. Eng, 2012.

Mofokeng TG, Ojijo V, Ray SS. The Influence of Blend Ratio on the Morphology,
Mechanical, Thermal, and Rheological Properties of PP/LDPE Blends. Macromol
Mater Eng, 2016.

Mofokeng T.G, Ray S.S, Ojijo V. Structure—property relationship in PP/LDPE blend

composites: The role of nanoclay localization. J. Appl. Polym. Sci, 2018.

Nishino T, Matsumoto T, Nakamae K. Surface structure of isotactic polypropylene by
X-ray diffraction, Polym. Eng. Sci, 2000.

Penava N.V, Rek V, Houra I.F. Effect of EPDM as a compatibilizer on mechanical

properties and morphology of PP/LDPE blends. J. Elastomers Plast, 2013.

Khait K. Advanced recycling technology for unsorted plastic waste. J Vinyl Addit
Technol, 1996.

Chanda M, Roy SK. Plastics Technology Handbook. CRC Press, 2006.

Chen B. Compatibilization effects of block copolymers in high density
polyethylene/syndiotactic polystyrene blends. Polymer (Guildf), 2002.

Choi P, Blom HP, Kavassalis TA, Rudin A, Immiscibility of poly(ethylene) and

poly(propylene): A molecular dynamics study. Macromolecules, 1995.

Rajasekaran JJ, Curro JG, Honeycutt JD. Theory for the Phase Behavior of Polyolefin
Blends: Application to the Polyethylene/lsotactic  Polypropylene Blend.

Macromolecules, 1995.

89


https://scholar.google.com/scholar?hl=fr&as_sdt=0,5&qsp=2&q=observational+experimental+study&qst=ib

experimental study

[13] Jose S, Aprem A., Francis B, et al. Phase morphology, crystallisation behaviour and

[14]

[15]

mechanical properties of isotactic polypropylene/high density polyethylene blends. Eur
Polym J, 2004.

Rose LJ, Channell AD, Frye CJ, Capaccio G. Slow crack growth in polyethylene: A

novel predictive model based on the creep of craze fibrils. J Appl Polym Sci, 1994.

Borisova B, Kressler J. Environmental Stress-Cracking Resistance of LDPE/EVA
Blends. Macromol Mater Eng, 2003.

90


https://scholar.google.com/scholar?hl=fr&as_sdt=0,5&qsp=2&q=observational+experimental+study&qst=ib

General Conclusions



General conclusion

General conclusion

Several analytical techniques were used to examine the compatibilizer addition of SEBS
(styrene-ethylene/butylene-styrene) and SEBS-g-MA (SEBS grafted with maleic anhydride) to
PP/LDPE blends. The compatibilizers SEBS and SEBS-g-MA enhanced the morphology and
interfacial adhesion of PP/LDPE blends, according to SEM studies. The compatibilizers'
effectiveness on the PP/LDPE blends was validated by FTIR testing. The addition of SEBS and
SEBS-g-MA reduces the absorption of the carbonyl group. This lowers the peak's elevation by
1650 cm-1. Overall, using FTIR, TGA, XRD, and SEM approaches in combination allows for
a full knowledge of the chemical, thermal, and morphological properties of the blends and may
aid in the progression of innovative polymeric materials with properties tailored to certain
applications.

The molecular interaction between PP, LDPE, and SEBS-g-MA was studied. According to DFT
analysis, which contends that the compatibilizer agent serves as an electron donor for PP and
LDPE, the inclusion of SEBS-g-MA increases the interaction energies between PP and LDPE.
This conclusion is consistent with MDS results.

Environmental stress cracking is a major concern when designing products exposed to chemical
environments. The ESC resistance of LDPE and PP are different. Although PP is more resistant
to ESC than LDPE, the ESC resistance of the blend is affected by the incorporation of LDPE
microdomains in PP. The blend cracks and develops microvoids in external stress due to stress
concentration. This study investigated the impact of (IGEPAL CA 630) on the environmental
stress cracking resistance of polypropylene and low-density polyethylene blends with varying
weight fractions, both with and without the addition of compatibilizers (SEBS and SEBS-g-
MA). The research found that while PP inherently possesses better ESC resistance than LDPE,

increasing the PP content improves the time to failure in the ESCR test.

Furthermore, incorporating SEBS-g-MA into the blend significantly enhances the flexibility
and ESCR performance of PP/LDPE blends with specific weight fractions. The compatibilizer
SEBS-g-MA has the potential to make PP/LDPE useful in many applications where the material

is subjected to significant environmental stress.
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Perspectives

Perspectives
Several research aspects need deep investigation for future research. In this regard, the

following additional investigations could, therefore, be recommended:

Experimental and theoretical study of the effect of environmental stress cracking with other
active tension and aggressive milieus with the change of polymers according to use for

industrial applications (storage of concentrated solutions).
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ABSTRACT:

This thesis investigates the impact of SEBS and SEBS-g-MA as compatibilizers for polypropylene
(PP) and low-density polyethylene (LDPE) blends, along with the influence of IGEPAL CA 630 on
environmental stress crack resistance (ESCR). The study involves theoretical calculations using
molecular dynamics, and experimental analyses such as X-ray diffraction, differential scanning
calorimetry, thermogravimetry, and scanning electron microscopy. The addition of SEBS and
SEBS-g-MA enhances the morphological and interfacial adhesion of the blends, reducing carbonyl
group absorption and improving rupture time in ESCR tests. Molecular dynamics simulations and
density functional theory confirm the compatibilizing effects of SEBS and SEBS-g-MA. The
inclusion of SEBS-g-MA particularly enhances flexibility and ESCR performance in PP/LDPE
blends with specific weight fractions, suggesting that compatibilizers can enhance the properties
of these blends in various applications.

Keywords : Polyolefin blends, compatibilization, MD simulation, Environmental Stress Crack
Resistance.

RESUME :

Cette theése étudie l'impact du SEBS et du SEBS-g-MA en tant que compatibilisants pour les
mélanges de polypropyléne (PP) et de polyéthyléne basse densité (LDPE), ainsi que l'influence de
I'IGEPAL CA 630 sur la résistance a la fissuration sous contrainte dans l'environnement (ESCR).
L'étude comprend des calculs théoriques utilisant la dynamique moléculaire et des analyses
expérimentales telles que la diffraction des rayons X, la calorimétrie différentielle a balayage, la
thermogravimétrie et la microscopie électronique a balayage. L'ajout de SEBS et de SEBS-g-MA
ameéliore l'adhésion morphologique et interfaciale des mélanges, réduisant l'absorption du groupe
carbonyle et améliorant le temps de rupture dans les tests ESCR. Les simulations de dynamique
moléculaire et la théorie de la fonctionnelle de la densité confirment les effets de compatibilité du
SEBS et du SEBS-g-MA. L'inclusion du SEBS-g-MA améliore particuliérement la flexibilité et la
performance ESCR dans les mélanges PP/LDPE avec des fractions de poids spécifiques, ce qui
suggeére que les compatibilisants peuvent améliorer les propriétés de ces mélanges dans diverses
applications.

Mots-clés : Mélanges de polyoléfines, compatibilisation, Dynamique moléculaire simulation,
résistance a la fissuration sous contrainte environnementale.
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