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General Introduction

Polymer blends are a combination of two or more polymers that are physically mixed
together to create a new material with improved properties. However, the combination of
different polymers can often result in immiscibility, which causes phase separation, leading to
reduced mechanical, thermal, and other properties of the blend. To overcome this issue, the
compatibilization of polymer blends is used to enhance the compatibility between the different

polymers.

Compatibilization is the process of modifying the chemical structure of one or both
polymers in the blend to improve the adhesion and interaction between them and prevent phase
separation. It involves the addition of a third component, called a compatibilizer or a
compatibilizing agent. The compatibilizer molecules can migrate to the interface between the
two polymers and create a bridge, or a covalent bond, between the two polymer phases, thereby

improving the interfacial adhesion and reducing the interfacial tension.

Compatibilization can be achieved through various methods, such as Physical blending
(non-reactive  compatibilization), Reactive blending (reactive compatibilization),
Technological compatibilization (Dynamic vulcanization), in-situ polymerization, as well as
grafting reaction. Reactive blending involves adding the functional groups to the polymer
chains, which can react with the functional groups of the other polymer in the blend. In-situ
polymerization consists of the polymerization of a monomer at the interface between the two
polymers, creating a covalent bond between the two polymer phases. Grafting consists of the
attachment of a polymer chain to the surface of one of the polymers, which can then interact

with the other polymer in the blend.

Compatibilization of polymer blends has several advantages, such as improved
mechanical properties, thermal stability, and processing characteristics. It also enables the
creation of new materials with unique properties that cannot be achieved with individual
polymers alone. Overall, compatibilization is an essential technique for improving the

performance and versatility of polymer blends in various applications.

Poly(lactic acid) (PLA) and natural rubber (NR) are two polymers with distinct
properties. PLA is a thermoplastic polymer derived from renewable resources, such as corn
starch and sugar cane, while NR is a natural polymer obtained from latex of rubber trees.

Blending PLA and NR can lead to materials with improved properties, such as increased
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flexibility, toughness, and elongation at break. However, the immiscibility of these two

polymers can lead to phase separation and reduced mechanical properties.

To overcome this issue, compatibilization of PLA/NR blends is used to improve the
interfacial adhesion between the two polymers. The process involves the addition of a third
component, which can improve the adhesion between PLA and NR and prevent phase
separation. The choice of a suitable compatibilizer for PLA/NR blends is critical to achieve the

desired properties.

Several studies have been carried out to investigate the effect of compatibilization on the
properties of PLA/NR blends. Different types of compatibilizers, such as maleic anhydride
grafted PLA (PLA-g-MA), NR-g-MA, and epoxidized natural rubber (ENR), have been used
to improve the compatibility of PLA/NR blends. The use of these compatibilizers has resulted
in improved mechanical properties, such as tensile strength, young’s modulus, elongation at

break, and impact strength.

This Master thesis is composed of two chapters. The first of which presents a theoretical
background on the main polymers used in the study, thermodynamics of polymer blends, and
the different strategies of compatibilization of polymer blends. The second chapter presents a
state of the art of the research workers which carried out in the field of compatibilization of
PLA/NR polymer blends. The overall results and conclusions of this research work is discussed

in the last part.
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I.1. Introduction

In this chapter we present an overview of the polymers involved in this study. Emphasis is made
on thermoplastic elastomers (TPEs) and those based on natural rubber (NR) and the different

strategies used for compatibilization.

I.2. Poly(lactic acid)

I.2.1. Background of poly(lactic acid)

Consumer plastics produced by several multinational companies throughout the world are
concentrated on petroleum-based polymers [1]. The use of naturally obtained polymers and
biopolymers is restricted in engineering and commodity polymer composite sections.
Petroleum-based polymers are nonbiodegradable, and most biodegradable polymers do not give
high strength for external use [2]. Synthetic biodegradable polymers are comparatively new
than other commodity plastics [3]. The commonly used synthetic biodegradable polymers are
polylactic acid (PLA), this polymer belongs to the polylactone family. Besides its
biodegradability, this synthetic polymer is also non-toxic and less expensive compared to

naturally abundant polymers [4].

PLA was assumed to be a potential biomaterial due to its nontoxicity and excellent
compatibility with human cells [5], besides has been used in several therapeutic and

pharmaceutical industries such as drug carriers [6].

1.2.2. Synthesis method of poly(lactic acid)
Lactic acid is the basic building block of PLA. lactide acid is industrially manufactured
by fermentation of carbohydrates or chemical synthesis of resources such as coal, petroleum

product, and natural gas. Lactic acid reactions are described in Equations (1-4).
CH3CHO + HCN — CH3CHOHCN (1)
CH3;CHOHCN + 2H,0 + % H2S04 - CH3CHOHCOOH + % (NH4)2S04 (2)

CH3;CHOHCOOH + CH;0H < CH;CHOHCOOCH; + H,0 (3)

CH3;CHOHCOOCH; + H20 <+ CH;CHOHCOOCH; + CH30H (4)

Page | 3
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Naturally, lactic acid molecules can be obtained in plants, microorganisms, and animals.
Based on the application requirements, lactic acid with different degrees of purities can be

determined. Different stereoforms of lactide are shown in Figure I.1.

N N G—CHy NS¢ GaH NG NGl

HIII---GR‘ _C% Hy GG G

H - C
L-Lactide meso-Lactide D-Lactide

Figure I.1. Illustrates the chemical structures of L-, meso-, and D-lactides [7].

In cyclic dimer processing of lactic acid two PLA molecules combine, and it rises to L-
lactide or LL-lactide, D—lactide, or dd-lactide. Meso-lactide or LD-lactide also can be made by
both molecules of L-lactic acid and D-lactic acid. Raclactide, a racemic lactide, is formed by
the mixture of L- and D-lactides. By depolymerization of low molecular weight PLA under
decreased pressure lactide can be obtained. Previous studies have emphasized that lactic acid
isomer feedstock, temperature, the catalyst's nature as well as content are the effective
parameters for the amount of lactide isomer formed during the process [7-9]. Indeed, the
separation between each stereoisomer is essential to examine the final PLA structure during the
process. This process can be determined due to the difference in boiling points between meso-

and L- or D-lactide [7].

Lactic acid (2-hydroxy propionic acid), the simplest hydroxy acid exists in two optically
active configurations of L(+)-isomer and D(-)-isomer. The L(+)-isomer is specified to be made
in humans and other mammals. Furthermore, the bacterial system is the source of both D(-)-
and L(+)-enantiomers processes [9]. Lactobacilli amylophilus, L. bavaricus, L. casei, L.
maltaromicus, and L. salivarius are known as the organisms that mainly yield L(+)-isomer.
Besides, L. delbrueckii, L. jensenii, or L. acidophilus yield the D-isomer or mixtures of both
[9]. Based on the particular strain of Lactobacillus, a wide range of carbohydrates can be
utilized in fermentation. This process is mostly prepared in great quantities (around 200 kT per
year) by the bacterial fermentation of carbohydrates. According to the type of bacteria used, the

fermentation process can be categorized into different types (I) the heterofermentative method,
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and (II) the homofermentative process. Therefore, it modifies the process of lactic acid with an
inferior level of by-products, principally with the industrial application [7,9]. The previous
study has suggested that during this process most of the simple sugars with agronomic sources
can be employed. These sources can be (1) glucose, maltose, and dextrose from corn or potato
starch; (2) sucrose from cane or beet sugar; and (3) lactose from cheese whey. Furthermore,
protein, and complex nutrients such as B vitamins, amino acids, and nucleotides are other
materials that organisms require during the process. These materials can be purveyed from corn
steep liquor, yeast extract, cottonseed flour, or soy flour [10]. Finally, lactide units can be

considered as a more complex macromolecule architecture known as copolymers.

[.2.2.1. Polymerization from lactic acid

Lactic acid is the main monomer for preparing PLA and its derivative copolymers. For
preparing PLA from lactic acid, two different polymerization techniques are adopted. The first
one is the polycondensation reaction which is the first discovered method to prepare PLA. The
second one is the ROP which can produce comparatively higher molecular weight PLA than
polycondensation reactions. Other than these methods, dehydration and enzymatic
polymerization are also taking place but in a very limited fashion [11]. Figure 1.2 shows the
basic adopted production techniques applied for the synthesis of PLA, besides Figure 1.3 shows

Synthesis of PLA stereoforms via ring-opening polymerization.
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Figure 1.2. Different synthetic approaches for the preparation of poly(lactic acid).
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Figure 1.3. Synthesis of PLA stereoforms via ring-opening polymerization [12].
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1.2.2.1.1. Production of PLA by polycondensation

Condensation polymerization of lactic acid normally takes place in a solvent with a high
vacuum and high temperature. This polycondensation can be performed in a bulk system by
using a distillation column. This process is not solely dependent on the catalyst which means
polycondensation could take place with or without a catalyst system provided or the reaction
conditions should be rigorous. But in this process, high-molecular-weight polymer preparation
is a little difficult. The intermediate oligomer of PLA is sometimes used in polyurethane
synthesis, which is controlled by a different catalyst system. This aforementioned approach was
used by Carothers, and later that was adopted by Mitsui Toatsu Chemicals Inc. for
manufacturing of low molecular weight lactic acid, the catalyst system is very much significant
in polymer synthesis. The most common catalyst systems used for this purpose are boric acid
or sulfuric acid, which are well-known for their acceleration type of behavior in the
esterification and transesterification process. But the high-temperature reaction always affects
side reactions. Due to these side reactions, the resultant PLA causes a molecular weight of 3000
for racemic mixtures and 6500 for pristine L-lactide. The yield could be improved by using
non-acidic transesterification catalysts like lead monoxide. Low-molecular-weight PLA is used
for biodegradable adhesive applications like glues and lacquers. Due to the highly abundant
hydroxyl and carboxylic groups at their terminal of the polymer change, these are very much

suitable for cross-linking with inorganic and organic multivalent moieties.

Polycondensation also produces a moderate molecular weight of 10,000 by using precise
control in the solvent ratio or by using azeotropic solvents. This type of polymer is used
independently as a thermoplastic matrix and as a coupling agent for isocyanates oxides and
peroxides for better mechanical properties. Though polycondensation has several merits, for

industrialization, this process has limited applicability [11].

1.2.2.1.2. Production of PLA by ring-opening polymerization (ROP)

Lactide is a cyclic dimer of lactic acid which is produced under water-less mild
conditions. This monomer is verified under the vacuum distillation process without using any
solvent. The molecular weight of the end product is highly dependent on the quality of the
lactide dimer used in the polymerization process. Moreover, the purification of lactide dimer is
also responsible for the preparation of a wide range of molecular weight distribution of the

PLA.
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PLA production has been started for the last ten years, which means it is a newcomer in
the thermoplastic polymer industry compared to the other commodity thermoplastics. The
currently used catalyst for this purpose is stannous octoate which is an industrially approved
catalyst system. Besides, stannous octoate zinc salts are commonly used in France. ROP takes
place in bulk, melt or solution processes where the precursor material is the lactide. In terms of
the mechanic stick point of hue ROP of lactides also takes place in cationic anionic and
coordination type modes. There are several synthetic parameters which are playing significant
roles in the molecular weight obtained from ROP. The specific synthetic parameters are initiator
systems, change control agent, catalyst concentration, co-initiator system, monomer to initiator
ratio, reaction temperature and the duration of the polymerization process. These synthetic
parameters affect the degree of polymerization and crystallinity of the end product. Low
initiator concentration and high duration of polymerization provide a high-molecular weight
polymer with high mechanical properties. The racemic mixture of the monomer imposes
enantiomeric purity and distinguishable chain microstructure of the end product. In recent days,
stannous octoate is the only used catalyst for preparing PLA from lactides. The high-
temperature synthesis method is accepted by the US Food and Drug Administration because of

low racemization and very low toxicity of the end product [11].

1.2.3. Properties of poly(lactic acid)
Poly(lactic acid) (PLA) is a biodegradable and biocompatible polymer that has gained
significant attention in recent years due to its renewable nature and potential use as an
environmentally friendly alternative to traditional petroleum-based plastics. Here are some of

the PLA properties :

e Biodegradability: PLA is biodegradable, meaning it can be broken down by
microorganisms in the environment and converted into natural substances such as
carbon dioxide and water.

e Mechanical properties: PLA has good mechanical properties, including high stiffness,
strength, and toughness, which make it suitable for a range of applications.

e Thermal properties: PLA has a relatively low melting point of around 160-180°C, and
it is not resistant to high temperatures. However, it can be modified with various
additives to improve its thermal stability.

e Transparency: PLA is transparent, making it suitable for use in packaging applications

where the contents need to be visible.
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e Barrier properties: PLA has good gas barrier properties, which make it suitable for use
in food packaging applications.

e Processability: PLA can be processed using a range of techniques, including injection
molding, extrusion, and blow molding.

e Biocompatibility: PLA is biocompatible, meaning it does not cause an adverse reaction
when in contact with living tissue. This property makes it suitable for use in medical
applications such as sutures and drug delivery systems.

e Renewable source: PLA is derived from renewable sources such as cornstarch,
sugarcane, and other plant-based materials. This makes it a more sustainable alternative
to traditional petroleum-based plastics.

e Chemical resistance: PLA 1is resistant to most organic solvents but is susceptible to
hydrolysis, which limits its use in certain applications.

e UV stability: PLA has limited UV stability, and it tends to degrade when exposed to
sunlight. However, it can be modified with various additives to improve its UV

resistance [13,14,15].

1.2.4. Manufacturing of poly(lactic acid)
Poly(lactic acid) (PLA) can be manufactured using various methods, depending on the
specific application and the desired properties of the final product. Here are some common

manufacturing methods for PLA:

e Extrusion: PLA can be extruded into various shapes and forms, such as film, sheet, and
filament, using a process similar to that used for traditional plastics. The PLA pellets
are melted and forced through a die to form the desired shape.

e Injection molding: PLA can also be molded into complex shapes using injection
molding, which involves melting the PLA pellets and injecting the molten material into
a mold under high pressure. The material then solidifies and takes the shape of the mold.

e Thermoforming: PLA can be thermoformed into various shapes and forms, such as
cups, trays, and clamshells, using a process similar to that used for traditional plastics.
The PLA sheet is heated and formed into the desired shape using a mold.

e Fiber spinning: PLA can be spun into fibers using a process similar to that used for
traditional synthetic fibers. The PLA pellets are melted and extruded through a spinneret

to form continuous fibers, which can be used for textiles and other applications.
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e Additives: PLA can be modified with various additives to improve its properties, such
as thermal stability, UV resistance, and impact strength. Common additives include

antioxidants, UV stabilizers, nucleating agents, and plasticizers [13,16,17].

1.2.5. Applications of poly(lactic acid)
Poly(lactic acid) (PLA) is a versatile and biodegradable polymer that has found numerous

applications in various fields. Here are some of the most common applications of PLA:

e Packaging: PLA is used in the production of biodegradable packaging materials, such
as bags, cups, and food containers.

e Textiles: PLA can be used to produce fibers that are used in the production of textiles,
such as clothing, bedding, and upholstery.

e Biomedical: PLA is suitable for use in biomedical applications, such as drug delivery
systems, sutures, and tissue engineering scaffolds.

e 3D printing: PLA is a popular material for 3D printing due to its biodegradability, low
toxicity, and ease of processing.

o Electronics: PLA can be used in the production of electronic components, such as
capacitors and sensors.

e Automotive: PLA can be used in the production of automotive components, such

as interior trims and panels [18].

1) 1 |
3

Figure 1.2. Applications of Poly(lactic acid) (PLA).
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I.3. Natural Rubber

1.3.1. Background of natural rubber

Hevea brasiliensis, a tree indigenous to the tropical forests of the Amazon basin, is the
only major commercial source of natural rubber (NR) Figure LI.5. All rubber trees originate
from the Hevea seeds, which were transported by Henry Wickham from Brazil to British India
in 1876, where only 2000 seeds survived [19]. As a consequence, most modern material comes
from a narrow base of a few trees that grew in the Upper Amazon region. A survey was
organized under the aegis of the International Rubber Research and Development Board
(IRRDB) in 1981 in Brazil to harvest plant material from different regions of the Amazon basin.
Currently, the Asian continent produces 94% of global production, while the South American

region produces only 2%, mainly due to the presence of South American Leaf Blight (SALB)

which prevents the development of industrial rubber production [20].

Figure 1.3. Photographic images of Natural Rubber latex from Hevea brasiliensis tree.

1.3.2. Synthesis method of natural rubber
Natural Rubber, consisting of cis-1,4-polyisoprene Figure 1.6 as a major polymeric
material, is a useful material with a high amount of production and consumption throughout the
world. NR has been used as a raw material in many industries, particularly for the manufacture
of rubber tires, consumer products and medical sectors, such as footwear, rubber band, rubber

toys, medical gloves, etc.

—CHa, ,CH;—CHy, ,CH;—CHy,_ LCH,—
A=K A=K /=<
CH.'S H CHj; H CH3, H

cis-Polyisoprene (repeat units, n = 1500 to 15,000: M,, = 100,000 to 1,000,000)

Figure I.4. Chemical structure of Natural Rubber.
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The chemical structure of Natural Rubber comprises 99% of cis-1,4-polyisoprene. The
remaining 1% is a mixture of non-rubber components such as protein, amino acids, sugar, fatty
acids and other substances. The high content of cis-1,4-polyisoprene in NR, contributes to high

degree of strain-induced crystallization as well as high mechanical properties [21].

1.3.3. Properties of natural rubber
Natural rubber is a type of elastomer that is derived from the sap of rubber trees. It is
known for its excellent mechanical, physical, chemical, and thermal properties here are some

of these properties of natural rubber:

e Elasticity: natural rubber is highly elastic, which means it can stretch and return to its
original shape when the stress is removed.

e Low compression set: natural rubber can retain its original shape after being subjected
to compression.

e High tear strength: natural rubber can resist tearing or ripping when subjected to stress.

e Good abrasion resistance: natural rubber can withstand wear and tear from rubbing or
friction.

e Excellent resilience: natural rubber can quickly recover its original shape after being
deformed.

e Good electrical insulation properties: natural rubber can resist the flow of electric
current.

e Low temperature flexibility: natural rubber remains flexible and elastic even at low
temperatures.

e Good chemical resistance: natural rubber has good resistance to many chemicals,
including acids, bases, and alcohols.

e Low heat buildup: natural rubber can dissipate heat well and avoid overheating.

e Low permeability: natural rubber has low permeability to gases and liquids, which
means it can act as a good barrier material.

e High damping capacity: natural rubber can absorb and dissipate energy effectively.

e Biodegradable: natural rubber can be broken down by natural processes and is
environmentally friendly.

e High water resistance: natural rubber can resist the effects of water and moisture.

e Good adhesion properties: natural rubber has good adhesion to many surfaces, so it can

form strong bonds with other materials [22,23].
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1.3.4. Manufacturing of natural rubber
Natural rubber is primarily produced from the latex sap of rubber trees (Hevea
brasiliensis). The process of manufacturing natural rubber typically involves the following

steps:

e Tapping: The rubber tree is tapped by making a small incision in the bark of the tree
and collecting the latex sap that flows out. This process is usually carried out every other
day and can continue for several years.

e (Coagulation: Once the latex sap is collected, it is mixed with an acid or coagulating
agent to cause it to solidify into a rubbery mass. This coagulated mass is then cut into
small pieces.

e Washing: The coagulated rubber pieces are then washed to remove any impurities.

e Rolling: The washed rubber pieces are then rolled into sheets or pressed into blocks,
depending on the intended use.

e Drying: The rubber sheets or blocks are then dried to remove any remaining moisture.

e Compounding: The dried rubber is then compounded with various additives, such as
accelerators, antioxidants, and fillers, to improve its mechanical and chemical
properties.

e Molding or Extrusion: The compounded rubber is then molded or extruded into the
desired shape using various manufacturing processes, such as injection molding,
compression molding, or extrusion.

e Vulcanization: The molded or extruded rubber is then subjected to a process called
vulcanization, which involves heating the rubber with sulfur or other curing agents to

cross-link the polymer chains and improve its mechanical properties [24,25].

Page | 13



Chapter I Theoretical Background (Compatibilization of Poly(lactic acid)/
Natural Rubber Thermoplastic Elastomer Blends)

Figure 1.5. The process of manufacturing natural rubber.

1.3.5. Applications of natural rubber

Natural rubber has a wide range of applications in industrial fields. Here are a few

examples:

e Automotive industry: Natural rubber is used in many automotive applications, including
tires, hoses, belts, and seals. Its high elasticity, tear strength, and abrasion resistance
make it an ideal material for these applications.

e Construction industry: Natural rubber is used in the construction industry for
applications such as roofing, flooring, and waterproofing membranes. Its low
compression set, high resilience, and good adhesion properties make it well-suited for
these applications.

e Medical industry: Natural rubber is used in the medical industry for applications such
as surgical gloves, tubing, and seals. Its low toxicity, good biocompatibility, and good
barrier properties make it a suitable material for medical devices.

e Consumer goods industry: Natural rubber is used in many consumer goods, such as
footwear, toys, and household items. Its high elasticity, good grip, and low cost make it

a popular material for these applications.
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e Marine industry: Natural rubber is used in the marine industry for applications such as
fenders, dock bumpers, and marine seals. Its high resilience, low compression set, and

resistance to UV light and saltwater make it well-suited for these applications [26].

Figure 1.6. Applications of natural rubber (NR).

I.4. Thermoplastic elastomers from rubber/plastics blends

1.4.1. The major advantages of TPEs
TPEs offer a variety of advantages over conventional thermoset (vulcanized) rubber

materials, such as the following:

e Simpler processing with fewer steps since TPEs uses the processing methods for
thermoplastics, which are typically more efficient and significantly less costly so the
final cost of the finished part is lower.

e Shorter fabrication times, which also lead to lower finished part costs. Since molding
cycles for TPEs are typically several seconds as opposed to minutes for thermoset
rubbers, the productivity of the given equipment is greatly increased.

e There is little or no compounding. The majority of TPEs is supplied fully formulated
and ready for fabrication.

e The possibility of reusing scrap in the same fashion as with thermoplastics. The scrap
from thermoset rubbers is very often discarded. Its amount generated may be in some

cases comparable to the weight of the molded part. The TPE scrap can be reused as
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a regrind frequently producing materials having the same properties as the virgin
material.

Lower energy consumption due to shorter molding cycles and simpler processing.
Better quality control and closer tolerances of finished parts due to simpler
formulations and process.

Lower quality control costs because of greater reproducibility and consistency of
properties of TPE resins.

Since most TPEs have a lower density than conventional rubber compounds, their

volume cost is often lower [27].

1.4.2. Drawbacks of TPEs

The drawbacks of TPEs in comparison to conventional rubber materials include:

Melting at elevated temperatures. This inherent property limits the use of parts from
TPEs to service temperatures well below their melting point. A thermoset rubber
would be probably suitable for a brief exposure to that temperature;

A limited number of low hardness TPEs. Many TPEs are available at hardnesses
about 80 Durometer A or higher. The number of materials softer than 50 Durometer
A is still rather limited;

Drying prior to processing. This step is almost never used for conventional rubber

materials but is quite common in the fabrication of thermoplastics in general [27].

1.4.3. Classification of TPEs

Currently, known TPEs can be classified into the following seven groups:

Styrenic block copolymers (sbcs);
Crystalline multiblock copolymers;
Miscellaneous block copolymers;
Combinations of hard polymer/elastomer;
Hard polymer/elastomer graft copolymers;
Ionomers;

Polymers with core-shell morphologies [27].

1.4.4. Factors affecting the properties of TPEs

The properties of TPEs are determined by a number of factors, which depend on the

material properties of the rubber and plastic components.
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e Dynamic shear modulus or Young's modulus. This property is a measure of the stiffness of
the polymer.

e Tensile strength of the hard phase material. This property represents a limit for the strength
of TPE.

e Critical surface tension for wetting. The difference between critical surface tension for
wetting (for the rubber and the plastic) is a rough ostomate of the interfacial tension
between the rubber and plastic during melt mixing. The interfacial tension is an important
factor that determines the extent of phase heterogeneity. It has been found that blends in
which the surface energies of the rubber and plastic phases are closely matched are strong
and extensible.

e Crystallinity. The ultimate strength of rubber-plastic blends shows a definite dependence
on the crystallinity of the plastic material component, which improves both mechanical
integrity and elastic recovery.

e Melt viscosity It has been accepted that melt blending is most efficient (capable of giving
the smallest particles of dispersed phase) when the viscosities of the phases are the same.

e C(ritical entanglement spacing: This property is measured as the number of polymer chain
atoms that corresponds to the molecular weight sufficiently large for entanglements to
OCCUR between molecules of undiluted polymer. It has been observed that when polymers
are blended with one another, fibrous structures appear which then break up into droplets.
The polymer molecules which tend to mutually entangle are found to be drawn into finer

"fibers" during the early phase of mixing, to give emulsions of droplets of smaller size [28].

I.5. Thermoplastic vulcanizates

Thermoplastic vulcanizates (TPVs) are prepared by a dynamic vulcanization technique
by adding curative during a mixing operation. The TPVs consist of the dispersion of vulcanized
rubber domains in a thermoplastic matrix, which differs from the simple blends. Dynamic
vulcanization occurs through two stages: first, blending steps without crosslinking or simple
blend, and second, superimposed cross-linking and mixing steps. The viscosity plays a
significant role in the formation of TPV morphology. When the degree of vulcanization is high,
the rubber particles may be broken into micron size of elastomeric particles. The dynamic
vulcanization of the rubber phase in the plastic matrix leads to the formation of materials with

improved properties of high elasticity, while thermoplastic phase provides the melt processing.
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The varieties of TPVs have already found commercial applications, especially in the automotive

sector [29,30,31].

In the first blending step, the morphology of both phases changes to co-continuous
structure Figure 1.9. (a). The continuous mixing leads to formation of smaller grains of co-
continuous structure under the action of shear and elongational stresses on a highly viscous co-
continuous structure Figure 1.9. (b). After addition of curatives, viscosity of the rubber phase
quickly increases and the co-continuous structure is deformed by shearing process Figure 1.9.
(¢). The break-up mechanism of the highly deformed co-continuous structure happens after the
blend reached a critical stress from increased viscosity, which results in dispersion of the cross-
linked rubber phase in the thermoplastic matrix. With the high amount of crosslinks in rubber,
the rubber phase will break up into a finely dispersed particles morphology Figure 1.9. (d) and
(e) [29,31,32].

This is the moment where the co-continuous morphology is transformed into a dispersed
matrix phase, which depends on blend composition, viscosity and elasticity ratio, processing
condition and cross-linking condition. Therefore, TPV morphology typically consists of the
cross-linked rubber particles finely dispersed in the thermoplastic matrix. However, at high
content of rubber phase or rubber-rich TPV, the cross-linking is insufficient to enforce phase

inversion and it is commonly difficult to separate rubber particles in rubber-rich TPV.

(d)

Time
Rubber-Thermoplastic Rubber- Thermoplastic Rubber-Thermoplastic Dynamic Vulcanizate Dynamic Yulcanizate
Blend Blend Blend State ajter thread-
Initial state Light deformed state 5%" breaking up Final state
Non-cross linked ~ Now-eross lnked Stretched rubber threads Cross linked Cross limked
Co-continuous Co-comtinuons Initimtion of cros linking Dispersed rubber Dispersed rubber
Co-continuons

Figure I.7. Schematic diagram of morphology transformation during the dynamic
vulcanization of polymer blends [29].
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1.6. Thermoplastic natural rubber blends

Thermoplastic natural rubber blends are a group of thermoplastic elastomers prepared by
blending NR with thermoplastics in various proportions. There are several types of
thermoplastics that could be used to prepare thermoplastic natural rubber blends. They include
poly(lactide acid) (PLA), polystyrene (PS), polypropylene (PP), high-density polyethylene
(HDPE), linear low-density polyethylene (LLDPE), poly(methyl methacrylate) (PMMA), and
polyamide. Ect

1.6.1. Natural rubber-poly(lactic acid) blends
Natural rubber-poly(lactic acid) (NR-PLA) blends are a type of polymer blend that
combines natural rubber, a renewable and sustainable biopolymer derived from the latex of
rubber trees, with poly(lactic acid), a biodegradable and compostable synthetic polymer made

from renewable resources such as corn starch, sugarcane, or cassava.

NR-PLA blends offer several advantages over traditional petroleum-based polymer
blends, including improved biodegradability and reduced environmental impact. They also
have good mechanical properties, such as high tensile strength and good elongation, making

them suitable for various applications, including packaging, textiles, and biomedical devices.

However, NR-PLA blends can present some challenges due to the differences in their
chemical and physical properties, such as their polarity and thermal stability. To overcome these
challenges, researchers have explored various methods to improve the compatibility between
the two polymers, such as the addition of compatibilizers or the modification of the polymers'

surfaces [33,34].

I.7. Polymer blends

Polymer blends are materials formed by the mixing of two polymers or copolymers to
make a new material having synergistic properties of each polymer [35-41]. Polymer blending
is an interesting method to develop new materials for specific applications since it is very cost
effective and simple. By blending one can prepare a new material with the combined properties
of each component. It is a cost-effective method for the preparation of new material with desired
properties other than synthesizing a new one in the lab [35,36,38,42-48]. Polymer blending has

many advantages, which involve the following:

» Fabrication of new materials with desired properties.
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Development of new materials in a cost-effective manner.

Better processability of materials.

Developing materials with combined properties of two or more polymers.

Tuning of final properties by controlling the morphologies.

Method of recycling of plastic waste.

Enhances the product performance to meet the rising customer needs.

Development of lightweight materials.

Optimization of composition to suit the requirement.

YV V V V V V VYV V VY

Enhances the properties of polymers such as strength, modulus, flame retardancy, and

stress cracking resistance, etc.

Polymer blends have great importance in industrial and scientific areas. The first polymer
blend was prepared by Thomas Hancock and was a mixture of natural rubber with Gutta-percha
[7]. The blending of polymers will yield a unique product with the combined properties of the
individual components. Generally, polymer blends can be defined as a physical mixture of two
or more structurally different polymers with no covalent bond between them. The expected
interactions are only the van der Waals forces, dipole interactions, or hydrogen bonding
between the components and are useful in making a final product with various property
combinations. Blending can be considered a cost-effective method for the preparation of

material with specific properties required for the applications [38,41,46,50-54].

I.8. Thermodynamics of binary polymer blend systems

Polymer blend is prepared by mixing two or more polymers or copolymers to obtain a
new material with desired properties. Such blends may be homogeneous or heterogeneous in
nature; otherwise, it can be termed miscible or immiscible respectively. Miscibility of polymer
blends can be predicted using thermodynamic parameters through the Gibbs free energy of

mixing, AG,. For miscibility of blends following inequality must be hold for.
AG, =AH,,-T AS,, <0 (L.1)

Where AG,, is the free energy of mixing per unit volume and AH,,, and AS,,, are enthalpy
and entropy of mixing respectively. AH,, is a measure of energy change. The entropy of mixing
for macromolecules is generally very low because of the restricted number of possible
molecular configurations and so the negligible entropy of mixing makes AG, become more

positive due to the major contribution of the positive enthalpy of mixing. The sign of AGy,
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depends on the value of the enthalpy of mixing, AH,,, and miscible blends can be formed if the
entropic contribution exceeds the enthalpic contribution So, for the negative Gibbs free energy,
there should be excellent intermolecular interactions between the components [51]. For

miscibility, in addition to a negative value of AGy,, the following inequality must also hold [52].

0" AGr Tp>0 (1.2
a2z )P '

Where ¢; represents the volume fraction of component, T represents the fixed
temperature and p represent fixed pressure. AG,, for a binary mixture can vary with

composition. The phase diagram is shown in Figure 1.10.

AG,,

¢

Figure 1.8. Free energy of mixing for (a) completely immiscible, (b) completely
miscible, and (c) partially miscible.

In immiscible polymer blends, Gibbs free energy of mixing is positive and does not satisfy
the above two equations, which represents the curve ‘a’. Curve ‘b’ represents a miscible system
which satisfies the above equation for miscibility and curve ‘c’ represents a partially miscible
blend system. If two polymers are mixed together, miscible polymer blends show single-phase
morphology, immiscible blends show two-phase morphology, and in the case of partially
miscible blends, they will show either two-phases or single-phase morphology. The miscibility
of polymer components depends on several other factors such as polarity of polymer

components, composition, molecular weight, processing temperature, pressure, etc..[38].

Miscibility of polymer blends can be explained using a phase diagram shown in Figure
L.11. There are three different regions and used to explain the degree of miscibility: Phase
diagram explains the binodal and spinodal phase separation; spinodal curve and binodal curves
are marked in the phase diagram. The position at which Eq. (I.3) satisfies represents the

spinodal curve.
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2
Spinodal: (aaisz)PT =0 (1.3)

The equilibrium phase boundary between homogeneous and heterogeneous phase (phase
separated phase) region represents the binodal curve. Position of binodal curve can be expressed

in terms of chemical potentials (i) of each polymer components in the binary system.
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Figure 1.9. Phase diagram showing the performance of polymer blends [52].

Api = App  Ap3 = Apd (14)
where 1 and 2 stand for the polymer components and a, b denote the phases.

The double tangent to the free energy of mixing gives the values of binodal curve. Also

at a critical point binodal and spinodal curve intersects and it can be estimated using the

0%AG 03AG
<a¢2m> :<Wm) =0 @
P,T P,T

With the help of a phase diagram, degree of miscibility can be explained using spinodals

equation given below.

and binodals. Three different regions in the phase diagram can be observed, that is between the
two binodals there is single-phase or miscible region (highly miscible system has single phase);
between binodals and spinodals there is metastable region: and phase separated or immiscible
region bordered by spinodal curves. Low-molecular-weight substances show two critical

points, but in the case of high-molecular-weight substances it can show either lower critical
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solution temperature (LCST) or upper critical solution temperature (UCST). Polymer blends

normally show LCST [52,56-58].

Flory-Huggins lattice theory is the preliminary one used to explain polymer solutions
and blends and is basically an extended concept of normal solutions. According to Flory-

Huggins, for binary systems, expression for free energy of mixing can be written as,

1 2

Here R is the universal gas constant and T is the absolute temperature. ¢1 and ¢2 are the

€.
T

volume fraction of the component 1 and 2, represents the number of polymer segments
(proportional to the degree of polymerization) and c is the Flory-Huggins interaction parameter

[37,51,59,60]. In the above equation the first two terms are related to the entropy of mixing as,

Iy I

While the third term represents the enthalpy of mixing, i.e.,

AH,, = RTx¢1¢, (1.8)

It is well known that entropy contribution is very small for the infinite molar masses.
Hence the miscibility or immiscibility of the system mainly depends on the value of the
enthalpy of mixing. If the parameter x is negative, miscibility can be observed for the system
(AH,, <0). Miscibility of the system occurs at ¥ <X Where X 1S X parameter at the

critical point (function of the molar masses) and it can be expressed as

111y Lo
Xer = E(ﬁ-}'ﬁ) ( )
I.9. Classification of polymer blends

Polymer blends are of different types and have different properties. They can be classified
into different types on considering the number of phases/ morphologies, constituents,

miscibility, and method of preparation.
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1.9.1. Classification based on constituents

Based on the constituents, blends can be categorized as rubber/rubber blends,

rubber/plastic, and plastic/plastic blends, some examples are listed below in Table 1.1.

Table 1.1. Examples of polymer blends which are classified based on the constituents.

Plastic/plastic Plastic/rubber Rubber/rubber
1 | Polycarbonate/ polyethylene | Natural rubber/ high density Ethylene-p ropy}ene- diene
monomer/ butadiene rubber
(PC/PE) Polyethylene (NR/HDPE) (EPDM/BR) blends
) Nitrile-butadiene rubber
PE/polystyrene (PS) PE/EPDM (NBRYEPDM
3 PC/polypropylene EPDM/poly vinyl chloride EPDM/ethylene-propylene
(PP) (PVC) rubber (EPR)
PP/poly(trimethylene - i
4 poly( y PVC/NBR Styrene-butadiene rubber
terephthalate) (PTT) (SBR)/NR
5 PE/PTT HDPE/EPDM NBR/SBR
0 PP/PE NR/PP NR/NBR (nitrile rubber)
7 | Poly (ethylene terephthalate) Brominated butyl rubber EPDM/nitrile-butadiene
(PET)/(PP) (BIIR)/(EPDM) rubber (NBR)
8 PS/PP EPDM/PP EPDM/NR
9 Polyamide 6 (PA6)/poly SBR/PVC EPDM/epoxidized natural
(butylene terephthalate) (PBT) rubber (ENR)
10 | pE/polyethylene oxide blends NBR/HDPE EPDM/SBR

1.9.2. Classification based on the miscibility

According to miscibility polymer blends can be classified into three, which are miscible

blends, compatible blends, and immiscible blends.

1.9.2.1. Miscible blends

Miscible blends exhibit homogeneous morphology with only one glass transition

temperature (Tg), and is in between the Tgs of both blends.
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components. In the case of miscible blends, AH,, < 0 due to specific interactions and
homogeneity is observed at least on a nanometer scale [39]. As already discussed, for complete
miscibility, blend system must satisfy the conditions given as Eqs. (I.1) and (I.2). So it is clear
that miscible blends are homogeneous in nature and are associated with a negative value of free
energy of mixing. Development of miscible polymer blends depends on many factors which
involves chemical nature of the polymers, polarity, viscosity ratio, surface tension, interfacial
tension, and exothermic interactions such as dipole-edipole interactions, hydrogen bonding,

dispersive forces, acid-ebase interactions, etc [61].

For example, polystyrene/poly(phenylene oxide) (PS/PPO) blends, poly (styrene-
acrylonitrile)/poly(methyl methacrylate) (SAN/PMMA) blends [39].

Measurement of glass transition temperature (Tg) can be considered as a general method
to judge the miscibility of blends. As already discussed singleTgof blend represents a miscible
blend and two T, represents a phase separated blend system. The main experimental techniques
which are generally used to measure Ty of components involve differential scanning

calorimetry (DSC), thermomechanical analysis (TMA), and dynamic mechanical analysis

(DMA) [62].

There are some theoretical equations reported for miscible blends, which show the

composition dependence of Ty. The important equations are Fox equations, Gordon and Taylor

equation, and Couchman equations and are given below,

LW, ™2 40
T T Te '
w;InT,; + kw, InT,
InT, = ——= 28 (1.11)
wy + kw,
wq Tgq +hw, Ty
T, = g £ (1.12)

wy + kw,

where w represents the weight fraction of each component. Tgq and Tg, represent the Ty of
components 1 and 2, while the glass transition temperature of blend is represented by T. K is

equal to ACy/ ACy, [61-64].
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1.9.2.2. Compatible blends

These blends can be referred to as compatible blends since they exhibit fine-phase
morphology and better properties. In the case of partially Introduction 7 miscible blends, one
part of the blend component is dissolved in the other. Both blend phases are homogeneous and

have their own Ty and both the Tgs are shifted from the values for the pure blend components
toward the Ty of the other blend component. Polycarbonate (PC)/acrylonitrilebutadiene-styrene

blend is an example for partially miscible blend [65].

1.9.2.3. Immiscible blends

Most of the polymer blends are immiscible in nature due to the negligible entropy of
mixing. Polymers have a high degree of disorder, so the addition of a different polymer does
not cause any significant change in entropy. Therefore, the mixing enthalpy has to be negative,
to make a polymer spontaneously mix. Immiscible blends have heterogeneous morphology. If
two polymers are mixed and are immiscible in nature, it shows two glass transition temperatures

(Tgs) and melting temperatures (Tp,$) corresponding to each polymeric component [39].

Immiscible blends possess sharp interphase and this indicates the absence of strong interactions
between the two polymer components. Generally weak interactions like hydrogen bond and van
der Waals attraction can be observed in immiscible blends. On the other hand, most of the useful

products are made up of immiscible blends.

For example, poly (ethylene terephthalate)/poly (vinyl alcohol) (PET/ PVA) blends,
polybutadiene/PS blends, poly(propylene) (PP)/PS blends, PP/poly(ethylene) (PE) blends,
PC/PP, poly(trimethylene terephthalate) (PTT)/PP [39,66].

I.10. Preparation methods of polymer blends

Fabrication methods have great importance since they can affect the uniform mixing,
morphology, and thereby final properties of the blends and composites. The methods of solution
blending, melt blending, and in-situ polymerization are broadly applied to fabricate polymer
blends and their composites. In addition, solid-state shear pulverization, freeze-drying, latex

blending, and coagulation spinning methods also show promise [67].
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1.10.1. Melt mixing/melt blending

Melt mixing is one of the main methods for the preparation of polymer blend in an
economic and eco-friendly manner. In this method, the polymers are heated to form a melt, and
mixing occurs under high shear forces. In the case of melt mixing, a large amount of mechanical
energy can be supplied by the rotating screws for the uniform mixing of polymers. Melt mixing
of two or more different polymers leads to different morphologies depending on the rheological
and thermodynamic properties of the components and on processing conditions. The
morphology of the fabricated blends strongly influences the final properties of the system. The
melt mixing can be carried out in batch or continuous operation using a melt mixer (e.g.,
Brabender mixer, Haake mixer) and extruder, respectively. The melt processing is considered
as a feasible choice for the preparation of polymer blends toward large-scale synthesis for

industrial applications [67,68].

1.10.2. Mill mixing

Mill mixing is a general method to prepare rubber-based polymer blends. Blending can
be carried out in between two horizontally placed rotating hollow metal cylinders. The nip gap
between the two rollers can be adjusted by varying the roller distances as per the compound

consistency.

1.10.3. Solution mixing

In this method, polymers are dissolved in a common solvent, under vigorous stirring. The
blend is finally recovered by solvent evaporation or by a nonsolvent. This method is only
applicable to the polymers which are soluble in any solvents and is the main drawback of this
technique. Also, the solvent recovery is a problem for the wide use of this solution mixing

[67,68].

I.11. Factors affecting properties of polymer blends

The properties of polymer blend not exactly show the combined properties of individual
polymer components. Overall performance and properties of polymer blends depend on several
factors such as properties of the individual polymer components (which include its structure,
state, and molecular weight), method of preparation, processing temperature and time,

composition of polymer components, morphology and morphological parameters (size, shape,
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interfacial area, uniformity, and distribution), and distance between adjacent dispersed particles

and adhesion between polymer components. [69,70,71].
In the case of miscible polymer blends, its properties follow a mathematical expression as,
X= qu)l + qu)z + Iqu)z (I 13)

Where X is the property of interest, ¢ is the concentration, and I is an interaction term. If I
value is zero, the polymer blends may behave as mixtures, If I is negative, an anti-synergistic
effect can be observed in the properties of polymer blend, and if I is positive synergistic effect

can be observed in the overall properties of polymer blends.

The above equation is not practicable for immiscible polymer blends; its physical properties

follow another semiempirical rule and it can be expressed as,

_ 1+ ABg,

Where P represents the continuous phase, P, represents the dispersed phase, ¢, denotes
the concentration of the dispersed phase, “A” the shape and orientation of the dispersed phase,
“B” the relative values of the properties Py, P, and A, and y represents packing fraction

(concentration term) [72].

I.12. Characterization techniques: to study phase separation in

blends

1.12.1. Morphological studies

From the morphological studies one can clearly get an idea regarding the type of
morphology, phase separation, and degree of miscibility. The morphology of a developed
polymer blend can be analyzed by various microscopic techniques such as transmission electron
microscopy, SEM, atomic force microscopy, optical microscopy, fluorescence microscopy,
confocal microscopy, etc. Figure 1.12. shows the morphology of PTT/PP (90/ 10) blends
analyzed by SEM and optical microscopy. From the figure it is very clear that PTT/PP blend is
immiscible and phase separated system. In the images the domains represent the PP phase and

PTT is the continuous phase.
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Figure 1.10. (A) scanning electron microscopy image and (B) optical microscopy
image of 90 poly(trimethylene terephthalate)/10 polypropylene blend.

1.12.2. Analysis of glass transition temperature

Other important techniques used to check the phase separation and miscibility of blend

system are DSC and DMA by the analysis of the T, of the blend. As already discussed, the
analysis of T, can be considered as a common way to evaluate the miscibility of blends. The
single T, of blend stands for a miscible blend and the possibility of two or more Ty sheds light

on a phase separated blend system. The main experimental techniques generally used to

measure Ty of components involve DSC and DMA Various characterization techniques used

for polymer blend nanocomposites are given in Table 1.2.

Table 1.2. Characterization techniques for polymer blends.

Characterization techniques .
Information
used for polymer blends
Morphology Scanning electron Surface roughness and morphology, particle size and
microscopy (SEM) distribution
Transmission electron microscopy Morphology and microstructure, phase separation,
(TEM) structural heterogeneities
Atomic force microscopy (AFM) Phase separation, surface roughness, morphology and
microstructure
Infrared (IR) spectroscopy Component identification and analysis of interfacial
interactions
Thermogravimetric analysis (TGA) Thermal stability
Differential scanning calorimetry (DSC) | Melting and crystallization behavior, local dynamics
of polymer chains
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Rheometry

Mechanical test

Dynamic mechanical analysis (DMA)

Optical

Neutron scattering

Ultrasound

Ellipsometry

Light scattering

X-ray scattering techniques

Secondary ion mass spectrometry

(SIMS) techniques, time-of-flight

secondary ion mass spectrometry
(ToFSIMS), and nanoscale secondary
ion mass spectrometry (Nano SIMS)

Fluorescence microscopy

Solid-state nuclear magnetic resonance
(NMR) spectroscopy
Raman imaging

Electron paramagnetic resonance (EPR)
spectroscopy and forward recoil
spectrometry (FRES)

Dielectric relaxation spectroscopy
(DRS)

Positron annihilation spectroscopy
(PAS)

Flow properties, viscoelastic properties

Young’s modulus, tensile strength, elongation at
break, impact strength, hardness

Viscoelastic properties

Morphology, crystallization kinetics, spherulite
growth rate study

Miscibility, morphology

Composition of polymer blends, measuring extrusion
flow instabilities, monitoring injection-molding
processes, polymer chain modification,
compatibilization of immiscible blends, dispersing
nanoparticles in polymer melts, morphology

Determination of interfacial thickness between two
polymers, determination of glass transition
temperature (thin films)

Phase separation studies, crystallization studies,
cloud-point determination (to locate the phase
boundary), evaluation of particle size

Structural characterization, crystallization studies
(degree of crystallinity, size of crystals)

Polymer surface characterization (focused especially
on polymer blends and interfaces), molecular
structural information (such as branching, saturation,
functional groups, molecular weight distribution,
segmental length, etc.)

Structural analysis of polymer blend systems

Microstructures, miscibility, intermolecular
interactions of polymer blends

Phase morphology

Surface and interfacial properties and processes of
polymer blends (especially for polystyrene-based
blends)

Degree of miscibility of polymer blends,
crystallization kinetics of amorphous/ crystalline
polymer blends

Free-volume distributions, miscibility

Page | 30



Chapter I Theoretical Background (Compatibilization of Poly(lactic acid)/ e
Natural Rubber Thermoplastic Elastomer Blends)

I.13. Compatibilization of polymer blends

Blending is an excellent and economic way to enhance the properties of product material.
But the blends of polymers usually have coarse phase morphology and poor interfacial adhesion
between the blend phases. This may be so, as most polymers are immiscible. When the
viscoelastic behavior of polymer blends is observed, the melt viscosity of immiscible polymer
blends is found to depend on the interfacial interactions and phase morphology. Hence
compatibilization by addition of an interfacial agent is needed to attain synergistic effect for
making it most useful. There are several methods for the compatibilization of polymer blends,
but the principle of all techniques is the homogenization of mixture of the polymer by adding a

compatibilizing agent.

Compatibilizers are macromolecular in nature and bring interfacial activities in
heterogeneous polymer blends. The compatibilizer, which can be added directly to the
immiscible polymer blend and generated in situ during the blending process, usually has one
part miscible with one polymer and the other part miscible with the second polymer. The
compatibilizers mainly retard the formation of the Rayleigh disturbances, on the generated
threads of polymer 1, which results in decreased interfacial tension. The lower interfacial
tension stretches the threads longer, making their diameter also smaller. The smaller size of the
generated droplets of polymer 1 helps to bring the average particle size to submicron level. The
compatibilizer also prevents the coalescence at the surface of the generated phase.
Compatibilizers can thus generate and stabilize finer blend morphology. Several strategies are

reported for the compatibilization of polymer blends [73-79].

I.14. Strategies for compatibilization of polymer blends

Polymer blends can be compatibilized by different methods. Industrial suitability of
compatibilization techniques depends on several factors, such as cost, final performance,

recyclability, and possible biodegradability.
Some of the general strategies involve the following:

¢ Adding previously made grafted block copolymers.
e Adding reactive polymers (advantage is the short processing time of a minute or even

less).
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e Addition of low-molecular-weight chemicals like peroxide activate inert polyolefins,
resulting in the formation of branched copolymers, a functional chemical that forms block
copolymers or a mixture of a peroxide and a functional chemical, all of which leads to
the formation of branch/graft copolymers: Lack of chemical selectivity is the problem in
this approach although this compatibilization method is quite simple.

e Another method used is that of interchange reactions. Here two or more poly-condensates
are blended together, resulting in interchange reactions. The type of polymers, nature and
concentration of the reactive groups, blending temperature, moisture content,
concentration of interchange catalyst, and reaction time will influence this method.

e Mechanical mixing is one industrially viable method and requires no chemicals for
compatibilization. i.e., no additional polymers or chemicals are added. In this method the
polymers are melt processed in kneaders or extruders under high shear forces. Mechano-
degradation is advantageous for specific polymer blends.

e Addition of selective crosslinking agents is yet another method. This method of specific
interactions compatibilization is done by introducing suitable functional groups which
can chemically modify the blend components, like a third polymeric or low-molecular-

weight material.

Another important strategy for compatibilization of immiscible blends involves the usage
of nanofillers. The various chapters in the book discusses the compatibilization of polymer
blends by graft copolymers, random copolymers, micro and nanofillers, coupling agents, janus

particles and shear pulverization in a detailed manner [80].

I.15. Why do we need compatibilizers?

Even though polymer blends are the combinations of polymers having good properties;
its applications are limited due to the immiscibility of most of the polymer blends. Majority of
polymer blends are immiscible in nature due to the negligible entropy of mixing, high molar

mass, difference in polarity of polymer components, viscosity ratio between components, etc.

The high interfacial tension between the polymer components will offer poor interfacial
adhesion between the components and hence shows poor properties inferior to that of individual
polymer components. Thus, it can be said that un-stabilized morphology, phase separation, poor
interfacial adhesion between the polymeric components of immiscible polymer blend will lead

to the poor physic-mechanical properties. So, it is necessary to find out a solution to overcome
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the disadvantages of immiscible blends, thereby we can enhance the applications of blends into

more fields.

Properties of a heterogeneous blend depend mainly on the compatibility between the
polymer components. The interface between the phases in a polymer blend system can be
characterized by the interfacial tension, which when approaching zero the blend becomes
miscible. That is, if there are strong interactions between the polymer components, then the
polymer blend will be miscible in nature. Large interfacial tension leads the phase separation
and the phase separated particles possibly undergoing coalescence; this will result in large
particle size for the dispersed domains. The large interfacial tension between polymer
components in polymer blends can be reduced by the addition of interfacial agents known as
compatibilizers; these are generally molecules that can be aligned along the interfaces between
the two polymer phases, reducing the interfacial tension and thereby increasing the

compatibility of the polymer blends.

Compatibilizers play a key role to improve the interfacial adhesion between the
components and to reduce the interfacial tension between the components. They exhibit
interfacial activities in heterogeneous polymer blends. The interfacial activities of
compatibilizers help to stabilize the morphology by enhancing interfacial adhesion.
Compatibilizers resist the coalescence of dispersed phases, thereby reducing the interfacial
tension and the size of the dispersed domains which results in an increase of adhesion at the
interface and improved properties of the final product. Commonly used compatibilizers are

block, graft, or random copolymers consisting of dissimilar blocks [81,82].

The high interfacial tension between the polymer components will offer poor interfacial
adhesion between the components, thereby polymer blends become immiscible in nature and
show poor properties inferior to that of individual polymer components. Thus, compatibilizers
can be helpful for the conversion of immiscible polymer blends into useful polymeric products
with improved properties. By adding compatibilizers into immiscible polymer blends one can
increase the application of immiscible blends in an industrial level. The overall action of
compatibilizers involves the improvement in the compatibility between the components by
enhancing the interaction between the components, reducing the interfacial tension between the
components, improving the interfacial adhesion between the components, etc. and the

compatibilizing action of compatibilizers is similar to that of an emulsifier [83-85].
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I.16. Theoretical aspects of compatibilization

A good compatibilizer should migrate to the interface and reduce the interfacial tension
coefficient, decreasing the dispersed phase dimensions, thereby stabilizing the blend
morphology and enhancing the adhesion between phases in the solid-state. Compatibilizing
agents often provide additional morphology stabilization by acting as a surfactant and
decreasing the interfacial surface tension. In general, the added compatibilizers, if compatible
with both phases, segregate preferentially at the interface and ensure strong interfacial adhesion

[86, 87].

A successfully compatibilized blend of moderate composition (up to 30 wt% minority
component) exhibits spherical dispersed phases with consistent diameters, averaging on the
micron and submicron scale. Such consistent morphologies can be achieved when the
compatibilizing agent provides a steric hindrance to the dispersed phase coalescence.
Compatibilizers which provide steric hindrances act as anchors for minority phase droplets in

the matrix Figure 1.13 and also serve as repulsive “springs” when two droplets are in proximity.

Figure 1.11. Steric hindrance by compatibilizers. Compatibilizers acting as both anchors
and repulsive springs ensuring the stability and prevention to coalescence [88].
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From a commercial point of view, it can say that compatibilization is the method of
converting a multiphase polymer mixture into a commercially useful product. In principle, a
molecule can act as a compatibilizer if it has a segment that is miscible in one phase and another
segment that is miscible in the other phase. And this will lead to the positioning of the

compatibilizer across the interface. So, a booming compatibilizer will

¢ Reduce interfacial tension between components,

e Permit finer dispersion during mixing,

e Provide a measure of stability against gross separation,
e Produce ultimate product, and

e Results in improved interfacial adhesion.

I.17. Blending with a compatibilizer, a third component

I.17.1. Compatibilizer immiscible in both blended polymers

When two polymers are to be blended, but they are incompatible, then a third component
or additive can be added to make the blend compatible. The compatibilizer will form at surfaces
or provide an interphase. A compatibilizer is analogous to a surfactant. A surfactant can
emulsify or compatibilizer oil and water dispersions by stabilizing interfaces in the micellar
mechanism. Compatibilizers function in the same way; they can, however, form an interphase
containing some of each component. A compatibilizer can be a small molecule or a polymer. If
the compatibilizer is immiscible, but compatible with both polymers of a blend, then it will tend
to reside at the interface. An inclusion of filler particles, particularly nanoparticles with their

large surface area to volume ratio, can be a compatibilizer between two blended polymers [89].

Nanoparticles that interact with both polymers of an incompatible blend tend to align at
the blend interface to minimize surface energy. This organization of nanoparticles along an
interface can be used to create nanoparticles alignment and emphasizes the properties
contributed by the nanoparticles. Graphene has been oriented in blends to enhance conductivity
by providing continuous pathways along the graphene even when the graphene is at low
concentration; the percolation threshold is lowered. PLA and poly-caprolactone blends have
been prepared with graphene trapped at the interface to obtain massive enhancement of thermal
conductivity at volume fraction of graphene as low as 0.53% [90]. PP blends with poly(ethylene
terephthalate) (PET) have been prepared with graphene mostly in the PET phase of the co-
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continuous or double percolated blend that exhibited increased electrical conductivity and

electromotive force shielding in the GHz frequency range [91].

1.17.2. Compatibilizer mutually miscible

When the compatibilizer is mutually miscible with both blended polymers then it can
form an interphase. The interphase is a region of finite thickness between the two blended
polymers. The interphase is a composition or structure gradient between the two blended
polymers and it may provide a functional mechanical gradient to the properties. An example is
a blend of PVC with a poly(alkyl acrylate) where a plasticizer such as di-octyl phthalate has
been added; this ester will be miscible in both phases and function as a plasticizer for the PVC.
The poly(alkyl acrylate) may also be plasticized by the ester, but regardless it can be a
toughening agent for PVC. Toughening is performed by a separate phase of a deformable
polymer, not a miscible phase that gives plasticization that decreases the modulus and strength
overall. PVC has been shown to be miscible with some ester and ether repeat unit polymers,
such as poly(methyl methacrylate) and poly(oxyethylene) due to donor acceptor interactions
between chlorines and ester or ether oxygens [92]. Plasticizers such as dioctyl phthalate or
poly(ethylene adipate), are miscible with the host PVC and also with blended polymers used
for toughening PVC, such as poly(alkyl acrylate)s or poly(alkyl methacrylate).

1.17.3. Compatibilizer miscible with one of the blended polymers
If there is miscibility with one of the blended polymers, then the compatibilizer can

provide a secondary modification as a plasticizer for instance.

Since the blended polymers are incompatible, the compatibilizer can migrate from the
polymer within which it is miscible to the interface. The driving force for this migration will be
to reduce the interfacial energy, which will occur when the compatibilizer develops at least a
monolayer at the interface. In each situation where the interfacial energy is minimized, there is
opportunity for dispersed particle size reduction, which involves creation of a greater interfacial
area. A greater interfacial area is thermodynamically stable when the interfacial energy is

minimized.

I.18. Role of compatibilizers in blending processes

Compatibilizers are macromolecular species exhibiting interfacial activities in
heterogeneous polymer blends. Usually the chains of a compatibilizer have a blocky structure,

with one constitutive block miscible with one blend component and a second block miscible
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with the other blend component. These blocky structures can be pre-made and added to the
immiscible polymer blend, but they can also be generated in-situ during the blending process.
The latter procedure is called reactive compatibilization, and mutual reactivity of both blend

components is required.

The role of compatibilizers in the blending process is firstly to retard the formation of the
Rayleigh disturbances on the generated threads of polymer, as the result of a decreased

interfacial tension.

The lower the interfacial tension, the longer the deformation tension exceeds the
interfacial tension, the longer the stretching of the thread will proceed, the smaller the diameter
of the resulting thread will become, and, consequently, the smaller the size of the generated
droplets of polymer will be. Usually, an average particle size in the sub-micron range can be
achieved. In addition, the presence of compatibilizer molecules at the surface of the small
generated particles prevents coalescence from occurring during subsequent processing.

Compatibilizers are thus able to generate and to stabilize a finer morphology.

Finally, provided that each block of a poly(A-b-B) compatibilizer penetrates the parent
phase (A and B, respectively) deeply enough to be entangled with the constitutive chains, the
interfacial adhesion is enhanced. Good interfacial adhesion is essential for stress transfer from
one phase to the other one to be efficient and for cracks initiated at the interface to be prevented
from growth until catastrophic failure occurs. Refinement and stabilization of the phase
morphology and the enhancement of the interfacial adhesion usually upgrade an inferior and

useless immiscible polymer blend to an interesting material [93].

1.19. Properties of polymer blends influenced by compatibilization

Most polymer systems are thermodynamically immiscible. The enthalpy of mixture of
molten polymer mixtures takes a positive value, much more than the negligible amount of
entropy, which is the characteristic of macromolecules. Correspondingly, high interfacial
tension among dispersed and matrix components in a polymer blend leads to immiscibility [94].
The use of a compatibilizer strengthens the interfacial adhesion between blend components.
Commercially available compatibilizers are block or graft copolymers that can be added to a
polymer blend prior to or during the mixing process. In general, the presence of compatibilizer
promotes miscibility through the interfacial adhesion improvement, which is responsible for

change in mechanical, rheological, thermal, and morphological characteristics of polymer
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blends [95-99]. Addition of compatibilizer to a polymer blend allows for interfacial tension
reduction, while above a critical concentration it may cause interfacial saturation [100].
Therefore, there were attempts to explain structure-property interrelation in binary [101] and

ternary [102] polymer blends in terms of interfacial phenomena.

1.20. New challenges in compatibilized blends

When we think about the polymer blends, ease of handling, new mixing technologies,
stability of blend morphology, suitability for advanced applications, and recycling are the major
concerns. Compatibilization opens new windows to polymer technology and applications. Two
polymers having good intrinsic properties, but are immiscible and incompatible or nonreactive
can be utilized by converting them to blends using compatibilizers. As mentioned in the above
sections, thermodynamic miscibility parameters play an inevitable role in compatibilization. It
is demanding to select most favorite pair of polymers and ease to handle compatibilizing agents.
Conventionally single compatibilizing agents have been utilized, but a mixture of more than
one or a hybrid compatibilizer can be an interesting in this field. Interestingly nano-hybrids are
creating a trend nowadays. New types of homogeneous compatibilizing agents will enhance the
scope of the study. The interface modifiers which are added to the blend system may get inserted
into the interface region and get broken down to extremely small size. This type of breaking up
leads to the development of nano-structured morphology in the blends. Generally,
compatibilizers are selected depending on the polymer mixture and compatibilization is
somewhat a selective process. Not all the compatibilizing agents are suitable for all blend

systems.

All-in-one compatibilizing agents are still a mirage in polymer research. A
compatibilizing agent that suits different pairs of polymers is a challenge in development. It is
most of the times the localization of the compatibilizing agent in a binary or ternary blend
system is unpredictable. Tuning the localization to a particular phase is another challenge.
Development of compatibilizers that can be recycled and reused is a necessary situation.
Exploring new materials, technology, methods, and characterization in blending invites the

researchers to hit new horizons.

Page | 38



Chapter I Theoretical Background (Compatibilization of Poly(lactic acid)/ e
Natural Rubber Thermoplastic Elastomer Blends)

I.21. Applications of compatibilized polymer blends in biomedical
fields

Life expectancy among people increases along technology progression level. The future
ahead of such technological advances in various fields underlines the need for new and
innovative tools in accordance to people’s comfort. Health is the most important issue
worldwide and scientists endeavor to enhance the level of people’s health, so various strategies
have been developed so far to meet health requirements. Nowadays polymers are known as the
building blocks of both commodity and modern stuff ranging from general purpose to
sophisticated applications. In particular, polymers have been vital elements of advanced

materials and systems in medical landscapes [103].

As a general term, medicine is a vast field in which a proper therapy or treatment method
depends on early-stage diagnosis of disease. Biomedical engineering can bridge between
engineering and biology, seeking new methods and materials to enhance the health level of life,
and then getting prepared for advanced health-care treatment such as therapy, diagnosis, and
monitoring. The tunable microstructure of polymers paves the way for targeted design of
biomedical materials and systems. Application of polymers as diagnostic system like
fluorescent loaded polymeric nano-particle, as therapeutic system like drug carrier, and as

regenerative scaffold in tissue engineering has been the subject of several reports [104, 105].

Biocompatibility is the first requirement of a polymer to be utilized in biomedical
applications. Polymers used in biomedical engineering can be categorized into two main groups
including synthetic and natural polymers. Each group has some pros and cons, for instance,
natural polymers like chitosan exhibit appropriate biocompatibility, but their mechanical

properties are not acceptable, unless one makes them blend with polymers.

Polycaprolactone (PCL) is known as a biocompatible synthetic polymer widely used in
tissue engineering, but unsurprisingly hydrophobic properties of PCL deteriorate efficacy of
cell attachment emphasizing the need for blending PCL with other polymers in the quest of
hydrophilicity. Various methods have been proposed to enhance PCL performance, among
which grafting and blending are the most promising methods. For the sake of simplicity and

affordability, blending is preferable [106, 107].

Miscibility is an important factor in blending polymer pairs. Immiscible polymers are
prone to phase separation which affects even the surface topology of blends, thereby governing

the cell activity. A scaffold having uniform topology results in monotonic cellular growth.
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There is agreement that polymer blends are hardly miscible, but they can be partially miscible
by using compatibilizers. Immiscibility of polymer blends leads to non-uniform activity of cells
and disintegrated cells. The use of a layer of natural polymer as compatibilizer is responsible
for insufficient biocompatibility in immiscible polymer systems [108]. Various compatibilizers
have been added to polymer blends to enhance the miscibility. Naffakh et al. employed
polylactic acid (PLA)/polypropylene (PP) blends containing tungsten disulphide as a candidate
for biomedical applications, but phase separation led to unsuitable properties. To overcome this

drawback, PP grafted maleic anhydride (PP-g-MAH) was used as a compatibilizer [109].

Calandrelli et al blended PLA with PCL to fabricate artificial liver. Addition of lactic
acide-caprolactone copolymer as a compatibilizer enhanced the miscibility of PLDA and PCL
in their blends, so that cell proliferation enhanced due to restricted phase separation [110]. It
should be noticed that high concentration of the compatibilizer sometimes results in toxicity,

signifying the need for optimizing compatibilizer content.

Various types of biocompatible polymer blends have been fabricated so far and utilized
in biomedical applications. It is always required for bio-based polymer blends to be processed
appropriately. Typically, blends are fabricated using various methods such as electro-spinning,
gelation, and casting, but the final application determines the polymer blends and fabrication
methods to be selected. For example, fabrication of injectable interpenetrating polymer
networks has been recognized as a noninvasive method to regenerate damaged tissues. Since
cells can proliferate properly on the aligned scaffold rather than random morphology, electro
spinning driven nanostructures are promising to enhance cellular activity. For instance,
electrospun nanofibers have been utilized in bio-sensing applications and enhanced material
performance [111,112]. All in all, it can be concluded that there is need for profound knowledge

about biocompatible polymers to select proper blends for biomedical applications.

Human health care was the main driving force behind several sorts of research and market
developments in the past decades. Having this in mind, biomedical engineering received ever
increasing attention and several technologies were developed to enhance the human health
level. Macromolecular design/engineering enabled production of a vast variety of biomaterials
for biomedical uses. Natural and synthetics polymers have been utilized in various applications
such as tissue engineering, biosensors, and drug delivery pursuing such developments. Natural
polymers due to the inferior mechanical properties required to be reinforced through blending

with other polymers to receive credit from mechanical properties perspective. Meanwhile, due

Page | 40



Chapter I Theoretical Background (Compatibilization of Poly(lactic acid)/ e
Natural Rubber Thermoplastic Elastomer Blends)

to their acceptable mechanical characteristics, synthetic polymers were used in the form of
blend with natural ones having good cellular attachment. In general, natural polymers could
mimic ECM properties, while synthetic polymers could in principle enhance the mechanical
properties. In this regard, fine-tuning the microstructure of bio-based polymer blends was
centered to the focus and hot challenges. Though there were some evidence that natural and
synthetic polymers could in the form of blend provide synergistic properties, very limited
miscibility window of such blends when melted was the reason for using appropriate
compatibilizer. Based on final applications, precise choice of biopolymers for blending together
with a proper compatibilizer required for interfacial adhesion toward high performance

encouraged having this chapter written.
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II.1. Literature Review

It is well-known that bio-based plastics are prepared using the renewable biomass that
offers sustainable alternative to the petroleum-based plastics such as poly(lactic acid) (PLA).
PLA 1is receiving considerable attention due to its biodegradability, renewability and
comparable properties with commodity plastics. Recent concerns with respect to the
environmental effects have fuelled the need to explore the new alternatives as a potential
candidate to compete with commodity plastics, especially from biomass. The use of
nondegradable plastics for consumer goods such as packaging material has created a
considerable disposal problem. Apart from the environmental issues, the cost of production has
been escalated due to its dependency on oil prices. As such, polymers from renewable sources
are on the verge of competing with the traditional plastics. PLA is a typical biodegradable
polyester obtained by the synthesis of lactic acid (or lactide), which can be produced from
renewable resources like corn or sugarcane. In general, PLA is the most promising plastic as its
tensile strength and stiffness are similar to polyethylene terephthalate, but it is too brittle to be
used commercially. Various types of modifications have been investigated in an effort to
improve the elongation and toughness properties of the PLA, and melt blending is one of the
most practical and economical methods. Therefore, it is not surprising that PLA has been
blended with both nondegradable and biodegradable polymers. Typically, the blending of two
different polymers leads to be incompatible blends and shows different phases of blend
morphologies, that is, dispersion of one polymer in the matrix of another polymer. Generally,
a compatibilizer is used in order to improve the interfacial adhesion that interacts chemically.
The compatibilizer minimizes the separation of phases, delamination, agglomeration or

skinning and ultimate physical failure.

As an alternative, rubber can be blended with PLA. Rubber particles can act as a stress
concentrator enhancing the energy absorption of brittle polymers like PLA and so improve the
toughness of the rubber materials. Natural rubber (NR) has attracted more interest than synthetic
rubbers due to the fact that it is a renewable resource and has unique properties, such as high
elasticity, flexibility and toughness. Nevertheless, the incompatibility between the polar PLA
molecules and the non-polar NR chains remains a problem. To circumvent the phase
incompatibility of NR and PLA, compatibilizers are generally required to improve the

compatibility of the polymer blend.
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In this part and for the sake of illustration, a brief presentation of some of the works about
compatibilization of poly(lactic acid) and natural rubber (PLA/NR) has been published and
which covered the different aspects of the subject. The following research works are presented

in the chronological order.

For example, P. Juntuek et al [1] have investigated the effect of Glycidyl Methacrylate-Grafted
Natural Rubber (NR-g-GMA) as a compatibilizer on the Physical, Structural, and Mechanical
Properties of Polylactic Acid /Natural Rubber PLA/NR thermoplastic elastomer (TPE) Blends.
Natural rubber was melted blended with polylactic acid (PLA) at various ratios using an internal
mixer at the temperature of 170°C with a rotor speed of 60 rpm for 10 minutes. Fourier
transform infrared spectrometer and mechanical properties were also investigated by means of
FT-IR spectroscopy, Izod impact and tensile test, respectively. From FT-IR results, it was
confirmed that the epoxy group in NR-g-GMA can react with the carboxyl groups of PLA chain
ends during blending. These results indicated the enhancement of the interfacial interactions as
well as the compatibility between the two polymer phases (i.e: PLA, and NR). They have also
found that the impact strength and elongation at break of PLA/NR blend dramatically increased
with increasing NR content up to 10% (w/w). The effects of content and %grafting of
NR-g-GMA on mechanical properties of PLA/NR blend were also studied. Their results
showed that the addition of NR-g-GMA as a compatibilizing agent in PLA/NR TPE blend
significantly improved impact strength and elongation at break of PLA/NR blend when
compared with that of neat PLA and the control PLA/NR blends. The impact strength and
elongation at break of PLA/NR blend increased with increasing NR-g-GMA content up to
1% (W/w).

In another study, the compatibilization of Polylactic Acid / Epoxidized Natural Rubber
(PLA/ENR) thermoplastic elastomer Blends was studied by M. Bijarimi and coworkers [2]
using Liquid Natural Rubber (LNR) as a compatibilizer. The PLA/ENR/LNR blends were melt
blending in a Haake internal mixer at 180°C and a mixing speed of 50 r.min™! for 15 minutes.
The mechanical, morphological as well as thermal properties were also investigated by means
of tensile test, scanning electron microscopic (SEM) examination, and differential scanning
calorimetric (DSC) analysis, respectively. They have found that the addition of LNR as a
compatibilizer has improved the tensile strength and elongation at break for the compositions
of the 40PLA/55ENR/5SLNR compatibilized system when compared to those of the
uncompatibilized PLA/ENR blends. The elongation at break for the blend with 5% of LNR

which was used as a compatibilizer showed a twofold increment compared with the blend

Page | 53



Chapter 11 Literature Review _

without LNR. The increase in tensile strength as well as elongation at break was associated with
the ability of LNR to promote the uniform dispersion between the natural rubber (NR) and PLA
phases as observed in the SEM analysis. Moreover, the differential scanning calorimetric results
indicated that the compatibilized PLA/ENR blends showed the highest degree of crystallinity

and thus contributed to improving their mechanical properties.

Y. Huang et al [3] studied the effects of Dicumyl Peroxide (DCP) as a compatibilizer as well
as a cross-linker agent on the thermal, and mechanical properties of PLA/NR TPE Blends. The
PLA/NR/DCP blends with various DCP contents were melt blending in a Haake internal mixer
at 170°C and a rotor speed of 60 rpm for 10 minutes. Their results indicated that the
crystallization temperatures of PLA and PLA/ NR blends can be reduced by the introduction of
DCP. An increase of the crystallinity, generated during cooling period, has been noticed while
introducing enough DCP (>0.5 wt%). Thermogravimetric analysis (TGA) results have revealed
that the NR components have caused lower thermal stability of PLA/NR blends, compared to
PLA. Different from NR, DCP does not affect the thermal stability of PLA and PLA/NR blends.
Mechanical properties test shows that the impact strength has improved with increasing DCP.
The results of the mechanical properties indicated also that the DCP could increase the
compatibility of poly(lactic acid) and natural rubber. In other words, with small amount of
Dicumyl peroxide, the effect on NR toughening PLA was enhanced and the tensile toughness
of PLA/NR blends was improved. When the DCP content was up to 0.2 wt%, the PLA/NR
blend reached the maximum elongation at break (26.21 %) which was 2.5 times compared to
those of neat PLA (the elongation at break of neat PLA was 10.7 %). The mechanism of action
of DCP as a compatibilizing agent involves its ability to generate free radicals upon thermal or
mechanical activation. These free radicals can then react with the functional groups on the
chains of the other polymer, creating a chemical bond between the two polymers and improved

the interfacial adhesion between the two phases.

In another study, the effects of the Natural rubber grafted with poly(vinyl acetate) copolymer
(NR-g-PVAc) as a compatibilizer on the Mechanical, Dynamic mechanical, and thermal
Properties of Polylactic Acid /Natural Rubber (PLA/NR) (TPE) Blends was investigated by
W. Chumeka et al [4]. The preparation of the PLA/NR/NR-g-PVAc blends was performed in
a twin screw extruder at 160 °C and a screw speed of 190 rpm. The mechanical, dynamic
mechanical and thermal properties were also investigated by means of Izod impact strength,
tensile test, Dynamic mechanical thermal analysis (DMTA), and differential scanning

calorimetry (DSC). Characterization by tensile test, DMA and DSC showed an enhancement in
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miscibility of the PLA/NR/NR-g-PVAc blends. NR-g-PVAc could be used directly as a
toughening agent of PLA or a compatibilizer of the PLA/NR blend. NR mastication could be
applied to the blends containing NR-g-PVAc for improvement of the impact strength and
elongation at break. This could be attributed to improve the interfacial interaction and reduce
the interfacial tension between the two polymer phases. The presence of PVAc in the
NR-g-PVAc copolymer increased the miscibility of PLA and NR by decreasing the temperature
of the maximum tan d of PLA in the blends. The higher the grafted PVAc content, the lower
the temperature of the maximum tan 6 peak. NR and NR-g-PVAc acted as a nucleating agent
for PLA by inducing the cold crystallization and increased the crystallinity in the second heating

scan.

W. D. N. Ayutthaya & S. Poompradub [5] investigated the effects of the 03/01 Phr (parts by
weight per hundred parts of resin) of co-compatibilizer based on Epoxidized Natural Rubber
and Poly(methyl methacrylate) (ENR/PMMA) in the mechanical, and thermal properties of
100/15 PLA/NR thermoplastic elastomer blends. The formulation of the PLA/NR/ENR/PMMA
polymer blends were melt blending with an internal mixer at 200 °C and rotor speed of 80 rpm
for 15 minutes. The mechanical, and thermal properties were investigated by means of tensile
test, thermogravimetric analysis and differential scanning calorimetry (DSC), respectively.
They have found that the elongation at break and impact strength of the 100:15 phr PLA/NR
blend was significantly improved up to 1,813% and 362%, respectively. The thermal stability
of the PLA/NR blend was also increased when using the co-compatibilizers. Interestingly, the
PLA/NR blend containing the co-compatibilizer showed a high ultimate tensile strength after
thermal aging at 100 “C for 1 h with good mechanical properties. However, the percentage of
crystallinity and glass transition temperature were decreased by the added co-compatibilizer.
The use of ENR/PMMA was shown to be an effective co-compatibilizer for a 100/15 phr
PLA/NR blend. This may be attributed to the epoxy group of ENR could react with the carbonyl
groups of PMMA via hydrogen bonding and the carbonyl groups of PMMA could induce a
dipole force with the ester group of the PLA chain during processing. The m-m interaction

between the double bonds of NR and ENR molecular chains could also be achieved.

In another study, the compatibilization of Polylactic Acid / Natural Rubber (PLA/NR)
thermoplastic elastomer Blends was investigated by N. N. B. Mohammad et al [6] using
Polylactic Acid grafted Maleic Anhydride (PLA-g-MA) as a compatibilizer. The preparation of
PLA-g-MA was carried out using internal mixer by free radical melt grafting reaction followed

by Fourier Transform Infrared Spectroscopy (FTIR) analysis to confirm the grafting reaction.
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PLA was blended with different ratio of natural rubber (0 to 20 wt.%) through melt blending in
a twin screw extruder. To investigate the compatibilization effect on the mechanical properties
of PLA/NR blends, PLA-g-MA was added to the blends at various compositions (1 — 10 phr).
The mechanical properties of the control PLA/NR as well as PLA/NR/PLA-g-MA were also
reported by means of tensile test. From their results, the FTIR analysis indicated confirmation
of grafted MA onto PLA. They have also found that the results of tensile strength, and young’s
modulus of the uncompatibilized PLA/NR blends were decreased which means the poor
mechanical properties due to the interfacial tension between the two polymer phases. Supported
with the addition of the compatibilizer, the mechanical properties of material were significant
improved (i.e: increased in the tensile strength, young’s modulus, and a decreased in the
elongation at break) and 3 phr of PLA-g-MA was selected as the best content of compatibilizer
in order to get higher performance and best mechanical properties of samples. These
improvements can mainly be attributed to a compatibilizing effect of PLA-g-MA resulting in a
more homogeneous phase distribution and excellent interfacial adhesion between the

components.

In another publication, N. N. B. Mohammad et al [7] investigated the effects of carbon
nanotube (CNT) as a reinforcement filler as well as PLA grafted Maleic Anhydride
(PLA-g-MA) as a compatibilizing agent (CA) in the mechanical properties of Polylactic acid /
Natural rubber (PLA /NR) TPE blends. TPE blends were prepared by melt blending method in
a twin screw extruder. To investigate the effects of the reinforcement filler as well as the
compatibilizer on the mechanical properties of PLA/NR blends, CNT and CA were added to
the blends at various contents. The mechanical properties of the PLA/NR/PLA-g-MA/CNT
blends were reported by means of tensile test. They have found that the tensile strength of the
PLA/NR/PLA-g-MA without CNT showed higher mechanical properties. However, with
increasing CNT content, Young’s modulus and flexural modulus were increased firstly and then
decreased as CNT was further added. This phenomenon could be attributed to the presence of
agglomerations which caused a poor dispersion of CNT in the matrix system and its responsible

also on the lack of enhancement and improvement in the mechanical properties.

In another study, N. S. A. Sani and coworkers [8] have studied the effects of two types of
compatibilizer namely: PLA grafted maleic anhydride (PLA-g-MA) and NR grafted MA
(NR-g-MA) in the thermal and mechanical properties of (PLA/NR) blends. The PLA/NR blends
with compatibilizer were melt blended using a counter-rotating twin screw extruder with the

mixing temperature varied between 160 to 190°C. The PLA-g-MA and NR-g-MA were added
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in the control PLA/NR TPE blends at various contents (1, 3, 5 and 10 wt.%, respectively). The
mechanical and thermal properties of the uncompatibilized as well as compatibilized samples
were investigated by means of tensile, flexural, impact strength tests, and thermogravimetric
analysis, respectively. From the results, the addition of PLA-g-MA in PLA/NR blend improved
the impact strength and elongation at break of the blends as compared with neat PLA and
PLA/NR blend without compatibilizer and for thermal stability, it only had a slight influence
on the blends. Addition of NR-g-MA on contrary did not give improvement on mechanical

properties but increasing in thermal stability.

C. Pattamaprom and coworkers [9] investigated the effects of Sorbitan Ester (SE) as a
compatibilizer on the impact resistance of (PLA/NR) Blends. Their study is focused on the
enhancement of impact strength of polylactic acid blended with masticated natural rubber using
sorbitan ester, as a compatibilizing agent. The effects of NR mastication, compatibilizer and
NR contents and the mixture’s viscosity on the impact strength properties of PLA/NR blends
were investigated by means of Izod impact test. In relation to the changes in the morphology,
thermal behavior and impact strength of PLA/NR blends. They have found that the optimum
viscosity of NR that provided the highest impact strength to the blends was achieved when NR
was masticated at 40 rpm for 15 min. The highest impact strength corresponded well not only
with the small NR phase size, but also with the highest crystallization rate. For the effect of
compatibilizer, it was found that a small amount of SE could more than double the impact
strength of the blends, where the optimum compatibilizer content was 0.5 wt%. Interestingly,
the high impact strength of the blends in all cases was accompanied by short interparticle

distance and slightly higher percent crystallinity.

N. N. B. Mohammad et al [10] studied the effects of the compatibilizing agent (CA) based on
maleic anhydride (MA) grafted natural rubber (NR-g-MA) on the mechanical properties of
PLA/NR systems. Melt blending of PLA/NR/NR-g-MA was performed in a twin screw
extruder at screw speed of 100 rpm and at the range of temperature (160 °C to 180 °C). Fourier
transform infrared spectrometer and mechanical properties were also investigated by means of
FT-IR spectroscopy, flexural and tensile test, respectively. The effect of (CA) on the mechanical
properties of PLA/NR blends was investigated with addition 3 phr of NR-g-MA. FTIR result
confirmed grafting reaction occurred between MA and NR. Their results indicated also that the
tensile strength and young’s modulus of PLA/NR blends without (CA) were dramatically
decreased. However, PLA/NR blend with NR-g-MA provided an improvement in young’s
modulus, elongation at break, and slightly in tensile strength compared to the control PLA/NR
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samples. The impact strength of the blends was also found a significantly enhancement as
expected with increasing of NR content. Overall, their results showed that the addition of
NR-g-MA as a compatibilizing agent in PLA/NR TPE blend significantly improved impact
strength and elongation at break of PLA/NR blend compared to those of neat PLA and the
control PLA/NR blends. These results could be attributed to the enhancement of the interfacial
interactions as well as the development of compatibility between the two polymer phases

(i.e.: PLA, and NR).

In another study, the effects of telechelic liquid natural rubber (TLNR) as a compatibilizer on
the structural, thermal, mechanical, and morphological properties of polylactic acid and natural
rubber blends was investigated by N. A. Rosli and coworkers [11]. PLA/NR Blends were
prepared by melt blending in a Brabender Plasticorder internal mixer at 170 °C for a rotor speed
of 60 rpm for 12 minutes. Structural analyses, morphological examination, thermal behavior,
and mechanical properties were also investigated by means of FT-IR spectroscopy, Scanning
electron microscopy (SEM), differential scanning calorimetry (DSC), 1zod impact and tensile
tests. FT-IR analysis indicated that there are two possible chemical interactions between PLA
and LNR, which was confirmed by an increase in tensile and impact strength with increasing
LNR addition up to an optimum value of 6 wt% LNR. SEM micrographs revealed that
morphological aspects such as interfacial adhesion and particle size are the main factors
affecting the mechanical properties of the blends. The glass transition temperature (Tg) and
crystallization temperature (Tc) values obtained by DSC analysis corresponded well with the
results obtained by mechanical testing. On the basis of this, it is concluded that LNR is both a
good nucleation agent for PLA and a good compatibilizer for PLA and NR.

N. N. B. Mohammad et al [12] reported the Influence of compatibilizers on the structure
properties of Polylactic Acid/Natural Rubber Blends. Two different of compatibilizers, namely:
maleated PLA (PLA-g-MA) and maleated NR (NR-g-MA) were used as coupling agents. The
blends were prepared using twin screw extruder at various contents of NR. Mechanical, thermal
and morphological analyses were carried by means of tensile and flexural properties, DSC,
SEM analyses to evaluated the effects of compatibilizers on the PLA/NR blends. It was found
a significant performance was achieved in mechanical properties particularly in elongation at
break 10 wt % and impact strength up to 15 wt % of NR content by adding NR-g-MA into
polymer blend. Although further increased in NR content may slightly sacrificed the polymer
strength probably because of agglomeration due to higher loading of NR but still improvement

in impact strength should give a wide opportunity in its applications. Glass transition
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temperature (Tg) was significantly decreased approaching the glass transition temperature of
neat PLA (58.06°C) by the addition of compatibilizers explained a better progress in
compatibility of polymer blend between PLA and NR. Furthermore, an increment of thermal
stability almost 5—-10% of the compatibilized blends as compared to virgin PLA influenced by
the interaction and dispersion of the components. Observation by SEM illustrated a slightly
improvement in the interfacial adhesions with no formation of void and the presence of
spherical NR particle were almost absent in polymer blend. No biodegradation testing had done
in this study because more focusing on renewability of PLA an alternative to conventional

petroleum-based polymeric materials.

The effects of compatibilizers on morphology, mechanical and thermal properties of polylactic
acid (PLA)/natural rubber (NR) blends were determined with the composition of 95/5 PLA/NR
and studied by N. N. B. Mohammad et al [13]. The PLA/NR blend was incorporated with two
different compatibilizers: maleated polylactic acid (PLA-g-MA) and maleated natural rubber
(NR-g-MA) at various loadings (1-10 phr) and compounding was prepared using twin screw
extruder. The samples were then characterized using SEM, DSC, and DMA. The SEM results
showed better interfacial adhesion between PLA and NR phases was achieved upon addition of
3 phr PLA-g-MA. In all cases, further increased PLA-g-MA and NR-g-MA up to 5 phr and
10 phr, respectively in the 95/5 PLA/NR blend caused the blend stiffness to decrease as
decreasing in degree of crystallinity of PLA showed in DSC analysis. DSC results revealed also
that the melting points of both blends remain roughly unchanged while the crystallization
temperature of the blends slightly decreased. DMA study showed that 3 phr PLA-g-MA
exhibited the highest value of storage modulus and with further addition of compatibilizer, the
stiffness of the blends was decreased which indicated that the elastic properties were reduced
by addition of PLA-g-MA and also NR-g-MA. As the result, PLA-g-MA has played a good
role as compatibilizer compared to NR-g-MA according those analyses. The effective
composition of PLA-g-MA was 3 phr as it was showed better performance towards PLA

properties compared to others formulations.

In another study, the effects of NR-graft-PLA as a compatibilizer on the morphological,
thermal, and mechanical properties of polylactic acid and natural rubber blends was
investigated by P. Sookprasert & N. Hinchiranana [14]. Natural rubber (NR) is expected to
enhance impact strength of poly(lactic acid) (PLA). Because the polarity difference of NR and
PLA leads PLA/NR blends having phase separation and poor mechanical properties. The

morphological examination, thermal behavior and mechanical properties were also investigated
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by means of SEM micrographs, DSC, TGA analysis and impact strength, respectively. With
respect to the compatibility between PLA and NR phases in the PLA/NR blend with
NR-g-PLA, SEM analysis indicated that the incorporation of NR-g-PLA reduced the size of the
NR phase dispersed in the PLA/NR blend resulting in a better NR dispersion in the PLA phase.
Moreover, the addition of 1-3% (w/w) NR-g-PLA into the PLA/NR blend slightly increased
the Tg of the NR phase with a slight reduction of Tg for the PLA segment. This reflected that
the NR-g-PLA promoted a partial compatibility between the NR and PLA constituents in the
blends. Moreover, it was observed that the PLA/NR/NR-g-PLA blends exhibited the higher
resistance to the thermal decomposition of the uncompatibilized one. They have also found that
the addition of NR-g-PLA into PLA/NR blend increased 1zod impact strength of the neat PLA

due to partial miscibility of systems.

S. Pongsathit and C. Pattamaprom [15] investigated the effects of the compatibilizing agent
(CA) based on maleic anhydride (MA) grafted natural rubber (NR-g-MA) on the structural,
mechanical, and thermal properties of PLA/NR systems. The FT-IR spectrometer, Proton-
nuclear magnetic resonance ('H-NMR) analysis have confirmed successful grafting of MA onto
NR. The grafted NR were then used to increase the compatibility and the impact property of
PLA/NR blends. It was also found that the highest impact strength of the blends was achieved
when the grafting was carried out. On the aspect of thermal properties, it was found that the

thermal properties of PLA/NR blends were not affected by the presence of NR-g-MA.

In another paper, V. Tanrattanakul et al [16] studied the effects of Natural rubber grafted with
maleic anhydride (NR-g-MA) as a compatibilizer on the structural, morphology, thermal and
mechanical properties of poly(lactic acid)/natural rubber blends. PLA/NR/NR-g-MA were
prepared in a twin screw extruder at temperature of 170°C with a rotor speed of 150 rpm.
Mechanical, morphological, thermal and analysis were carried out by means of tensile, Izod
impact, flexural tests, SEM spectroscopy, and dynamic mechanical thermal analysis (DMTA)
to evaluated the effects of compatibilizer on the PLA/NR blends. NR-g-MA was a better impact
modifier than NR. The PLA/NR-g-MA blends had greater impact strength and tensile properties
than neat PLA and a PLA/NR blend. The presence of MA in the polymer blends reduced the
average particle diameter which suggested improved miscibility in the polymer blends. The

a-transition temperature of the blends was determined by dynamic mechanical thermal analysis.

J. Klinkajorn & V. Tanrattanakul [17] reported the effects of the epoxidized natural rubber
grafted with maleic anhydride (ENR-g-MA) as a compatibilizer agent on the structural,
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morphologies, thermal and mechanical properties of the control PLA/ENR systems.
PLA/ENR/ENR-g-MA with ratio of 90/5/5 were prepared by melt-blending in an internal mixer
at 170 °C using a rotor speed of 60 rpm for 10 minutes. The grafting reaction of MA onto the
ENR backbone (ENR-g-MA) was successfully achieved using the heat and shearing action
produced by the internal mixer. The morphological behavior, thermal, as well as mechanical
properties were also investigated by means of SEM examination, DSC analysis, [zod impact,
and tensile test, respectively. As a result, the interfacial adhesion between PLA and ENR was
increased, which reduced the size of rubber particles in the matrix. Higher MA concentrations
in ENR-g-MA produced smaller rubber particle sizes. With increments of MA concentration,
the o-transition temperature of PLA decreased and the o-transition temperature of ENR
increased. These results indicate that the miscibility of the PLA/ENR blends was improved.
The impact strength and elongation at break were greater in the PLA/ENR-g-MA and
PLA/ENR/ENR-g-MA blends than in PLA. These improvements were attributed to the small
rubber particle diameter and good miscibility of the blends. PLA/ENR-g-MA showed better
mechanical properties than PLA/ENR/ENR-g-MA blends. The optimal MA concentration was
0.60 phr.

In another study, the effects of compatibilizers as well as reinforcement filler on the rheological
properties of PLA/NR were investigated by N. N. B. Mohammad and coworkers [18].
Polylactic Acid (PLA) was blended with Natural Rubber (NR) and compatibilized by PLA
grafted maleic anhydride (PLA-g-MA) and NR grafted maleic anhydride (NR-g-MA) to
achieve high performance of PLA/NR blends. Pristine carbon nanotube (CNT) was then added
into PLA/NR blends with different CNT loading (1-8 part per hundred resin) as a reinforcement
filler using melt blending technique to form nanocomposites. A systematic investigation of the
rheological properties of the nanocomposites as a function of pristine CNT content were carried
out using an AR2000 rheometer. Rheological analysis exhibited an enhancement in the storage
and loss moduli of nanocomposites compared to those of the blends without CNT. The
compatibilizers namely: PLA-g-MA and NR-g-MA have shown contrasting results in terms of
rheological values. Rheological analysis showed that the both sets of nanocomposites behaved
solid-like at lower frequencies. When the CNT loading was increased the nanocomposites

showed no dependence of frequency.

In order to improve the interfacial adhesion between PLA and NR, T. Udomkitpanya &
K. Srikulkit [19] studied the effects of reactive compatibilization on the PLA/NR system.
Poly(acrylic acid) (PAA) was grafted onto natural rubber (NR) to enhance the compatibility of
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NR and poly(lactic acid) (PLA). PLA/NR-g-PAA was prepared by an internal mixer at 170°C
with a rotor speed of 45 rpm. Fourier-transform infrared spectroscopy (FT-IR), tensile test,
impact strength, thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were employed to determine the functional group, mechanical behavior and thermal
properties of blends, respectively. ATR-FTIR spectra showed a peak at 1718 cm™!, confirming
that PAA was grafted onto NR backbone. Results showed that the addition of NR-g-PAA

significantly improved the elongation, impact strength and thermal stability of blends.

S. Srisuwan et al [20] have studied the effects of triblock copolymers based on liquid natural
rubber and low molecular weight poly(lactic acid) on physical properties of
poly(lactic acid)/natural rubber blend. Triblock copolymers of poly(lactic acid) (PLA) and
natural rubber (NR) (PLA-NR— PLA) with different lengths of PLA end blocks were produced
from hydroxyl-terminated liquid natural rubber (HTLNR) and low molecular weight PLA
(pre-PLA). The HTLNR with a number-average molecular weight (Mn) ~ 28,000 g/mol
obtained from photochemical degradation of NR and pre-PLA with varying molecular weight
(Mn ~ 3000, ~ 6500, ~ 9700 g/mol) was subjected to condensation polymerization. The
compatibilizing effect of copolymers on the physical properties of the PLA/NR system was
studied using PLA/NR/PLA-NR—-PLA blend ratios of 90/10/0, 90/9/1, 90/8/2 and 90/7/3 by
weight percent (wt%). The mechanical properties, morphological examination, and thermal
analysis of uncompatibilized as well as compatibilized PLA/NR were also investigated by
means of tensile, impact tests, SEM, DSC analysis. From the tensile testing results, elongation
at break of the blends increased with an increase in the amount of triblock copolymer and with
the length of the PLA end block. The blend without the copolymer showed elongation at break
of 60.54%, whereas the blend with 3 wt% of PLA-NR—-PLA prepared from pre-PLA with Mn
of ~ 9700 g/mol showed elongation at break of 199.38%. This was about a 300% increase. The
highest impact strength of 79.58 kJ/m? (400% higher than neat PLA) was also found for the
blend containing 3 wt% of PLA—NR—PLA with the longest PLA end block. A reduction in the
diameter and well dispersion of the rubber particles in the PLA matrix were seen in micrographs
taken with a scanning electron microscope. In general, after the addition of PLA-NR—PLA into
a PLA/NR blend, the Tg of NR phase shifted to a higher temperature, whereas the Tg of the
PLA phase decreased. The PLA-NR—PLA triblock copolymer with the longest PLA end block
is possibly used as an effective compatibilizer for the PLA/NR blend.

In another study, The effects of PLA-g-ENR on compatibility of poly(lactic acid)/epoxidized
natural rubber blends were studied by J. Klinkajorn & V. Tanrattanakul [21]. The effect of
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the epoxide content in epoxidized natural rubber (ENR) on the miscibility and compatibility
with poly(lactic acid) (PLA) was also considered. PLA was blended with 10 wt% of ENRs
(epoxidized at 10, 15, 20, and 25 mol%). Their study showed that the in-situ graft copolymer,
PLA-g-ENR, was formed during melt blending in the blends containing 10 and 15 mol% ENR.
The thermal behavior, morphologies, and mechanical properties were evaluated by means of
DSC, SEM microscopy, tensile, and impact tests. They have found that the PLA-g-ENR acted
as a compatibilizer, producing a partially miscible blend, indicated by an inward shift of the
a-transition temperatures of PLA and ENR in the blends. PLA-g-ENR also greatly reduced the
particle size of ENR and increased the impact strength, tensile strength, and elongation at break

of the blends. The epoxide content of ENR changed deformation mechanisms of the blends.

In another paper, A. Burkov and coworkers [22] were reported the effects of epoxidized
soybean oil (ESO) as a natural plasticizer and compatibilizer on the mechanical, thermal, and
morphological properties of PLA/NR system. The PLA/NR/ESO were prepared by melt
blending in a closed double-rotor mixer at temperature of 160 °C and a rotor speed of 60 rpm
for 30 minutes. From their results, the PLA/NR/ESO demonstrated the best mechanical
properties. ESO compounding in the PLA-NR blends increased the mobility of the biopolymers
molecular chains and improved the thermal stability of the novel material. The size of the NR
domains embedded in the continuous PLA matrix decreased with the ESO content increment.
The combination of thermal analysis and scanning electron microscopy enabled the authors to
determine the features of potential packaging material and the optimal content of PLA/NR/ESO
for the best mechanical properties. Thus, ESO is an effective multifunctional additive in
PLA-NR blends. ESO simultaneously acts as a compatibilizer and plasticizer. As a plasticizer,
ESO exhibits a decrease in viscosity, an increase in segmental mobility, processability of
material, and elongation at break. Its impact as a compatibilizer upon the morphology of the

blends could be proven by SEM micro-photos (a decrease in the dimension for the 2nd phase).
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General Conclusion

In conclusion, the compatibilization of PLA/NR blends is a promising technique for
improving, enhancing the properties and performance of biodegradable polymers. Blending
PLA and NR can lead to materials with desirable properties, but the immiscibility of these two
polymers can cause phase separation and reduced the mechanical properties. The addition of a
third component called Compatibilizing Agent (CA) , can improve the interfacial adhesion and
interfacial interaction between two polymer phases (i.e.: PLA ,and NR) and prevent phase

separation.

By the way, various types of compatibilizers, such as PLA-g-MA, NR-g-MA, PLA-g-
NR as well as ENR, have been investigated for their effectiveness in improving the
compatibility of PLA/NR blends. The use of these compatibilizers has led to improve the
Rheological, Mechanical, Dynamic Mechanical, Morphological, and Thermal properties, which

are critical for various applications in industrial fields.

The compatibilization of PLA/NR blends has significant potential in various industries,
such as packaging, automotive, and biomedical industries, where biodegradable polymers are
becoming increasingly important. The development of new and effective compatibilizers is
critical for the creation of high-performance materials with enhanced properties, which can be

tailored for specific applications.

Overall, the compatibilization of PLA/NR blends is an important area of research that has
the potential to lead to the creation of new and innovative biodegradable materials with

enhanced properties and performance.
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Abstract

This Master Thesis investigates the effects of various compatibilizers on the Rheology,
Morphology development, Dynamic Mechanical, Mechanical, and Thermal properties
of immiscible thermoplastic elastomers based on Poly (lactic acid)/Natural Rubber
(PLA/NR) blends. The main aim of this study is focused to improve the compatibility
between the two polymer phases by different strategies of compatibilization, which can
lead to enhanced the mechanical properties and performance of PLA/NR TPE system.
The results showed that the addition of compatibilizers significantly improved the
compatibility between PLA and NR, leading to improve the interfacial adhesion,
reduced phase separation and interfacial tension. Overall, this study demonstrates that
the use of compatibilizing agents can significantly improve the properties and
performance of PLA/NR blends which can be tailored for specific applications in
various industrial fields.

Keywords Thermoplastic Elastomers, Poly (lactic acid), Natural Rubber, Blends,
Immiscible, Compatibilizing Agents, Compatibility, Interfacial Adhesion.

Résumé

Ce mémoire de master étudie les effets de divers compatibillisateurs sur les propriétés
Rhéologiques, Morphologiques, Mécaniques, Mécaniques et Thermiques des
Elastomeres Thermoplastiques non miscibles a base de poly (acide lactique)
/caoutchouc naturel (PLA/NR). L’objectif principal de cette étude est d’améliorer la
compatibilit¢ entre les deux phases polymeres par différentes stratégies de
comptabilisation, ce qui peut conduire a I’amélioration des propriétés mécaniques et des
performances du systtme PLA/NR TPE. Les résultats ont montré que 1’ajout de
compatibillisateurs a considérablement amélioré la compatibilité entre PLA et NR, ce
qui a amélioré¢ ’adhérence interfaciale, réduit la séparation de phase et la tension
interfaciale. Dans [’ensemble, cette étude démontre que 1’utilisation d’agents
compatibillisants peut améliorer considérablement les propriétés et les performances des
mélanges PLA/NR qui peuvent étre adaptés a des applications spécifiques dans divers
domaines industriels.

Mots clés Elastomeéres thermoplastiques, poly (acide lactique), caoutchouc naturel,
mélanges, non miscibles, agents compatibillisants, compatibilité, adhésion interfaciale.
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