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ABSTRACT

Poly(ethylene terephthalate) (PET) constitutes a substantial fraction of packaging plastics in the
U.S., facing recycling challenges such as contamination from thermoformed PET (PET-T) and
the necessity for purification for food-contact reuse. This research focuses on developing value-
added, non-food composite materials by blending postconsumer PET bottles (PET-B) and
thermoforms (PET-T), with the objective of improving the PET circular economy. The study
developed carbon fiber-reinforced composites with PET-B/PET-T blends (80/20 wt.%)
combined with carbon fibers of three lengths (0.5, 1, and 2 inches) and two loadings (1 and 3
wt.%), incorporating both epoxy-based chain extenders and without them. The evaluated
mechanical qualities include tensile strength, modulus of elasticity, impact strength, elongation at
break, alongside thermal properties including glass transition temperature, melting point, degree
of crystallinity, and thermal degradation. SEM examination offered insights into fiber
distribution and polymer-fiber adhesion. The results demonstrated significant mechanical
enhancements at a 3 wt.% carbon fiber loading: tensile strength increased by 20%, modulus of
elasticity by 50%, and impact strength by 18% compared to unreinforced PET-B/PET-T. These
reinforced composites exceeded virgin polypropylene (PP) carbon fiber composites in
mechanical strength, though they had reduced elongation at break. Moreover, thermal resistance
specifically heat deflection temperature has enhanced, signifying suitability for automotive and
other structural applications. The study finds that recycled PET-B/PET-T composites reinforced
with carbon fiber offer an exciting potential for high-performance, non-food applications. Future
investigations should examine elevated fiber loadings and surface-modified fibers. The
utilization of such materials can substantially enhance sustainability by diminishing dependence

on virgin plastics and decreasing carbon emissions.
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CHAPTER 1: INTRODUCTION
1.1 Introduction:
In the U.S. alone, poly (ethylene terephthalate) (PET) consumption was 5.23 million tons in 2018.!
Due to its desirable characteristics such as good moisture and oxygen barrier properties, optical
clarity and strength, PET is widely used for food and beverage packaging.? Consequently, PET is
found in bottles, caps, cups, containers, thermoformed clamshells, and other packaging
applications. For all these reasons, PET accounts for 26% of all plastic used in the packaging sector
in the U.S.2
The demand for PET packaging is growing rapidly, but recycling rates remain low overall.* PET
recycling rates have been steady at 29% in the US.> In the EU, PET bottles are recycled at a rate
of 58% due to the EPR system.® PET bottle recycling has gradually increased over time as part of
efforts to promote a plastic circular economy, reduce waste, and keep materials in the loop for
future use. With the new EPR regulations in the US, if adopted nationwide, one may expect a rapid
increase in bottle PET recycling in this country.
Chemical recycling of PET, which involves converting PET into its feedstock monomers, is an
attractive method as it produces virgin-like PET, rendering it appropriate for food and medical
packaging.
This method is also effective for contaminated PET. Nonetheless, because to the substantial capital
investment and energy-intensive nature of the process, the chemical recycling of PET into
monomers and subsequent re-polymerization is predominantly constrained to a limited scale. The
primary factor influencing cost and energy usage is the purification of monomers following the

depolymerization of PET and the subsequent re-polymerization into virgin PET.”



Recycling PET can save fossil fuels and cut carbon emissions by as much as 50%. The production
of virgin PET is an energy-intensive process. Consequently, recycled PET might conserve energy
utilized in the polymerization process of PET. "Drop-in" PET produced from renewable monomers
has been documented; still, it has resulted in a carbon footprint that is twice that of petrochemical-
derived PET.? PET is vulnerable to hydrolysis because of its ester bonds, particularly at elevated
temperatures, such as during sterilization, the transformation of PET sheets into thermoforms,
melt-treatment for packaging, hot filling, or even in environmental conditions.

This degradation results in reduced molecular weight, leading to a deterioration of PET
characteristics. Historically, multiple procedures have been employed to recover the mechanical
qualities of PET, including chain extenders, solid-state polymerization, and blending with virgin
PET.!° Blending with virgin PET often uses large amounts, such as 70-80 wt.% virgin PET.

The fact that mechanical recycling is a popular and affordable method of recycling PET is
clear. Nonetheless, a novel problem emerges from the presence of thermoform-grade PET (PET-
T) within PET bottle-grade bales.

Approximately 7% of PET-T has been documented in bottle-grade PET. PET-T and PET-
B are distinguished by their differing intrinsic viscosities.!! Currently, recyclers need to remove
PET-T from PET-B, which leads to material losses and increases the cost of recycled PET.
Recently, Rabnawaz et al. reported an approach for recycling PET-B and PET-T into bottle-grade
PET using glycidol-free chain extenders.'? This novel method will facilitate the increased

utilization of PET thermoforms, which are presently discarded and directed to landfills.



The purpose of this study was to examine thermoform blends and carbon fiber-reinforced PET
bottles and compare their characteristics to those of virgin PP and carbon fiber-reinforced PET.
Contamination concerns, prevalent in post-consumer plastics used for food contact applications,
were a primary rationale for emphasizing composites.'> Secondly, the value-added pricing of
composites for automotive applications enables low-cost recycled PET to be transformed into
value-added upcycled composites, which incentivizes recyclers to put more effort into this sector
and explains why PET collecting and recycling is important.
1.2 Objectives:
The overarching goal of this thesis was to create value-added composite materials from PET
bottles (PET-B) and PET thermoform (PET-T) by incorporating carbon fiber and analyzing its
performance against carbon fiber reinforced - virgin polypropylene and PET composites.
Sub-Objective 1: Investigate the effect of a chain extender on the PET-T and PET-B blend and its
impact on the rheological, thermal, and mechanical properties.
Sub-Objective 2: Create carbon fiber-reinforced PET-B and PET-T composites and assess their
thermal, mechanical, and rheological properties, comparing them to carbon fiber reinforced virgin
PET and virgin polypropylene as a control.
1.3 Thesis Work Scope:

o Investigate carbon fiber reinforced composites from postconsumer PET-T and PET-B blends.

o Investigate the thermal and mechanical properties of these carbon fiber reinforced PET-B

and PET-T composites.
o Investigate the effect of chain extenders on the carbon-fiber reinforced recycled PET-B and

PET-T composites.



o Comparative study of carbon fiber reinforced recycled PET-B and PET-T composites versus
carbon fiber reinforced virgin PET composites versus carbon fiber reinforced virgin PP
composites.

1.4 Hypothesis:

We hypothesize that carbon fiber reinforced PET-T and PET-B composites are likely to have good
mechanical and thermal properties comparable to that of virgin poly (ethylene terephthalate) and
polypropylene composites because carbon fiber composites are expected to have better adhesion
with the polar PET matrix, compared to non-polar polypropylene.

Furthermore, the chain extenders will increase the adhesion between fiber and matrix and thus

further improve the mechanical properties of these composites.

1.5 Rational for this work:

The main motivation for this work is to enhance the plastic circular economy, promote reuse, and
develop value-added materials for packaging plastic waste. The resulting composite materials can
be used for various applications, such as automotive parts, battery casings, etc.

Choosing non-food applications, such as automotive, in this case, will also help overcome the
challenges posed by stringent regulations of postconsumer plastics for food contact applications.
1.6 Novelty:

While recycled PET has been extensively studied for packaging and fiber applications, its
potential in high-performance composite materials remains largely unexplored. This research
represents the first systematic examination of the mechanical, thermal, and structural
characteristics of carbon fiber-reinforced composites produced from PET waste streams,

addressing issues such fiber-matrix compatibility, crystallization behavior, and performance.



This research seeks to improve the mechanical strength, thermal stability, and durability of
recycled PET-based composites by utilization of carbon fiber as reinforcing agent, thus potentially
creating value added applications in the automotive, aerospace, and structural sectors. The results
enhance circular economic efforts and promote the development of environmentally sustainable,
high-performance polymer composites, representing a crucial advancement in sustainable material
developments.

1.7 Structure of the Thesis:

Chapter 1: Introduction

Chapter 2: Literature Review

Chapter 3: Materials and Methods

Chapter 4: Results and Discussion

Chapter 5: Conclusions and Outlook



CHAPTER 2: LITERATURE REVIEW
2.1 Polyethylene terephthalate:
Polyethylene terephthalate (PET) is among the most extensively utilized polymers globally. Global
polyester production is projected to increase from 63.3 million tons to 67 million tons,
predominantly for synthetic fibers, packaging bottles, and thermoforms, as per the materials
market research report.'4
Approximately ,30% of PET produced is used in packaging, such as bottles and clamshells, with
demand rising. PET bottles are popular due to their strength, barrier, and clarity. In 2019, 650
billion plastic bottles were sold. '’
Disposable plastic bottles, however, constitute a substantial amount of garbage. Researchers
estimate that between 1- 8 million tons of plastic enter the waters each year. '°
Figure 1: The figure is derived from data in Textile Exchange's yearly Materials Market Report.

The picture displays the projected polymer manufacturing data for 2024.'
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PET was patented in 1941 by John Rex Whinfield and James Tennant Dickson, working under the

Calico Printers’ Association, which was developed in Manchester, England. '8



In the beginning, PET was exclusively utilized for synthetic fiber because of the fiber's durability,
strength, and resistance to water. As a result, PET was recognized and utilized as a material for
engineering purposes.

In 1973, Nathaniel Wyeth patented the first PET bottle, and in 1978, Coca-Cola introduced
carbonated beverages in PET bottles.!”?® In the 1970s, there is fierce competition between
acrylonitrile/styrene copolymers (ANS) for carbonated beverage bottles.

Eventually, PET won this market despite ANS having better CO: retention; perhaps acrylonitrile
was perceived as a bad monomer. Since then, PET has become the most widely used bottle in the
packaging industry.

2.1.1 PET property and its structure:

Figure 2: PET chemical structure.!”
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PET is synthesized from dimethyl terephthalate (DMT) or terephthalic acid (TPA) through
polycondensation with ethylene glycol (EG) to form PET. Methanol must be distilled from DMT
and water from TPA during the polymerization process.?’ If methanol or water is not eliminated
during polymerization, a high molecular weight will not be obtained, and as a result, it will not be

suitable for PET bottle applications.



Making bottle-grade PET typically involves four steps: i) transesterification, ii) pre-
polymerization, iii) polymerization, and iv) SSP. BHET bis(hydroxyethyl) terephthalate is
produced by esterifying EG and TPA (or DMT) at 180°C. After that, BHET undergoes further
polymerization under vacuum at 220 °C. After that, the polymer melts condensation at 150-220°C
until a degree of polymerization of ~ 100.%!

PET has a melting point ranging from 250 to 260 degrees Celsius and contains ester linkages in
its backbone structure. PET has a T, of 70°C.?? The density of PET fluctuates based on its
crystallinity; amorphous PET possesses a density of 1.333 g/cm?, whereas crystalline PET has a
density of 1.455 g/cm?.

2.1.2 PET Types:

PET 1is extensively used in different forms: Polyethylene terephthalate (PETE), oriented
polyethylene terephthalate (OPET), and amorphous PET.

PETE or PET is a semicrystalline homopolymer of PET. It may be semi-rigid or rigid. PET has
many complex applications, such as electrical circuit elements, automotive parts, pharmaceutical
and medical device components, and industrial components.

Oriented PET: Due to its high tensile strength and stability, oriented PET is utilized in high-end
applications. OPET is used in films, carbonated bottles, and fibers. PET films or fiber are heated
above Ty and below T to become soft and stretched; this leads to OPET. This enhances PET's
clarity and barrier qualities.

A continuous biaxial orienting method is frequently employed in PET films to produce OPET. A
tenter-frame biaxial stretching is a method for producing biaxially oriented films with a tenter

frame, which allows the cast film to be elongated in both the machine and cross-machine directions.



For oriented bottles, vertical stretching is often achieved with a rod, whereas horizontal stretching
is accomplished using blow molding for PET drinking bottles. This orientation in PET enhances
gas and moisture barrier qualities and enhances strength, making it prevalent in carbonated
beverage applications due to its superior barrier performance. **

Amorphous PET is a type of PET resin created by copolymerization, which keeps the polymer
amorphous. Amorphous PET comes in two varieties, namely Polyethylene Terephthalate Glycol
(PETG) and Polycyclohexylene Dimethylene Terephthalate Glycol (PCTG). A copolymer,
PETG, is created by reacting ethylene glycol and terephthalic acid with diethylene glycol and
isophthalic acid.?* The modifier ensures that the polymer's melting point and crystallization rate
are decreased.

Furthermore, they guarantee that crystals remain unaligned. A variant of PETG, termed PCTG, is
synthesized through the copolymerization of TPA and EG, including a minor quantity of
cyclohexane di-methanol into the PET framework. PETG and PCTG exhibit excellent chemical
resistance and transparency. PCTG is predominantly utilized in the cosmetic sector and is
distinguished for its remarkable impact resistance. PETG's exceptional clarity renders it suitable
for usage in the food industry for trays and in the medical sector for thermoforming applications.?
2.1.3 PET Applications:

PET is widely used in food and beverage, pharmaceuticals and medical fields, automotive
manufacturing, electronics, power tools, clothing, and textiles due to its versatile nature and
advantageous physical and chemical properties.®

PET has exceptional optical clarity and durability and is lightweight, thus making it a popular

material for producing water, soft drinks, juice, and other beverage bottles.



The physio- mechanical properties satisfy the manufacturing requirements. Polyester fabrics, used
in apparel, upholstery, and other textiles, are created by spinning PET into fibers, which is the
function of PET in the textile sector, highlighting its robustness and adaptability in the creation of
fabrics.?” PET is utilized to make items that need to be durable and heat-resistant, such as fuse
boxes and engine covers.

For ready-to-eat food trays that must resist heating in the oven or microwave, CPET is frequently
utilized. CPET trays offer the required heat stability for these kinds of applications.

Due to its convenience of use, and capacity for producing prints of excellent quality, PETG
(glycol-modified PET) is frequently used in 3D printing. PETG's superior printability and material
attributes make it a preferred choice for 3D printing prototypes and functional parts.?® PET films
have good dielectric qualities and mechanical robustness, making them applicable for insulation
and protective casings for electronic equipment. PET films are essential to electronics because of
their strength and insulation qualities.?’

2.2 PET Recycling:

As mentioned earlier, PET recycling helps preserve oil resources, lowers carbon emissions, and
fosters circularity within the plastic circular economy. Two primary approaches are employed:
mechanical recycling and chemical recycling, each possessing distinct advantages and
disadvantages.

2.2.1 Chemical Recycling of PET:

PET chemical recycling has been the most explored avenue compared to the chemical recycling
of any other plastics. This is because chemical recycling of PET enables even contaminated PET

feedstock to become suitable for food-grade applications.
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Three common types of PET chemical recycling include methanolysis, where methanol is used as
a solvent to depolymerize PET, glycolysis, where glycol is used to depolymerize PET; and
hydrolysis, where water is used to depolymerize PET. The resulting acid or ester can be
repurposed for the synthesis of virgin PET in all these instances.

Regarding catalysis, organometallic catalysts, organic catalysts, and biocatalysts-like enzymes
have all been successfully tested to depolymerize PET.

The challenge in PET chemical recycling is not the depolymerization of PET itself, but the
necessity of catalysts for depolymerization, followed by the removal of the catalyst and the
recovery of pure monomers. This process results in an increase in energy consumption and costs
associated with chemical recycling. Over the past few decades, there have been numerous studies
published in this field, with a significant number of publications occurring in recent years.>°
However, the recycling of PET chemicals continues to encounter obstacles, such as the high costs,
the high energy input, and the purification procedures that necessitate a substantial amount of effort
and expense. The development of more energy-efficient and cost-effective chemical recycling
methods for PET is warranted by future research.

2.2.2 Mechanical Recycling:

Mechanical recycling is also known as secondary recycling. This process converts post-consumer
plastics (in this case PET) into new products without significantly altering the polymer chemical
structure. PET mechanical recycling involves multiple steps, beginning with collecting post-
consumer plastics and sorting PET from other materials in plastic bales. PET is sorted from the

PET bales and then thoroughly cleaned to remove labels, adhesives, and other residues.
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In order to make sure that the PET is clear of contaminants, particularly the adhesives from labels,
itis usually cleaned with caustic soda and rinsed with water. Subsequently, clean PET is pulverized
into little flakes.

The flakes are subsequently dried prior to the creation of pellets or granules. Improper drying will
result in degrading moisture-degrading PET when subjected to heat during pelletization.

After drying, PET flakes are subjected to high temperatures (260-280°C) for melting and
subsequently extruded through a die to produce filaments, which are then severed into pellets.
Recycled PET pellets or granules are prepared for the manufacture of new products. They can be
liquefied and shaped into many products, including containers, bottles, textile fibers, and other
plastic items.

The primary advantage of mechanical recycling of PET is its lower energy consumption compared
to the production of PET from raw materials, hence diminishing greenhouse gas emissions and
lessening environmental effects.

The limitations of PET mechanical recycling encompass the necessity for high-quality post-
consumer PET bottles to guarantee their appropriateness for food-grade uses. Moreover, the
existence of contaminants necessitates comprehensive sanitation and FDA no-objection letters
(NOL) for utilization in food contact applications.

2.3 Restoring r-PET properties:

As mentioned earlier, post-consumer PET experiences hydrolytic degradation, leading to
diminished molecular weight and inferior qualities, including reduced mechanical characteristics,
lower intrinsic viscosity, and elevated melt flow indices. Consequently, further measures are

required to reinstate their properties.
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Methods such as blending with virgin PET, solid state polycondensation (SSP) treatment, chain
extenders, or combining these approaches are commonly employed to enhance their quality.

SSP treatment involves heating pelletized recycled PET at a temperature slightly below its melting
point. Throughout this process, the polymer chains interconnect, liberating tiny molecules that are
persistently extracted via nitrogen recirculation or under vacuum conditions.

This produces high molecular weight and high intrinsic viscosity PET, appropriate for diverse
packaging applications.This technique also effectively eliminates volatile components or
impurities, given that they possess an appropriate boiling point or vapor pressure for removal at
this temperature. The downside of SSP treatment is its high energy consumption, as it typically
requires 8 to 24 hours.

Using chain extenders to enhance the performance of recycled PET is a common tactic used. Chain
extenders are low molecular weight molecules, oligomers, or polymers with two or more
functional groups that can react with the terminal functional groups of PET, thus connecting the
PET chains.

This linkage improves molecular weight and inherent viscosity, aiding in the restoration of PET
performance (rheological and mechanical). A variety of chain extenders have been investigated,
with epoxy-based variants being commercialized and currently utilized.>!

Chain extension technologies provide benefits including rapid processing, attainable within
minutes without disrupting production. It is cost-effective and demands less energy. However, a
drawback is that it may sporadically lead to branching structures or gel formation, thereby affecting

the quality of the film or container.
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In some cases, particular chain extenders may provide safety concerns due to migration issues in
food applications. Rabnawaz's group and other researchers have tackled this topic.

Mechanical recycling is a cost-effective and pragmatic method for recycling PET. A new difficulty
emerges from the presence of thermoform-grade PET (PET-T) in bales designated for bottle-grade
PET. Approximately 7% of PET-T has been documented in bottle-grade PET.

PET-T and PET-B are distinguished by their differing intrinsic viscosities. In certain instances,
PET thermoforms may exhibit lower viscosity than PET bottle grade, whilst in other cases, they
may demonstrate higher viscosity, contingent upon the specific applications for which the
thermoforms are utilized. Now, recyclers must separate PET-T from PET-B, resulting in material
losses and elevated costs for recovered PET.

This innovative method of combining PET-B and PET-T with enhancers such as chain extenders
and carbon fiber additions would undoubtedly facilitate the increased utilization of PET
thermoform, which is presently discarded and directed to landfills.

2.4 PET composites:

Figure 3: shows the outline of the materials added to make the carbon fiber composites. The
recycled individual PET bottle and thermoform polymers are combined with Joncryl ADR 4468

making them base sample and carbon fiber is reinforced as additive.
Tensile &
impact bar
)

LGy, 280°C, 2 min

’.‘ K

Thermo-PET Carbo Fiber

PET composites
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Concerns over food safety for post-consumer PET have prompted the investigation of alternative
applications for recycled PET, including automotive composites. The benefit of automotive
composites in this situation is that PET bottles are less expensive than virgin PET, offering a more
economical material alternative without hygienic constraints.*>34

Previous research has established the successful production of fiber-reinforced PET composites,
encompassing glass fiber, carbon fiber, and natural fiber variants. Natural fiber-based PET
composites exhibit significant degradation at elevated temperatures due to incompatible functional
groups with PET plastic.

Carbon fiber-reinforced PET composites are utilized in the automotive and aerospace industries
due to their lightweight properties, exceptional strength, and outstanding mechanical
characteristics. PET, due to its stiffness, elevated glass transition temperature, and enhanced
mechanical qualities relative to polypropylene, has been regarded as a viable alternative to
polypropylene-based composites.

Research has investigated the mechanical properties of carbon fiber-reinforced PET composites,
specifically examining the influence of crystallinity during the cooling process in injection-molded
specimens.>’

Now, thermoform PET is frequently excluded from PET bottle bales, presenting an opportunity to
explore composites of PET-T and PET-B with carbon fiber. This is the first study to compare the
performance of carbon fiber-reinforced composites made of PET-B and PET-T. We were also

interested in the effects of carbon fiber reinforcing on the mechanical, chemical, and thermal

properties of the generated composites.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Materials:
Carbon fiber 2433 — TZOO series of different lengths (0.5, 1, and 2 inches) were purchased from
Composite Emissions, USA. Joncryl ADR 4468 (denoted with ‘J’) was purchased from BASF
(molecular weight of 7.25 Kg/mol).
All the other reagents and chemicals were purchased from Sigma Aldrich, USA. The post-
consumer PET bottles and PET thermoforms were sourced from the Michigan State University

Surplus Store.

3.1.1 PET - Thermoform (PET-T) and PET- Bottle (PET-B) samples:

First, PET beverage bottles (PET-B) and the PET thermoform (PET-T) containers were manually
separated into PET-T and PET-B. Next, the labels were removed from the containers and bottles.
Then these bottles and containers were washed using a detergent solution to ensure no residual
adhesive/glue was left from the labels. Afterward, the containers/bottles were dried in a vacuum
oven at 80°C for a day to remove the moisture.

The moisture content was 0.034 wt.% after the drying step. The PET-T and PET-B samples were
then shredded into tiny powder (sized 2-3 mm) with the help of B.T.P Granulator (CT, USA).
These shredded samples were placed in the oven for 24 hours to ensure they are well-dried before
the pelletization process.

Note: If the moisture level is high, significant degradation will occur.

16



3.1.2 Pelletizing of PET-Bottle and PET-Thermoform:

The PET-B and PET-T dry powder were separately processed into pellets using a co-rotating twin—
screw extruder (Leistritz, USA) having a screw diameter of 27mm and L/D ratio of 48 with
temperatures ranging from 190° C to peaking at 245° C across all the three zones feeding,
compression and metering zone was used.

The extruder operated at a speed of 100 rpm, maintaining a melt temperature of 230°C and a torque
of 40 Nm.

3.1.3 PET-B and PET-T Blends Formation:

PET-B and PET-T were dried well at 80° C for 24 h in an oven to get rid of moisture. Then, PET-
B and PET-T were melt-blended in a micro compounder DSM extrusion machine (Xplore
Instruments BV) at 280°C. Two minutes of residing time and 100 rpm were employed.

The melt was then transferred to an injection molding. The mold temperature was set at 32°C. All
samples were aged 48 hours before further evaluation.
3.2 Chain Extender Joncryl ADR 4468:

The commercial chain extender Joncryl ADR 4468 was acquired from the BASF to increase the
melt strength and the molecular weight of the PET sample.*® ADR was physically blended at 0.5
and 1 phr with pelletized samples, it was dried in a vacuum oven at 80°C for 24h prior to processing
to avoid moisture content and reactions occurring in the Xplore DSM extruder.

Once dried, the sample is then mixed with a chain extender and extruded in the Xplore DSM
extruder at 280°C with a screw speed of 100 rpm (rotations per minute) with a residing time of 2
minutes at a torque of 40 Nm. The molten sample is then transferred to type 4 molds to make test

samples for tensile and 1zod impact tests.
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3.3 Carbon fiber reinforced composites:

The blends were added with carbon fiber of different lengths—0.5, 1, and 2 inches. Each fiber
length was added at 1 wt.% and 3 wt.% separately to analyze the impact of fiber length. The
sample was extruded using the Xplore DSM extruder, with the sample and carbon fiber of varying
lengths dried separately at 80°C for 24 hours prior to extrusion.

Upon drying, the samples were extruded with the Xplore DSM extruder, and the molten blend of
the sample and carbon fiber was subsequently transferred to a type 4 mold for mechanical
investigation.

3.4 Characterization:

3.4.1 Mechanical Properties:

3.4.1.1 Tensile Properties:

For each sample, seven to eight specimens of T bone shape were prepared and tested where the

samples were nearly 6 mm in width (narrow) with the overall length of the sample was 115 mm
and the thickness of the sample was 1.5 mm.

Following the injection molding procedure, each specimen was stored for 48 hours under standard
laboratory conditions of 23°C and 50% relative humidity. A load cell and an Instron model 5565
(Massachusetts, USA) with tensile grips were utilized, along with a testing speed parameter of 30
mm/min, to measure the tensile strength.

The test was conducted in accordance with ASTM Standard D638-14 (Type V). The specimens'
gauge length was 10 mm, and the gap between the grips was 25 mm. The machine loads the
specimen between the grips, and the force needed for the specimen to stretch, and break is

measured.
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The formula below is to calculate the tensile stress and the elongation ratio:

a) Tensile Stress

o = Tensile stress (Pa or N/m?)
F = Applied tensile force (N)
Ao = Initial cross-sectional area of the sample (m?)

b) Elongation ratio

A = Elongation ratio (dimensionless)

L = Stretched or current length of the sample (m)

Lo = Initial length of the sample (m)

3.4.1.2 1zod Impact Test:

Six rectangular bars were processed for each sample using the extrusion-injection molding process.
Each bar was 63.5 mm long and 3.5 mm thick and the specimens were bar shaped and were notched
on the side parallel to the direction of injection.

Then, the Izod impact samples were notched using the notch cutter (TMI 22-05, USA) where the
depth of the plastic material remaining under the notch was 10.58+0.04 mm and then they were
checked with the tapered blade fit at the end of the notch machine (notched prior keeping 48 h at

room temperature).
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The notched samples were subjected to Izod impact tests using a Ray-Ran Universal Pendulum

Impact system according to the ASTM — D256. The ASTM-D256 standards for notched sample

testing produced a value of 5.417 J for the hammer impact energy.

The specimen was vertically positioned within the grips of the Ray-Ray impact tester, using the

ASTM-D256 methodology. A single swing of the hammer pendulum impacted the specimen, and

the energy absorbed was quantified. The five specimens' average was calculated and reported in

KJ/m?,

3.4.2 Thermal Properties (DSC and TGA):

DSC measurements were performed with nitrogen gas at 70 mL/min flow rate. Individual samples

(~10 g) were heated at 280°C, then were cooled at -20°C, and then reheated again to 280C. The

heating and cooling rates were 10°C/min.

The calculations are done according to the formula where we get the degree of crystallinity.
Xe=A4Hm /AH° mPET * 100

The enthalpy of 100% crystalline PET (A H°m) is reported to be 140J/g where X. denotes degree

of crystallinity of the sample.A TGA Q50 thermogravimetric analyzer was used to assess each

sample using thermogravimetric analysis (TGA). A sample of approximately 10 milligrams was

subjected to heating at 600° C under a nitrogen flow rate of 40 mL/min, with a temperature increase

of 10° C/min. All experiments were performed in triplicates.

3.4.3 Melt Flow Index:

The melt flow index of each sample was determined according to the ASTM D1238, where the

samples were dried at 80°C for 24 h (moisture content before processing 0.034 wt. %). The

temperature was set at 280°C with 12g of the sample inside the melt chamber at a residing time of

6 minutes, whereafter the flow of the polymer was determined using the following formula:
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MFI = Weight (gram) of Melted samples / 10 minutes
3.5 Heat deflection temperature (HDT):
The calibration for conducting heat deflection was done according to the ASTM D648, where the
rectangular bars were made similar to the Izod impact samples; the tests were conducted using the
DMA Q800 (TA Instruments), where the samples were preconditioned for more than 40h under
standard temperature condition before testing.’
The formula given below can be employed to establish the necessary load for the test, contingent
upon the specimen dimensions.
F=2/3(c(bd?/L
Strain of the ASTM Sample
Strain £ = 6 dastm Tastv/ Lastv

F represents the load in Newtons (N).

o represents the stress in megapascals (often 0.455 MPa or 1.82 MPa).

b represents the width of the specimen in millimeters.

d denotes the depth (thickness) of the specimen in millimeters.

L is the distance between the supports in millimeters, generally 101.6 mm or 100 mm.
3.6 Morphological Section:
3.6.1 Digital Microscopy:
In this analysis, Digital Microscope (Keyence VHX-600; VHX-S15) on 200 x zoom where 250um
was the reference length. The samples were prepared by taking 8 mg of each sample and utilizing
thermogravimetric analysis to break it down at 600°C. The remaining sample was examined using
a digital microscope, capturing photos of each sample with a reference measurement of 250um.

Subsequently, the mean length of the carbon fiber samples was assessed.
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Figure 4: Digital Microscope image of 0.5-inch carbon fiber reinforced PET-B/PET-B matrix.

3.6.2 Scanning Electron Microscopy analysis:

The Izod impact samples were used for the electron microscopy where unnotched samples of each
of the blend samples, base sample B*, and the carbon fiber samples of each of the 3 wt. % samples
of different lengths (0.5,1,2 inch) were scanned, where the samples were notched cryogenically as
samples were submerged in liquid nitrogen for approximately 1 minute, then were fractured with
the help of a chisel and hammer. The fractured samples were affixed to aluminum stubs using high
vacuum carbon tabs and subsequently coated with approximately 30 nm of gold in an Emscope
Sputter Coater model SC 500. The mounted samples were put inside the vacuum chamber and
examined in JOEL 6610LV (tungsten harpin emitter) scanning electron microscope (JEOL Ltd.,

Tokyo, Japan). Observations were made in 50x, 100x, 200x and 1000x.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 MFI, mechanical and thermal properties of PET-T and PET-B Blends with and without
Chain extender
4.1.1 Melt-flow index (MFI) analysis: Table.1 lists MFI values for Neat PET-B, Neat PET-T,
PET-B/10% PET-T, Neat PET-B, PET-B/20% PET-T, PET-T + 0.5 phr Joncryl (B*), PET-B/20%
PET-T + 0.5 phr Joncryl (B*) and PET-B/20% PET-T + 1 phr Joncryl (B*). Reflecting on this
data, one can clearly see that Neat PET-B has a lower MFI of 61.87g/10 min. relative to Neat PET-
T, which has a very high MFI of 134.4 g/10 min.
The markedly elevated MFI of PET-T relative to PET-B suggests that PET-T possesses a lower
molecular weight. Polymers with lower molecular weight possess shorter chains, facilitating easier
flow under pressure and, therefore, a higher MFI. The results demonstrate that PET-T possesses a
lower molecular weight than PET-B, as evidenced by its higher MFI, which signifies enhanced
flow resulting from shorter polymer chains.
For PET-B with 10% PET-T, the MFI increased to 104 g/10 min. from 61.87 g/10 min., and it
further increased to 113 g/10 min. with 20% PET-T. The incorporation of PET-T essentially acts
as plasticizers, resulted in an increased MFI, as shorter chains exhibit enhanced flow under
pressure. This trend agrees with expectations, as the addition of PET-T, with its higher MFI,

influences the overall MFI of the blend.>®
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Table 1: Mechanical and thermal properties of the samples prepared in this study.
Tensile Young's o . Impact
S.NO. Samples Ml:rlli(ng)/l() Strength modulus /«()ﬂolglrgea;gn Strength
(MPa) (MPa) (KJ/m?)
1 Neat PET-B 61.9+0.1 64.0+£ 0.9 2170 £22 444.0 £46.8 2.8+0.6
2 Neat PET-T 134.4+ 0.1 63.9+3.9 2130£15 313.8+19.9 1.1+0.2
104.2 +
3 PET-B /10% PET-T 62.1 £4.82 2190 £48 457.5+32.7 2.7+ 1.1
7.0
4 PET-B /20%PET-T 113+20 60.1£3.5 2010 £ 16 448.4 +27.8 26+1.2
PET-B/20% PET-T
5 + 0.5 phr Joncryl 66.8+1.4 64.2+0.9 2030+46 406.9+6.5 29+03
(B*)
PET-B/20% PET-T
6 46.3+1.9 64.2+0.7 2040+70 414.0+ 0.8 2.1£0.7
+ 1 phr Joncryl

Furthermore, an enhancement in MFI is achieved using an epoxy chain extender, significantly

lowering the MFI at 0.5 phr to 66.8 + 1.4 g/cm?, matching that of neat PET-B.

At 1 phr Joncryl led to a significant MFI decrease to 46.26 g/10min. This clearly shows that chain
extenders effectively coupled different PET chains, leading to increased molecular weight, reduced

melt flow, and increased viscosity, suggesting successful chain extension as illustrated in Scheme

A.
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Scheme A. Illustration of Chain extension of PET, which chain extenders clavinet body PET
chains together.

Chain extender

—

Chain extension
PET chain —

PET chain

4.1.2 Tensile Properties:

a) Tensile Strength: Table 1 presents a comparison of tensile strength, elastic modulus, and
percentage elongation at break. for Neat PET-B, Neat PET-T, PET-B/10% PET-T, Neat PET-B,
PET-B/20% PET-T, PET-T + 0.5 phr Joncryl (B*), PET-B/20% PET-T + 0.5 phr Joncryl (B*) and
PET-B/20% PET-T + 1 phr Joncryl (B*). Tensile tests were conducted at 100 mm/min. We
observed a downward trend for 10% and 20% PET-T in PET-B blends. However, this was within
the standard deviation range, so there was no significant change in tensile strength.>’

Compared to the 10% and 20% blends without a chain extender, the samples with a chain extender
showed some increase in tensile strength. For example, PET-B/20% PET-T + 1 phr Joncryl had a
tensile strength of 64.2 MPa compared to 60.1 MPa for PET-B/20% PET-T without the chain
extender. Tensile strength is influenced by chain entanglement and intermolecular forces. As
shown in Table 1, there is little to no significant change in tensile strength, which is presumably
attributed to the fact that PET-B and PET-T share similar chemical structures, resulting in identical

intermolecular forces and comparable chain rigidity.
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b) Elastic modulus: For the elastic modulus, neat PET-B had a value of 2170 MPa, and a similar
value was observed for PET-T at 2130 MPa. For the 10% PET-T sample, an elastic modulus of
2190 MPa, while PET-B had an elastic modulus of 2010 MPa. With the addition of the chain
extender (at 0.5 PHR and 1 PHR), the modulus mostly remained around 2030 and 2040 MPa,
respectively. Considering the standard deviations of the data, we found that these variations are
not statistically significant.*’

Elastic modulus corresponds to the ratio of stress and strain in the elastic region. Elastic modulus
is influenced by chain entanglement, polymer chain rigidity, crystallinity, and intermolecular
forces between polymer chains. No significant changes were observed in the elastic modulus, as
shown in Table 1, which corresponds to the fact that PET-B and PET-T share similar chemical
structures, resulting in identical intermolecular forces and comparable chain rigidity.

¢) Percentage Elongation (at break): For the neat PET-B, we observed an elongation at a break
of 444%. However, for PET-T, the % elongation (at break) was 313%. This is due to the higher
molecular weight in PET-B leading to more chain entanglement due to longer chains, this leads to
higher chain damage before break comparatively.

The elongation for 10% and 20% blends with PET thermoform were 457 and 448, respectively.
The addition of chain extenders caused a decrease in the elongation. Chain extenders can crosslink
polymer chains in addition to the increase in the polymer chain length. These crosslinks limit the
mobility of polymer chains, reducing the ductility of materials and, hence, a reduction in %

elongation.*! For example, with the 20% thermoform blend at 0.5 phr Joncryl, the % elongation at

break was around 406.9%, while without a chain extender, it showed an elongation of 457.5%.
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d) Izod Impact test: The purpose of the Izod Impact test is to determine how samples respond to
sudden impacts. In this regard, impact tests were conducted. PET-B exhibited a significantly
higher impact strength of 2.8 KJ/m? compared to Neat PET-T, which had an impact strength of 1.1
KJ/m?. The more amorphous nature of PET-B contributes to its considerable absorption impact
than the more crystalline PET-T. The impact strength decreased for the 10% and 20% blends with
the addition of PET-T. The incorporation of PET-T, due to a greater degree of crystallinity, leads
to an overall reduction in the impact strength of the blend. The impact strength, if other parameters
are constant, is inversely related to the degree of crystallinity of a polymer sample. Increased
crystallinity results in a reduction of amorphous regions. These amorphous regions in polymers
play a crucial role in absorbing impact and shock..** This is consistent with our findings, as reduced
crystallinity frequently results in comparatively enhanced impact strength.

Figure 5: The graphs presented tell us about the mechanical results wherein (I) Melt Flow Index
(II) Impact strength (III) Tensile Strength (IV) Young s Modulus

o 1344
13
104.2
619 66.8
Neat PET-B Neat PET-T  PET-B /10% PET-B PET-B/20% .
PET-T 20%PET-T PET-T + 0.5 phr Neat PET-B Nemt PET-T PET-B il)“ PET- PET-B El‘P PET- PET-B/20%4 PET-
Joncryl (B*) T+0.5 phr
. Joncryl (B*)
v
64.2
o4 64 62.1 o1 2170 2130 =
2010 2030
Nest PET-B~ Neat PET-T  PET-B /10% PET-B PET-B/20% Neat PEL-B Neat PET-T  PEL-B /10% PET- PET-B 20%PET- PET-B20% PEL-
PET-T 20%FET-T PET-T +0.5 phr ;& T T-+0.5 phr

Joncryl (B*) Joncryl {B*)
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4.1.3 Thermal Properties:

We analyzed the thermal properties of these samples, including the glass transition temperature
(Tg), melting temperature (Tm), crystallization temperature (Tc), and degradation temperature, as
detailed in Table 2. Tg of a polymer is influenced by various factors, including its molecular
structure, intermolecular forces, crystallinity, and molecular weight. Additionally, such as the
presence of plasticizers, crosslinking, copolymerization, and environmental exposure also play a
significant role. In this study, the chemical structure of PET-T and PET-B is the same, so, their Tg
values are essentially very close. However, factors such as crystallinity and molecular weights
affect their Tg values.

During the 2" heating cycle, the neat PET-B and neat PET-T had T, values of 80.8 °C and 87.2 °C,
respectively. This increase in Tg corresponds to an increase in the degree of crystallinity the PET-
T compared to that of PET-B. For PET-B /20%PET-T, the Ty was 72.18 °C, this could be
attributed to the fact that PET-T, due to its low molecular weight, may act as a plasticizer,
increasing the flexibility of polymer chains in the PET-B/PET-T blends. With the addition of the
chain extender Joncryl (J), the T increased to 79.92 °C for PET-B/20% PET-T + 0.5 phr Joncryl

(B*).
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This corresponds to the potential crosslinking in the sample, increased that limits the chain
mobility and the caused an increase in the Tg of PET-B/20% PET-T + 0.5 phr Joncryl (B*).Tm
corresponds to the melting temperature of a polymer sample. In this study, we observed two
melting temperature peaks (Tm; and Tmy).

The presence of two melting peaks (Tmi and Tmy) in PET samples is due to the complex melting
characteristics of semicrystalline polymers. Tml is typically linked to the melting of less perfect
crystals and corresponds to lower temperature, whereas Tm> corresponds to melting of more
perfect crystals.

Generally, the first, Tmi, was approximately 10 °C lower than the second melting temperature
(Tmy). For neat PET-B, Tm; was 241.4 °C, while PET thermoform has Tmi of 241.8 °C.

For 10% and 20% PET, no significant change was observed in Tm, as the value remained around
241.8 °C. However, by adding the chain extender, we observed a slight decrease in melting
temperature.* For Tmy, it was 236.8 °C, while Tmy around 250 £ 1 °C, with the exception 0.5
PHR Joncryl added sample that showed a Tm; of 247.7 °C, approximately 2 degrees lower than
the neat PET sample.

Overall, the changes in Tm were not significant for the PET-T/PET-B blends and this is because

both PET-T and PET-B have the same chemistry with similar interactions.
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Table 2: Thermal Analysis DSC and TGA

DSC TGA
Description 2nd Cycle 3rd Cycle
%Xc | Temp at
Name T. (°C) Tg(°C) Tmi (°C) Tm2(°C) | AHm (J/g) 10%
Neat PET-B 204.5 80.8+0.32 | 241.4+0.2 249.31£0.0 35.4x1.7 | 253 | 412.2+1.1
Neat PET-T 211.8+0.4 | 87.2+0.34 | 241.8+1.0 250.5+0.5 41.6+3.2 | 29.7 | 402.5+0.3
PET-B /10% PET-T 201.9 81.743.04 | 241.7+1.4 249.1+0.5 36.2+2.1 | 25.8 | 410.7+1.7
PET-B 20%PET-T 208.2 76.4+0.62 | 241.7+0.22 | 249.2+0.6 37.2 26.6 | 410.2+0.9
PET-B/20% PET-T +
0.5 phr Joncryl (B*) | 204.3+3.2 | 79.9+0.21 | 236.8+2.5 247.7£0.8 38.1£8.4 | 27.2 | 409.3+0.2

Thermogravimetric analysis (TGA) was conducted to determine the thermal degradation
temperatures of the samples. The data is presented in Table 2. All samples were analyzed under
the same conditions, and temperatures corresponding to a 10 wt.% weight loss were recorded.
Overall, the degradation temperature for all samples ranged from 402 °C (for a PET thermoform)
and 412 °C (for the PET bottle grade). Technically, crystalline PET-T should be more stable than
the less crystalline PET-B. However, in this case, the lower molecular weight (Mw) of PET-T
suggests large number of COOH groups per unit sample, which can lead to rapid degradation,
particularly in the presence of moisture.

With a 10% and 20% PET thermoform addition to the PET-B, the degradation temperatures were
410.7 °C and 400.2 °C, respectively. Adding Joncryl at 0.5 PHR did not significantly change the
degradation temperature, which remained at 409.2 °C. Overall, there is less than a 1% change for

PET-B/20% PET-T + 0.5 phr Joncryl (B*) compared to neat PET bottle grade.
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Overall, the PET-B and PET-T blends are thermally stable in the absence and presence of the chain
extender.** The addition of Joncryl somewhat reduced the melting temperature, but it does not
significantly affect their thermal stability.

a) Degree of crystallinity: The degree of crystallinity (X¢) is shown in Table 2. Neat PET-B has
the lowest degree of crystallinity at 25.29%. PET thermoform had an Xc value of 29.7%, ET-B
/10%, PET-T was 25.8%, and PET-B /20%PET-T was 26.59%. This increase in crystallinity of
the blends corresponds to the addition of crystalline PET-T. PET-B typically possesses a larger
molecular weight, hence decreasing chain mobility and restricting crystallization.

Conversely, PET-T has a low molecular weight, with improved chain mobility, facilitating more
efficient and rapid crystallization during the cooling after melt-processing. PET-B/20% PET-T +
0.5 phr Joncryl (B*), the crystallinity was 27.2%. No real impact of the J on crystallinity is
observed. This could correspond to opposing effects: crosslinking, which reduces crystallinity, and
the plasticizing effect of J molecules, which increases crystallinity.

4.2 Mechanical Properties Carbon Fiber-Reinforced Composites of PET-B and PET-T
Blends Without Chain Extenders:

Carbon fibers are known for their excellent mechanical properties, such as tensile strength 4900
MPa, and modulus of elasticity of 230,000 MPA, as shown in Table 3. Therefore, we decided to
use carbon fiber as reinforcing agent for PET-B and PET-T blends to improve the mechanical
properties of these blends. We explored two unique systems, 1) incorporating carbon fiber without
a chain extender and 2) with chain extenders. Furthermore, carbon fiber of 0.5 inches, 1 inch, and

2 inches in length at two different concentrations (1% and 3% carbon fiber loading) were explored.
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a) Tensile strength: For PET-B /20%PET-T, the tensile strength was 60.1 MPa. For carbon fiber-
reinforced samples, at 1% carbon fiber loading, we observed that as the fiber length increased from
0.5 inches to 1 inch, the tensile strength increased from 65.9 MPa to 71.6 MPa but then decreased
significantly to 61.9 MPa for 2 in fiber. The enhancement of tensile strength with fiber length up
to 1 inch is due to the improved stress transfer from the matrix to the carbon fiber in the matrix.
Longer fibers offer better load bearing. But when the fiber length goes beyond 1 inch, a diminished
load transfers happen. The loading issue may be attributed to inadequate mixing of longer fibers
within the matrix, particularly at a low loading level of 1%. This could have resulted in the
formation of weak spots in the samples.

For 3% carbon fiber loading, the tensile strength was 71.5 MPa for 0.5-inch fibers, 72.1 MPa for
I-inch fibers, and 74.7 MPa for 2-inch fibers, showing a continuous upward trend in tensile
strength with increasing fiber length. This improvement is attributed to the higher carbon fiber
content, which provides sufficient reinforcement to resist tensile stress and deformation.

b) Young's modulus: PET-B /20%PET-T had a young’s modulus of 2010 MPa. With 1% carbon
fiber (0.5 inches), it increased to 2400 MPa, and with 3% loading, it reached 3100 MPa. For 1-
inch fibers, Young's modulus was 2330 MPa at 1% loading and 3240 MPa at 3% loading. Similarly,
for 2-inch fibers, Young's modulus increased from 2620 MPa at 1% loading to 3430 MPa at 3%
loading. Well-aligned longer fibers can enhance the overall stiffness of the composite more
efficiently, reducing the material's tendency to deform and requiring greater force to achieve
deformation, thus increasing the modulus of elasticity.

When the loading is higher (3%), stiffer fibers take up space in the composite, which makes further

increase in Young's modulus.
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These results suggest a significant improvement in Young's modulus with carbon fiber
reinforcement, as expected due to the higher strength and stiffness of carbon fiber relative to the
plastic matrix.

Table 3: Tensile and impact performance of carbon-reinforced PET-B/PET-T blends

. Young's o . Impact
S.NO. Name Tenstllsdls);r)e ngth modulus /(’Elol?gatlo Strength
(MPa) (KJ/m?)
Reference Carbon fiber®’ 4900 230,000 1.75%
Control PET-B /20%PET-T 60.1 £3.5 2010 £ 156 4‘;%45;:& 26+1.2
_ 0 _T/10,
1 PET-B/20% PE;I)“ TA%CE (0.5 65.9+1.5 2400+£23 15.3+£2.9 2.44+0.2
_ 0 _T/10,
2 PET-B/20% Tf)T TA%CE (1 71.6£0.7 23304131 | 159476 | 2.5:03
_ 0 _T/10,
3 PET-B/20% Tf)T TA%CE (2 61.940.6 2620428 5.741.0 2.120.7
_ 0 _ 0
4  |PET-B20%P Eg T/3%CF (0.5 71.5:0.4 3100126 | 4.5:08 34402
_ 0 _ 0
5 PET-B/20% I:E)T T3%CF (1 72.4+0.7 3240+137 4.8+1.0 3.5+£0.7
_ 0 _ 0
6 PET-B/20% 1: f)T Ti3%CF 2 74.7:0.4 3430+77 6.7+2.1 3.4+0.3

¢) Percentage Elongation (at break): The percentage elongation for the control PET-B /20%PET-
T was 448.4%, significantly reduced with carbon fiber addition. For instance, with 1% carbon fiber
loading and 0.5-inch fibers, elongation decreased to 15.3%, and for 3% loading, it was only 4.8%.
For 1-inch fibers at 1% loading, elongation was 15.9%, decreasing further to 4.8% at 3% loading.
For 2-inch fibers at 1% loading, elongation was 5.7%, and at 3% loading, it reached 6.7%. Overall,
the trend indicates a significant reduction in elongation as more carbon fiber is added because
carbon fibers are stiff and non-stretchable materials that tend to break under large force rather

than stretching.
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d) Impact strength: The control PET-B /20 wt.% PET-T had an impact strength of 2.6 KJ/m?. For
all samples with 1wt% carbon fiber loading, impact strength remained around 2.4, 2.5, and 2.5
KJ/m? for 0.5, 1, and 2-inch fiber-loaded samples. At 3 wt.% carbon fiber loading, impact strength
significantly improved, reaching 3.5 KJ/m? for 1-inch fiber samples. This enhancement suggests
good adhesion between the PET-T/PET-B matrix and carbon fiber, allowing effective stress
transfer from matrix to fiber and dissipation along the fiber network, which improves impact
strength. Overall, all samples with 3 wt.% carbon fiber loading, regardless of fiber length, showed
a significant enhancement in impact strength.

Figure 6: The graphs presented show us the mechanical tests results for the carbon fiber

reinforced samples without chain extender Joncryl ADR. They represent (I) Young’s Modulus
(IT) % Elongation (III) Tensile Strength (IV) Impact Strength.
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4.3 Mechanical and thermal properties Carbon Fiber-Reinforced Composites of PET-B
and PET-T blends with Chain extenders:

Mechanical properties for the carbon fiber reinforced PET-T/PET-B samples were also measured
in the presence of 0.5 phr of Joncryl ADR chain extender.

a) Tensile strength: PET-B/20% PET-T + 0.5 phr Joncryl (B*) matrix had the tensile strength was
64.2 MPa. After 1 wt.% carbon fiber loading with 0.5-inch carbon fiber, the tensile strength was
65.9 MPa; at 1 wt.% loading for 1 inch, it was 71.6 MPa; and at 1 wt.% for 2 inches, it was 72.4
MPa. For the 3 wt. % carbon fiber loading, tensile strength was 71.5 MPa, 72.1 MPa, and 74.7
MPa, for 0.5, 1 and 2 inch fibers, respectively. This suggest that increasing the carbon fiber length
increased the tensile strength, and a significant increase was observed when going from 1 wt.%
carbon fiber loading to 3 wt.% carbon fiber loading, thanks to the very large tensile strength of the
carbon fiber itself.

b) Modulus of elasticity: PET-B/20% PET-T + 0.5 phr Joncryl (B*) had a modulus of elasticity
value of 2030 MPa, which increased to 2400 MPa for 1 wt.% carbon fiber lading with 0.5-inch
fibers. For 2-inch carbon fiber at 1 wt.% loading, it was 2620 MPa. For 3 wt.% carbon fiber
loading: 3100 MPa for 0.5-inch fiber, 3240 MPa for 1-inch fibers, and 3430 MPa for 2-inch fibers.
This is due to the fact that carbon fibers are remarkably rigid materials rendering the composites
rigid with substantial increase in the modulus of elasticity.

¢) Percentage Elongation at Break: The percent elongation PET-B/20% PET-T + 0.5 phr
Joncryl (B*) was 406.9 %, and at 1 wt.% carbon fiber loading, it decreased to 15.3% for 0.5-
inch fibers, 15.9% for 1-inch fibers, and 5.7% for 2-inch fibers. It was further reduced by

increasing the wt. % of carbon fiber in the sample.
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For example, at 3 wt.% carbon fiber loading stood elongation at break was 4.5 % for 0.5-inch
fibers, 4.8 % for 1-inch fibers, and 6.7 % for 2-inch fibers. This occurred due to the increase in
carbon fiber making the sample stiffer in nature and leading to the loss of flexibility in the

matrix.

Table 4: Mechanical analysis with addition of carbon fiber.

.. Tensile Strength Modulus of . Impact Strength
Description (MPa) g Elasticity (MPa) %ZElongation P (KJ/m?) g
Carbon fiber"’ 4900 230,000 1.75% -
PET-B/20% PET-T +0.5) ¢4 5.0 2030446 406.9+6.5 2.94£0.25
phr Joncryl (B*)
B*-1%CF (0.5 in) 65.9£1.5 2400423 15.3+£2.9 2.38+0.24
B*- 1%CF (1 in) 71.6£0.7 2330+131 15.9+7.6 2.46+0.29
B*- 1%CF (2 in) 72.4+0.6 2620429 5.7£1.0 2.13+0.67
B*- 3%CF (0.5 in) 71.5+0.4 3100+126 4.5+0.8 3.44+0.19
B*- 3%CF (1 in) 72.1£0.7 3240+137 4.8+1.0 3.45+0.73
B*- 3%CF (2 in) 74.7+0.427 3430+77.9 6.70+2.138 3.46+0.33

d) Impact strength: PET-B/20% PET-T + 0.5 phr Joncryl (B*) had an impact strength of 2.94
KJ/m?. At 1 wt. % carbon fiber loading, it was 2.37 KJ/m? for 0.5-inch fibers. 2.46 KJ/m? for 1-
inch fibers, and 2.13 KJ/m? for 2-inch fibers. For 3 wt.% carbon fiber loading, those values were
3.44 KJ/m? for 0.5-inch fibers, 3.45 KJ/m? for 1-inch fibers, and 3.46 KJ/m? for 2-inch fibers. The
change in the impact strength as portrayed above is when less concentration fibers (1 wt.%) are
there, the matrix is weakened, and the impact strength is lesser.

But with addition of 3 wt.% carbon fibers in the sample enhanced toughness resulting from enough
fibers facilitating energy dissipation through fiber fracture, pull-out, and crack bridging. In

summary, increasing carbon fiber loading can improve qualities like stiffness and strength, but

reduces ductility.
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Moreover, excessive fiber loadings can complicate the processing of the composite and perhaps
elevate costs. Consequently, the ideal fiber loading amount will be dependent upon the need of
end-use.

Figure 7: The graphs representing the mechanical reading of the carbon fiber composites
consisting of the chain extenders where (I) Young’s Modulus (II) % Elongation (III) Tensile

Strength (IV) Impact Strength. B* is the PET-B-80%/PET-T-20% with 0.5 Phr Joncryl which is
the base sample
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4.3.1 Thermal properties:

The Tg of PET-B/20% PET-T + 0.5 phr Joncryl (B*) was 79.9°C. For the 1 wt.% carbon fiber
loading, the Ty values were 76, 77.7, and 73.2°C for 0.5-inch, l-inch, and 2-inch lengths,
respectively. At 3 wt.% carbon fiber loading, the Tg values were 28.4, 28 and 33.9 respectively.
The Tg initially decreases with the introduction of a minor quantity of (CF due to enhanced free
volume and weak matrix-fiber interaction, particularly with longer fibers. At 3 wt.% CF, a
networked structure starts formation, diminishing chain mobility and aligning Tg values more

closely with those of the unmodified matrix (B*).
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This pattern highlights the complex interactions among fiber dispersion, interfacial adhesion and
chain mobility in influencing temperature transitions. PET-B/20% PET-T + 0.5 phr Joncryl (B*)
showed Tm; of 236.75 °C, and T2 value of 247.69°C. For all 1 wt.% carbon fiber loadings, Tmi
was in the range of 240°C, and for 3 wt.% carbon fiber loading, it remained around 240°C. T2
values for all samples were around 248°C, with a minimal increase compared to the PET-B/20%
PET-T + 0.5 phr Joncryl (B*), indicating that Tm values were not significantly affected by carbon
fiber loading.

a) Degradation temperature:

PET-B/20% PET-T + 0.5 phr Joncryl (B*) showed T1o% (10 wt. % loss) at 409.2°C. For 1wt. %
carbon fiber loading, it was 408.2°C for 0.5-inch fiber, at 409.6°C for 1-inch fiber, and again at
409.7°C for 2-inch fiber.

With higher carbon fiber loading (at 3 wt.%), we observed a slight decrease to 405°C for 2-inch.
Overall, the degradation temperature did not change significantly, thus suggesting the thermal
stability of the polymer remains intact for these samples. This may correspond to the fact that

carbon fibers are inert and do not interfere with the chemistry or degradation of the polymer matrix.
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Table 5: This table shows the DSC and the TGA results portraying the thermal properties.

DSC TGA
2nd Cycle 3rd Cycle
Sample %Xc
Name T. (°C) Te(°C) Tmi: (°C) Tm2(°C) |AHm (J/g) Temp at 10%
PET-B/20% PET-
T + 0.5 phr
Joncryl (B¥) 204.3+3.2 79.9 236.8£2.5 | 247.7£0.8 | 38.1+8.4 | 27.2 409.3+0.2
B*-1%CF (0.5in)| 205.1 76 240.3 248.7 41.3 29.5 408.2+3.6
B*-1%CF (1in) | 208.6+1.3 77.7+0.3 240.5+0.3 | 248.9+0.2 | 39.3+0.3 | 27.9 409.6
B*-1%CF (2 in) | 209.3+0.6 73.3+3.5 240.3£0.9 | 248.8£0.1 | 40.1x1.4 | 314 409.7
B*- 3%CF (0.5 in)| 209.3+0.8 74.7+3.9 240.7£2.2 | 248.5£0.3 | 39.8¢1.6 | 28.4 410.3
B*- 3%CF (1 in) 209.1 81.2 240.3 249 39.2 28.0 407.2+0.9
B*- 3%CF (2 in) 209.8 70.2 239.3 248.7 38.9 33.9 405.9+0.2

B*=PET-B/20% PET-T + 0.5 phr Joncryl

b) Degree of crystallinity: The percent crystallinity for PET-B/20% PET-T + 0.5 phr Joncryl (B*)
was 27.2%. With 1wt.% carbon fiber loading, it was 29.5% for 0.5-inch fibers, 27.9% for 1-

inch fibers, and 31.4% for 2-inch fibers.For 3 wt.% carbon fiber loading, the degree of

crystallinity was 28.4%, 28.0%, 33.9% for 0.5-inch, 1-inch, and 2-inch fibers, respectively.
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The trend shows a significant increase in crystallinity as the carbon fiber loading increased, which
is presumably due to fiber acting as nucleating agents, where the polymer chains surround the
fibers and form crystalline regions, this increasing sample overall crystallinity.

4.4 SEM analysis and Digital microscopy analysis:

SEM and digital microscopy images for B*- 3%CF (0.5 in), B*- 3%CF (1 in), and B*- 3%CF (2
in) are shown in Table 6. Here, B* denotes PET-B/20% PET-T + 0.5 phr Joncryl.

SEM images recorded from the fracture samples show a reasonable adhesion between the fiber
and the matrix, as some fibers are broken, and some are pulled out. The fibers pulled out from the
matrix without having residual resin around it indicate low adhesion between the fiber and the
matrix, while in other cases, fibers are broken, suggesting that instead of pulling out, they broke,
indicating better adhesion.

Additionally, digital microscopic images were recorded to quantify the fiber length and dispersity
in the fiber in the matrix. As shown, fibers, especially the 0.5-inch ones, are well-dispersed in the
system. For the 1-inch and 2-inch fibers, we observed a clustering suggesting that longer fibers are

more challenging to disperse.
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Table 6: SEM and Digital Microscopy images of the B*- 3%CF with different fiber types.

Sample

B*-
3%CF

(0.5 in)

B*-
3%CF

(11in)

B*-
3%CF

(2 in)

SEM image (at the same resolution)

Digital Microscopy images
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4.5 Mechanical Properties of recycled PET-T/PET-B vs virgin PET vs virgin PP Carbon
Reinforced composites:

For comparative analysis, we also tested virgin PET, virgin polypropylene, and compared that with
recycled PET-B/20% PET-T + 0.5 phr Joncryl composites, then determined their tensile properties,
including tensile strength, modulus of elasticity, percent elongation, and impact strength.

a) Tensile Strength: For virgin PET, the tensile strength was 50.2 MPa, and increased with 3%
CF loading reaching 65.0, 65.9, and 67.9 MPa for 0.5-inch and 2-inch fibers, respectively.

Neat virgin polypropylene (PP) had a tensile strength of 39.9 MPa, which increased to 42.6 MPa
with 3% carbon fiber loading at 0.5-inch, 43.1 MPa at 1 inch, and 41.9 MPa at 2- inches. The
PET-B/20% PET-T + 0.5 phr Joncryl (B*) showed a tensile strength of 64.2 MPa, while the
addition of 3wt% carbon fiber resulted in tensile strengths of 71.5, 72.1, and 74.7 MPa for 0.5-
inch, 1-inch, and 2-inch fibers, respectively.

Overall, the fiber composites of recycled PET-B/PET-T showed maximum tensile strength
compared to virgin PET and virgin polypropylene. The difference between PP and recycled PET-
T/PET-B composites is likely due to variations in matrix properties, as the PP matrix has lower
tensile strength compared to recycled PET-T/PET-B. In the case of virgin PET versus recycled
PET-T/PET-B, the effect may be attributed to the fact that recycled PET-T/PET-B undergoes some

oxidation during use, leading to improved adhesion between fiber and the matrix.
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b) Elastic Modulus: Virgin PET showed modulus of 2030 MPa, and with 3% carbon fiber, it was
3080, 3150, and 3200 MPa for 0.5-inch, 1-inch, and 2-inch fibers. Neat polypropylene showed an
elastic modulus of 1470 MPa and were 1900, 1850, and 1800 MPa with 3% carbon fiber loading
for 0.5-inch, 1-inch, and 2-inch fibers, respectively. PET-B/20% PET-T + 0.5 phr Joncryl (B*)
had a modulus of 2030 MPa, which increased to 3100, 3240, and 3430 MPa with 3% carbon fiber
loading for 0.5-inch, 1-inch, and 2-inch fibers, respectively.

The composites of recycled PET-B/PET-T exhibited a greater modulus of elasticity. An increase
0f30-40% in elastic modulus was observed, which is due to the very high elastic modulus (230,000
MPa) of carbon fiber.
¢) Percentage Elongation (at break): the PET-B/20% PET-T + 0.5 phr Joncryl (B*) was 406.9%,
which decreased to 4.5%, 4.8%, and 6.7% for 3% carbon fiber loading with 0.5-inch, 1-inch, and
2-inch fibers, respectively. For virgin PET, percent elongation at break was 391.5%, and with 3%
carbon fiber loading, it was 17.8, 5.7, and 4.8% for 0.5-inch, 1-inch, and 2-inch fibers, respectively.
Neat polypropylene had an elongation of 183.5%, which decreased to 30.8, 37.4, and 35.3% with
3% carbon fiber for 0.5-inch, 1-inch, and 2-inch fibers, respectively.

Overall, the addition of carbon fiber led to a severe reduction in the elongation because carbon
fiber has only 1.5% elongation itself, and their effects are manifested in the fiber-reinforced
samples. Carbon fibers are intrinsically brittle and demonstrate minimal elongation. When
incorporated into a polymer matrix, they markedly diminish the overall elongation of the

composite.
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Table 7: Comparison of the recycled PET composited reinforced with carbon fiber comparison
with virgin polymers PP and virgin PET reinforced with carbon fiber.

Tensile Impact
Strength Modulus of Elasticity %kElongation| Strength
Description (MPa) (MPa) (At Break) (KJ/m?)
Recycled PET-T/PET-B as matrix
PET-B/20%
PET-T + 0.5 phr| 64.2+0.8 2030445 406.9£6.5 2.93+0.25
Joncryl (B*)
%_10
B*-3 fn():F 051 715404 31004126 45:08 | 3.44+0.194
B*-3%CF (1in)| 72.1+0.7 3240+137 4.8+1.0 3.45+0.73
B*-3%CF (2in)| 74.7+0.4 3430+77.9 6.7£2.1 3.46+0.33
Virgin PET as matrix
Neat PET
(Virgin) 50.2+0.8 2030425 391.5+6.4 2.43+0.30
PET-3%CF (0.5
in) 65.0+1.3 3082+126 17.8+16.5 3.34+0.52
PET-3%CF (1
in) 65.9+3.7 3150211 5.7€1.7 3.15+0.00
PET-3%CF (2
in) 67.9+6.9 3200+£573 4.8£2.4 3.93+1.73
Virgin PP as matrix
Neat PP 39.9+1.3 1470+102 183.5+9.8 4.44+0.96
PP-3%CF (0.5
in) 42.6+0.5 1900+74.5 30.8+1.8 3.23+0.72
PP-3%CF (1in) | 43.1+0.4 18504172 37.5+7.5 3.30+0.42
PP-3%CF (2in) |41.9+0.7 1800113 35.3+£5.1 3.30+0.18
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For impact strength, PET-B/20% PET-T + 0.5 phr Joncryl (B*) had an impact strength of 2.93
kJ/m?. With 3% carbon fiber loading, it increased to 3.44kJ/m?, 3.45kJ/m?, and 3.46 kJ/m? for 0.5-
inch, 1-inch, and 2-inch fibers, respectively.

Virgin PET had an impact strength of 2.43 kJ/m?, which increased to 3.34kJ/m?, 3.15kJ/m?, and
3.93 kJ/m? with 3% carbon fiber loading for 0.5-inch, 1-inch, and 2-inch fibers, respectively.

For polypropylene, the impact strength was 4.44 kJ/m?, which decreased to 3.23kJ/m?, 3.30kJ/m?,
and 3.30 kJ/m? for 0.5-inch, 1-inch, and 2-inch fibers with 3% carbon fiber. Overall, carbon fiber
reinforcement improved impact strength for all polymers except PP samples.

This is due to the strong adhesion between the fiber and the high surface energy PET matrix,
facilitating effective impact transfer from the matrix to the fiber. In contrast, the low adhesion
observed in PP composites due to low adhesion between the fiber and the non-polar PP matrix,
ultimately diminishing the performance of PP composites when compared to those utilizing the

PET matrix.
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4.6 Heat Deflection Temperatures:

Heat deflection temperatures were determined for Neat PET-B, PET-B-80/20 + 0.5 Phr J (B*),
B*-CF-0.5-3 wt.%, B*-CF-1-3 wt.%, and B*-CF-2-3 wt.%. Neat PET-B has a heat deflection
temperature of 64.62°C, which PET-B-80/20 + 0.5 PhrJ (B*) showed a heat deflection temperature
of 76.32°C.

The addition of a chain extender potentially creates crosslinks across polymer chains, so limiting
chain mobility thus increasing rigidity of the polymer matrix. As a result, elevated HDT was
observed after chain extension. With 3wt.% carbon fiber loading (0.5, 1, and 2 inches), we
observed heat deflection temperatures of approximately 84.19°C, 99.39°C, and 120.82,
respectively. These increases in HDT correspond to a greater stiffness caused by stronger
interaction of the carbon fiber with the PET matrix, which increases the overall resistance to
change in temperature, thus leading to an increase in the deflection temperatures.*’

Table 8: Heat deflection temperatures of carbon fiber composites and a neat blend of PET-B and
PET-T.

SAMPLE HDT (°C)
Neat PET-B 64.62+0.35
PET-B-80/20 + 0.5 Phr J (B*) 76.32+0.43
B*-CF-0.5-3 wt.% 84.19+0.25
B*-CF-1-3 wt.% 99.39:£0.86
B*-CF-2-3 wt.% 120.82+0.13
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CHAPTER 5: CONCLUSION AND FUTURE WORK
5.1 Conclusion:
We successfully developed carbon fiber-reinforced composites from recycled PET-T and PET-B.
Our finding suggests that tensile properties were significantly improved, especially the modulus
of elasticity, which increased by 30-40% with a 3 wt.% carbon fiber loading. Similarly, there was
a 10-20% increase in tensile strength with the addition of 3wt.% carbon fiber. The impact strength
increased by 10-18% for the reinforced carbon matrix.
SEM analysis confirmed a reasonable adhesion between fiber and plastic matrix. No drastic
changes in Tg, T, and Tc were observed. Similarly, the TGA analysis confirmed the different
combination blends are as thermally stable as their polymer matrix.
Heat deflection temperatures were increased with 3 wt.% carbon fiber loading, particularly with
longer carbon fiber chains, reaching 120.82°C for the sample with 2-inch carbon fiber compared
to 76.2°C for the unreinforced sample.
Carbon fiber-reinforced composites of recycled PET performed better than carbon-reinforced
virgin PET and virgin PP composites. For each sample, significant increase in modulus of elasticity
and tensile strength, though a notable decrease in elongation at break were observed.
In contrast, impact strength decreased for polypropylene-reinforced composites, while it increased

for both virgin and recycled PET matrices in reinforced composites.
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5.2 Future Outlook:

A detailed SEM analysis is required to assess the distribution of fibers within the matrix and to
gain a better understanding of the fracture mechanisms in these composites. Furthermore, it is
essential to explore ways to enhance the interaction between the matrix and the fibers by utilizing
functional carbon fibers and/or treating carbon fibers with plasma prior to their incorporation into
the polymer matrix.

Another area of interest could be investigating the effects of larger fiber loading, such as 10% and
30% carbon fiber in the system. Exploring these parameters and processes will further enhance

the understanding that can be employed to further increase the performance of the composite.
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APPENDIX

Mechanical Raw Data:

Figure A.1: PET — NEAT
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Figure A.1:(cont’d)
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Figure A.2: PET Thermoform
Instron Applications Laboratory
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Figure A.2: (cont’d)
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Figure A.2: (cont’d)

N/

b4

Th Te Ten Te Modu Mod Modul

ic
kn
es

s
[m
-~ m]

nsi sile nsi
le Stre le
Str ngth Str
en at en
gth Bre gt
at ak h
Yi [MP [M
eld a] Pa
M

Pa

lus of ulus

us

Elasti (Sec (Youn

city ant

g's

(You 1 %) Tensil

ng's [MP
Modu a]
lus)
[MPa

]

2280

2380

2130

405.

150 528

58

e
stress
1% -
3 %)
[MPa]

2083.
44

2039.
20

66.59

INSTRON"

% % Modul Nomi Modul
Elo Elong us nal us
ng ation (Seca Strain region
atio at nt0.5 at end
n Brea %) Break point
at k [MPa] [%] at
Yie [%] Modul
Id us
[%] (Auto
matic
Youn
g's)
- 1470.
_ 334 62 3.34 13
- 1429.
_ 1.66 42 168 13
4.7 1190.
1 13.75 33 13.75 23
0.2 19.91 610.2 19.91 0,546

14 3

17

2

2280.
1

2375.
58

2133.
70

149.6



Figure A.3: PET 90%/10% Thermoform
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Instron Applications Laboratory
ASTM D638-14 Standard Test Method for Tensile Properties of Plastics
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Figure A.3: (cont’d)
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Figure A.4: PET 80%/20% Thermoform
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Figure A.4: (cont’d)
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Figure A.4: (cont’d)
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Figure A.5: PET 80%/20% Thermoform + 0.5 Phr JCR(B*)
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Figure A.5: (cont’d)
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Figure A.6: PET 80%/20% Thermoform + 1 Phr JCR
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Figure A.6: (cont’d)
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Figure A.7: B*- 0.5in CF-1%
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Figure A.7: (cont’d)
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Figure A.8: B*- 1in CF-1%
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Figure A.8: (cont’d)
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Figure A.9: B*- 2in CF-1%
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Figure A.9: (cont’d)
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Figure A.9: (cont’d)
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Figure A.10: B*- 0.5in CF-3%
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Figure A.10: (cont’d)
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Figure A.11: B*- 1in CF-3%
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Figure A.11: (cont’d)
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Figure A.12: B*- 2in CF-3%
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Figure A.12:(cont’d)
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Thermal Stability Raw Data:

Figure A.13: The DSC graph represented shows about the thermal data of Neat, Blends and CE
enhanced blend (B*)
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Figure A.14: The figure shows the graph comparing the carbon fiber reinforced blends with
different lengths of fiber at 1wt. %.
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Figure A.15: The figure shows the graph comparing the carbon fiber reinforced blends with
different lengths of fiber at 3 wt. %.
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Table A.1: The table below represents the raw DSC data.

2" Cyc
Cycle 15t Cycle le 3rd Cycle %Xc
T
cold cry
Tc(°| T |Tml | AHm |stallizatf T | Tml | Tm2 | AHm |Crystallin
Name | C) |g(°C)| (°C) | (J/g) [ion (°C)|g(°C)| (°C) | °C) | (/g) ity%
126.5(249.3 241.3|249.2
Neat |73.09{4+0.0|65+0. 32.66+0{204.53 | 80.77 | 5£0.1 | 5+0.0 [35.41£1.7
PET-B [+4.03| 1 43 91 | +0.83 (+£0.32| 7 1 3 25.29
254.9 251.7|250.5
Neat |74.39({115+0|540.0 |45.43+0|211.82|87.22 [ 5£1.0|35+0. [41.58+3.1
PET-T | £39 | .34 4 A2 1204141 03 | 1 51 6 29.7
PET-B 251.0 81.74 249.0
/10% |54.18 149.2|145.2142|201.88 | 5+3.0 | 241.7 | 85+0.
PET-T| 45 |——| 4 3.4 +2.4 4 |£1.41| 49 [36.16£2.1| 25.82
PET-B 241.7(250.2
/20%P |58.37 251.8|47.85+4(206.89 | 72.18 | 0+1.4 | 0£1.0|37.2342.1
ET-T |+4.3 | —— | 0£32 .8 +1.34 (£4.34| 5 43 1 26.59
PET-
B/20%
PET-T
+0.5
phr 122.81250.3 236.7|247.6
Joncryl[72.956+0.0 | 6+0.2 [ 37.8+2.|204.34 | 79.92 | 5+£2.4|95+0. (38.10+£8.4
(B*) [=0.81| 4 5 78 | £3.17 [£0.35| 9 76 4 27.21
PET-
B/20%
PET-T 251.5 249.0
+ 1 phr|67.07| 118.5|6+7.3 |37.314£5]208.45 | 75.09 | 240.6 | 2+0.2 [39.87+0.2
Joncryl| £2.4 | 3488 | 4 4 +0.32 [+£0.24|4+.48| 1 3 28.47
B*- 176.30|119.7 [253.4 240.2|251.6
1%CF |54£2.6|2+6.3 | 8+6.1 [39.44+1| 208.08 | 76£0. | 9£1.5|9+0.2 [41.25+0.5
(0.5in)| 2 4 3 A1 | 20.76 | 96 6 3 5 29.46
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Table A.1:(cont’d)

2" Cyc

Cycle 15t Cycle le 34 Cycle %Xc
B*- 121.4 240.41248.9

1%CF [73.87|8+0.2(252.0 [41.28+2|208.59 | 77.73 | 65+0. | 25+0. [39.17+0.1

(1in) |£1.29| 5 |[7+£0.8| .72 +1.29 [£0.25| 17 15 8 27.97
B*- 118.5]245.6 240.31248.7

1%CF (64.31{0+0.0|2+4.9142.78+0(209.25 | 73.26 | 35+0. | 5+0.0 (40.08+1.3

(21n) |£0.07| 5 6 38 +0.61 [£3.50| 93 1 5 31.36
B*- 118.5(251.7 240.6 [ 248.5

3%CF [68.90|25+1.|4+0.4 (41.36+1|209.33|74.65|85+2. [25+0. |40.76+1.5

(0.5 in) [£3.56| 24 7 37 |£0.804 (£3.89| 16 | 275 6 28.40
B*- 121.9(253.3 240.2

3%CF |73.03(4+£2.4|7+6.3|42.33+£7(209.08 | 77.44 | 9+2.0|249+0(40.17+0.6

(1) |£8.96] 5 3 .05 +4.98 [£9.24| 5 75 8 27.98
B*- 125.7(262.8 240.2(249.7

3%CF |76.70|5+4.6 | 0+£2.4|142.83+0{ 209.78 | 76.18 | 8+2.6 | 3+£0.9 [40.37+0.2

(21in) |£6.12| 5 5 86 |£0.726 |£3.24| 5 3 4 28.35

85




Table A.2: The Table Below represents the TGA raw data.

T t T t
Name e;r(l)z 2 Temp at 5% TE& 2 Peak P Residue
- . +1.
Neat PET-B 390 425 1 402.6451.37[412.18£1.07 [439.7620.66| 1.1820.03
Neat PET-T 363.11+1.05(386.11+0.38 |402.53+0.27 |436.66+3.49|0.7525+0.12
- V - . +1. . +1.
PET-B/10% PET-\385.655+1.9 399.34+1.91 410.695+1.6 441.905+0.8| 1.206+0.15
T 4 9
- 0 - + + +
PET-B /20%PET-T |385.945+0.6/399.1154+0.9 410.185+0.9 443334004 1.152+0.4
4 4 3
PET-B/20% PET-T |384.565+0.6/399.0054+0.4 (409.25540.2 (441.035+1.3 1.24940.08
+ 0.5 phr Joncryl 6 7 2 9 ' '
- 0 - . +0. . £0.
PET-B/20% PET-T 1384.045+0.2) 394.045+0.3 409.68+0.34 | 443.06+2.4 | 1.209+0.73
+ 1 phr Joncryl 7 9
381.275+2.5
) 396.82+3.36|408.17+3.63 |442.18+0.06| 1.418+2.2
B*-1%CF (0.5 in) 3
389.781+4.3
23+1.11| 409.58+2 [435.59+7.4 | 1.553+3.22
B*- 1%CF (1 in) ) 398.23 09.58 35.59+7 55343
B*- 1%CF (2 in) 389.92+4.23(398.16+1.23|409.66+2.14 (441.21+2.67|2.611+£1.245
B*- 3%CF (0.5 in) |389.69+0.231398.92+0.76 |410.34+0.23 |443.18+0.79| 1.83+0.23
390.455+0.9|395.425+1.1 442.03+0.00
411.22+0.88 2.475+0.041
B*- 3%CF (1 in) 3 2 4
380.105+0.6(/395.315+0.1 |412.855+0.1 |442.535+1.0
2.839+0.02
B*- 3%CF (2 in) 7 1 7 3
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