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Abstract

The urgency to develop and commercialize multi-component materials containing bio-based
material is growing. Such materials can reduce the widespread dependence on petroleum
and at the same time can reduce pollution while contributing to the economy. The demand
for polymeric materials in applications such as automotive components, building materi-
als, and the aerospace industry is increasing; however, one of the main drawbacks to use
polymeric materials is their limited fire resistance.

The objective of this work was to develop polypropylene plasticized cellulose acetate
materials and to explore the use of magnesium hydroxide to enhance the flame retardant
properties of these materials. Specifically, the thermal stability, flammability, crystalliza-
tion, and mechanical properties were investigated.

Material fabrication was accomplished using a two-step extrusion process. In the first
step, cellulose acetate was plasticized with 30% triethyl citrate. The effects and viability
of triethyl citrate as a plasticizer for the cellulose acetate were investigated by using dif-
ferential scanning calorimetry, X-ray diffraction, and thermogravimetric analysis. Based
on differential scanning calorimetry, the glass transition and the melting temperature were
lowered by 39 oC and 77 oC, respectively. The effects of triethyl citrate on the degree of
crystallinity of cellulose acetate was examined by X-ray diffraction. The degree of crys-
tallinity of plasticized cellulose acetate was lower than that of cellulose acetate. According
to thermogravimetric analysis, triethyl citrate lowered the thermal stability of the cellulose
acetate by shifting the onset temperature of degradation and the temperature of maximum
weight loss to lower temperature. According to the aforementioned analysis, cellulose ac-
etate and cellulose acetate plasticized with triethyl citrate is applicable to be blended with
polypropylene.

Formulation of the polypropylene materials was investigated according to the thermal
analysis by the thermogravimetric analysis. Choosing the level of each component in the
fabrication was developed sequentially, polypropylene-grafted-maleic anhydride, plasticized
cellulose acetate, and magnesium hydroxide. Different levels of polypropylene-grafted-
maleic anhydride (1, 2, 3 wt.%), plasticized cellulose acetate (20, 30, and 40 wt.%), and
magnesium hydroxide (10, 20, 30 wt.%) were used in order to choose the optimum level
of each component. Based on the thermal analysis and activation energy estimation, the
highest level of each component was chosen to fabricate the multicomponent material. The
results of scanning electron microscopy imaging showed that plasticized cellulose acetate
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had better compatibility with polypropylene matrix. The addition of plasticized cellulose
acetate was affected negatively by the addition of magnesium hydroxide. Elemental map-
ping was carried out by energy dispersive X-ray spectroscopy attached to the scanning
electron microscope. The results show good dispersion of plasticized cellulose acetate and
magnesium hydroxide.

After choosing the level of each component, which was 3 wt.% , 40 wt.% and 30 wt.%
for polypropylene-grafted-maleic-anhydride, plasticized cellulose acetate, and magnesium
hydroxide, respectively, the extruded materials were produced and cut into pellets. In-
jection molding and hot press compression molding were used to prepare the samples for
characterization. Various characterization techniques were used to evaluate the inclusion
of plasticized cellulose acetate and magnesium hydroxide in the polypropylene matrix.

Thermal stability and kinetic studies were investigated by using thermogravimetric
analysis (TGA) under non-isothermal conditions. The thermal stability of the polypropy-
lene materials was evaluated through their TGA and DTGA curves at four heating rates
(5, 10, 20, and 30 oC·min−1). The results revealed that polypropylene materials with
presence of plasticized cellulose acetate and magnesium hydroxide had good thermal sta-
bility where the thermal decomposition took place over a wide range of temperature and
the maximum weight loss temperature was shifted to higher temperature. The Kissinger,
Kissinger-Akhira-Sunose (KAS), and numerical integration methods were employed to esti-
mate the activation energy. The activation energy of polypropylene materials with presence
of plasticized cellulose acetate and magnesium hydroxide was higher than those of other
polypropylene materials.

Flammability and combustion behavior were examined through vertical burning, oxygen
index, cone calorimeter and adiabatic bomb calorimeter tests. The results show that
polypropylene with plasticized cellulose acetate and magnesium hydroxide ranked as V-
0 according to the vertical burning test. The limiting oxygen index of polypropylene
containing plasticized cellulose acetate and magnesium hydroxide was higher than that
of polypropylene by 29%. According to the cone calorimeter test, the peak heat release
rate and total heat release when the plasticized cellulose acetate and magnesium hydroxide
were present in the polypropylene matrix were lower than that of polypropylene by 80%
and 30%, respectively. The carbon monoxide and carbon dioxide yields revealed that
polypropylene materials with plasticized cellulose acetate and magnesium hydroxide were
significantly lower than that of polypropylene. The effective heat of combustion, estimated
from the cone calorimeter and the heat of combustion from adiabatic bomb calorimeter,
confirmed that the polypropylene material with plasticized cellulose acetate and magnesium
hydroxide was less exothermic due to the reduction in the estimated heat of combustion.
According to the stoichiometry of the carbon in the fuel and combustion products, the
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polypropylene material with higher yield of residue in the form of soot and char showed
better flame retardancy than material with lower yield of residue. The results showed
that polypropylene containing plasticized cellulose acetate and magnesium hydroxide had
a higher yield of residue.

Non-isothermal crystallization and nucleation morphology of the polypropylene ma-
terials was investigated by differential scanning calorimetry (DSC) and polarized optical
microscopy. DSC thermograms showed that the crystallization temperature of polypropy-
lene materials shifted to lower temperature with presence of polypropylene-grafted-maleic
anhydride, plasticized cellulose acetate, and magnesium hydroxide. Development of the
relative crystallinity was determined at four cooling rates. Avrami model was employed to
analyze the data obtained from the DSC. Polarized optical microscopy was used to show
the nucleation and crystal growth of the pure polypropylene and polypropylene plasticized
cellulose acetate materials. Nucleation activity was estimated for the polypropylene mate-
rials. The results demonstrated that polypropylene-grafted-maleic anhydride, plasticized
cellulose acetate, and magnesium hydroxide modified the nucleation and the crystal growth
of the polypropylene materials.

The mechanical properties of the polypropylene materials showed a marginal reduc-
tion in tensile strength and the elongation at break due to the inclusion of the plasticized
cellulose acetate and magnesium hydroxide. The reduction was 13% and 30% due to
the addition of plasticized cellulose acetate and magnesium hydroxide, respectively. How-
ever, the addition of plasticized cellulose acetate and magnesium hydroxide increased the
Young’s modulus of the polypropylene materials. According to the impact test, there was
a reduction in the impact strength of the polypropylene materials due to the addition
of plasticized cellulose acetate and magnesium hydroxide. The impact strength reduced
by 35% and 80% due to the addition of plasticized cellulose acetate and magnesium hy-
droxide, respectively. Differential scanning calorimetry and X-ray diffraction were used to
study the effect of plasticized cellulose acetate and magnesium hydroxide on the degree of
crystallinity and the crystal forms of the polypropylene materials. The addition of plas-
ticized cellulose acetate reduced the degree of crystallinity of the polypropylene. On the
other hand, plasticized cellulose acetate induced the β crystal form, positively influencing
the thermal and mechanical properties. The addition of cellulose acetate and magnesium
hydroxide increased the degree of crystallinity.

The most significant finding to emerge from this study is the feasibility of obtaining
materials from polypropylene, plasticized cellulose acetate and magnesium hydroxide. The
results of this study indicate that the materials have improved thermal stability and flame
retardancy with the combination of plasticized cellulose acetate and magnesium hydroxide.
Furthermore, the level of magnesium hydroxide could be reduced and reasonable flame
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retardancy maintained compared to the level reported in the literature. The inclusion
of the plasticized cellulose acetate and magnesium hydroxide affected some mechanical
properties of the material. Polypropylene material containing plasticized cellulose acetate
and magnesium hydroxide would be suitable for interior automotive components and other
non-structural building materials such as electrical power insulation.
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Chapter 1

Motivation, Scope, and Thesis
Structure

1.1 Motivation

Lightweight, low-cost cellulosic materials offer the potential to replace a large segment
of common fillers (e.g., glass and mineral fillers) in numerous automotive interior and
exterior parts. European car manufacturers have started using natural-fiber composites
with thermoplastic and thermoset matrices for certain car components, including door
panels, seat backs, headliners, package trays, dashboards, and interior parts [1]. European
Union and Asian countries have released rigorous rules for utilizing bio-composite materials
in the automotive industry. European Union legislation introduced in 2006, increased the
insertion of bio-composite materials in automotive components to around 80% [2]. In Asian
countries, such as Japan, 88% of a vehicles composition is needed to be recoverable by 2005
and it was expected to rise to 95% in 2015. As a result, automakers have been paying more
attention to a vehicles entire life cycle; the impact on the environment from raw materials,
to manufacturing, to disposal.

The interest in polypropylene (PP) materials coincides not only with legislation enacted
in large markets, but with the priority being given by many major automakers to global
sustainability. For instance, Daimler Chrysler’s sustainability efforts have focused on the
development and utilization of bio-based materials. They have gone one step further by
identifying bio-based materials as key part of their plan to create a global sustainability
network.
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For automotive applications, PP is the most commonly used thermoplastic material,
particularly for non-structural components. PP is preferred to other materials due to its
low density, excellent processability, adequate mechanical properties, excellent electrical
properties, good dimensional stability, and high impact strength [2].

1.2 Research aims

Developing multi component PP material containing bio-based materials is the aim of this
research. Plasticized cellulose acetate was chosen to be the bio-based material component.
Cellulose acetate is attractive due to its renewability, non toxic, and low cost compared
to other bio-based materials. Polymers are susceptible to fire limiting their practical use
for a wide variety of industrial and domestic applications [3]. In particular, the flamma-
bility of PP materials is of serious concern. The most commonly used method to control
the flammability of PP is the addition of flame retardant fillers to the polymer matrix.
Metallic hydroxides such as magnesium hydroxide (MH) are becoming more popular due
to their high endothermic decomposition temperature (above 340 oC) and low cost. The
decomposition products of magnesium hydroxide are water and magnesium oxide, which
are non-toxic and produce limited smoke during burning [4].

One of the drawbacks of MH is the high loading (at least 50 wt.%) required to obtain
significant flame retardancy [5]. This level makes processing difficult [6]. Furthermore, the
inclusion of mineral fillers in thermoplastic materials improves some mechanical properties,
for example stiffness, while other properties such as impact strength are compromised [3].
Finally, dispersion of a filler requiring high loading is very difficult to achieve [7].

1.3 Research hypothesis

Increasing the environmental and sustainability of polypropylene material can be achieved
by substituting a portion of the polypropylene with cellulose acetate, a bio-based materi-
als. One draw back to this approach is an increase of vulnerability to fire. On one hand,
the application of conventional flame retardant, magnesium hydroxide, is beneficial for
fire properties. On the other hand, magnesium hydroxide may compromise the mechan-
ical properties. It is desirable to obtain reasonable flame retardancy while maintaining
mechanical properties.
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1.4 Thesis objectives and structure

The primary objective of this PhD research was to create a PP material with reasonable
flame retardancy for use in interior automotive components and building materials. The
research consisted of a series of steps:

• Define the formulation of plasticized cellulose acetate magnesium hydroxide polypropy-
lene materials.

• Characterize the thermal behavior of plasticized cellulose acetate magnesium hydroxide
polypropylene materials.

• Investigate the combustion behavior of plasticized cellulose acetate magnesium hydroxide
polypropylene materials.

• Evaluate the crystallization characteristics and the mechanical properties of plasticized
cellulose acetate magnesium hydroxide polypropylene materials.

The thesis is structured as follows:

Chapter 1, motivation and thesis structure

Chapter 2, literature review

Chapter 3, the formulation and fabrication of the PP materials. First, the plasticization
of cellulose acetate with TEC was investigated by DSC, XRD, and TGA. Second,
the formulation of PP materials was investigated according to thermal stability and
activation energy estimation for different contents of polypropylene-grafted- maleic
anhydride (PPMA), plasticized cellulose acetate (CA*) and MH.

Chapter 4, the thermal stability of the plasticized cellulose acetate magnesium hydroxide
polypropylene materials was evaluated using TGA, and by estimating the changes in
the activation energy of the thermal degradation process.

Chapter 5, the fire properties of the PP materials was evaluated by vertical burning,
oxygen index (OI%), cone calorimeter, and adiabatic bomb calorimeter tests

Chapter 6, the non-isothermal crystallization of the plasticized cellulose acetate magne-
sium hydroxide polypropylene materials were investigated.
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Chapter 7, the mechanical properties and morphology of the PP materials were scruti-
nized to study the effects of the inclusion of CA* and MH.

Chapter 8, the overall conclusion drawn from this work is presented with the recom-
mendation for future work.

Chapter 4 to 7 are presented in the manuscript format. As a results of this format, some
information will be repetitive, particularly in the introduction and experimental methods.
The thesis structure are presented in Table 1.1.
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Table 1.1: Thesis structure with steps and associated details

Chapter Materials Fabrication Characterization

3

CA,CA*

PP

PP*

60PP*/40CA*

70PP*/30MH

70(60PP*/40CA*)/30MH

Extruder

DSC

XRD

TGA

SEM

EDS

4

PP

PP*

60PP*/40CA*

70PP*/30MH

70(60PP*/40CA*)/30MH

Extruder TGA

5

PP

60PP*/40CA*

70PP*/30MH

70(60PP*/40CA*)/30MH

Extruder

Compression Molding

OI

Vertical burning

Cone Calorimeter

Adiabatic bomb Calorimeter

6

PP

PP*

60PP*/40CA*

70PP*/30MH

70(60PP*/40CA*)/30MH

Extruder DSC

7

PP

60PP*/40CA*

70PP*/30MH

70(60PP*/40CA*)/30MH

Extruder

Compression Molding

Injection Molder

Tensile Test

Impact Test

DSC

XRD
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Chapter 2

Literature Review and Background

2.1 Polypropylene

Polypropylene (PP) is a versatile thermoplastic material, compatible with many processing
techniques and used in various commercial applications. It is one of the fastest growing
classes of commodity thermoplastics [4]. The PP market growth has been around 6-7% per
year [8], and the volume of PP production has exceeded that of polyethylene and polyvinyl
chloride in 2013. The strong growth of PP comes from its moderate cost and favorable
properties [3].

PP has excellent and desirable physical, mechanical, and thermal properties when used
for room temperature applications [9]. It is relatively stiff and has a high melting temper-
ature. It has the highest melting temperature (160-170 oC) of the thermoplastic materials.
PP is considered one of the lightest thermoplastic materials (0.9 g·cm−3); thus, finished
parts for a given application weigh less. The elastic modulus for PP is between 1.05-2.1
GPa (homopolymer), and it has good temperature resistance up to 135 oC [10]. It has
excellent electrical insulation capacity. These properties can be easily varied by altering
the chain regularity, tacticity, content and distribution, and average chain length.

The monomer propylene contains an asymmetric carbon at the C2 position (CH2-CH-
CH3) which leads to three potential molecular configurations: isotactic, syndiotactic, and
atactic, as shown in Figure 2.1 and Figure 2.2. The propylene monomers can link together
such that the methyl groups can be situated in one spatial arrangement or another in the
polymer. If the methyl groups are all on one side of the chain, the arrangement is known
as isotactic PP; if the methyl groups are on alternate sides of the chain, the arrangement
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is known as syndiotactic PP. A random arrangement of the methyl groups along the chain
is known as atactic PP.

Isotactic PP has the highest crystallinity because of its structure, resulting in excellent
mechanical properties such as stiffness and tensile strength. Its glass transition temperature
(Tg) ranges from -30 to 25 oC, depending on the method of measurement and heat annealing
treatments [8]. Syndiotactic PP is less stiff than the isotactic variety but has better impact
strength and better clarity. Atactic PP has low crystallinity due to its irregular structure,
resulting in sticky, amorphous materials.

Figure 2.1: Chemical representation: a. propylene b. polypropylene
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Figure 2.2: Stereochemical configuration of polypropylene a. isotactic, b. syndiotactic,
and c. atactic

The chain in PP forms a helical arrangement as it crystallizes due to the presence of a
pendant methyl group. Polymers with closely spaced bulky groups form an helix to pack
atoms closely together without distortion of the bonds along the chains [10]. Homopolymer
PP (isotactic) is one of the common products that contain only a propylene monomer in
the semi-crystalline solid form. The homopolymer PP is a two-phase system because
it contains both crystalline and non-crystalline regions. From the crystallization of the
chains, the thickness of the crystallites can be determined, as well as how much heat
energy is required to melt them. The crystallization rate is dependent on the nucleation
and crystal growth rates; as the melt becomes cooler, the nucleation rate increases, and
the rate of crystal growth decreases. Spherulites are spherical semi-crystalline regions and
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are associated with crystallization of polymers from the melt [11]. The spherulite of PP
has a size ranging from 1-50 µm [10]. Spherulite can be observed by optical microscopy
under crossed polarizers as Maltese cross patterns (Figure 2.3), consisting of a central dark
cross with wings coincident with planes of the polarizer and analyzer.

Figure 2.3: A Maltese cross pattern of PP during crystallization using optical microscopy
under crossed polarizers [12]

2.2 Polypropylene materials

PP materials have been developed to alter their properties, e.g. lower density, increased
strength, and biodegradability. For example, PP materials may contain inorganic fillers
and reinforcements such as calcium carbonate, talc, mica, barite, glass spheres, and glass
fibers to increase the strength.

Natural fillers have been considered to reduce the density while increasing the biodegrad-
ability of PP materials. However, these natural fillers are often polar while PP is non-polar.
Therefore, poor adhesion between the filler surface and the polymer matrix prevents nec-
essary wet-out by the molten polymer and helps to break up the aggregate of the filler
particles, causing poor dispersion, insufficient reinforcement, and poor mechanical proper-
ties.

Different treatments and chemical modifications can be used to overcome these prob-
lems. One conventional method is to treat the filler surface to make the surface less
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polar and more hydrophobic. Substances such as stearic acid, silanes, zirconates, and
titanate have been used. Another approach is to modify the chemistry of PP by attach-
ing polar groups, such as acrylic acid (AA) or maleic anhydride (MAH) as discussed in
2.6.1. It is estimated that around 90% of short fiberglass reinforced PP materials contain
polypropylene-grafted-maleic anhydride (PPMA).

Reinforced and filled PP are used in the automotive, appliance, and electrical indus-
tries. For automotive applications, glass-fiber reinforced PP is utilized (e.g., fan mounting,
shrouds, belt covers, air filters, spoilers, cooling system tanks). It is reported that mineral
filler (20%) reinforced PP used in the interior trim in the VW Golf provides sound defeating
properties and does not cause unpleasant rattling or squeaking noises. Talc-reinforced PP
is used in the appliance industry for washing machine dispensers and pump housing com-
ponents. Other applications include lawn and garden furniture, usually with the addition
of an ultraviolet stabilizer to protect against degradation due to sunlight [10].

Table 2.1 presents the typical weight of natural fibers used in automotive components in
2006. The weight reduction of the components is one of the significant advantages of using
these materials. The EcoCar is an example of a vehicle fully constructed from biofiber
composite panels [13].

Table 2.1: Typical weight of natural fiber used in automotive components [1]

Automotive component Typical weight of fiber (kg)
Front door liners 1.2-1.8
Rear door liners 0.8-1.5
Boot liners 1.5-2.5
Parcel shelves 2
Seat backs 1.6-2.0
Sun roof sliders 0.4
Headliners average 2.5

2.3 Processing of polymer materials

The fabrication of polymer materials is largely determined by their rheological properties.
For example, when compounding is required, consideration must be given to a material’s
tendency to flow at an elevated temperature for a relatively long time, the material’s
softening temperature, and its stability.
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2.3.1 Extrusion

The extrusion process involves the molding of a viscous thermoplastic under pressure
through an open-ended die. The pelletized material is successively compacted, melted,
and formed into a continuous charge of the viscous fluid by a rotating screw through a
chamber. The molten phase of the material is pushed through a die orifice of the extruder
to create the extrusion.

The extruder is divided into several sections and each section has a specific purpose.
The feed section picks up raw material from a hopper and propels it into the main part
of the extruder. In the compression section, the feed is compacted, melted and formed
into a continuous stream of molten plastic. External heat can be supplied, and part of the
heat is also generated from friction. The metering sections contribute to the uniform flow
rate required to ensure uniform dimensions in the finished products and provide sufficient
pressure in the polymer melt through the rest of the extruder. Different types of extruder
are used currently including the multiple-screw extruder (provides more working of the
melt), and the vented extruder (allows extraction of the volatiles from the polymer melt).

2.3.2 Injection molding

Most thermoplastic materials are molded by the process of injection molding. The material
is softened and conveyed with a screw as in extrusion, then pushed through a runner system
into a cavity or multiple cavities of a mold. The melt temperature may be higher than the
compression molding temperature (> 150 oC), and a pressure of 100-1000 psi is common.
The mold is cooled and eventually, the mold separates; solid parts are ejected and stacked.

2.3.3 Compression molding

Compression molding is another technique used for the fabrication of multicomponent
materials. In compression molding, the appropriate amount of thoroughly mixed polymer
and necessary additives are placed between the male and female mold members, which are
both heated. One of the mold members is moveable, and the other is fixed. The mold is
closed and subjected to heat and pressure, causing the plastic to become viscous and flow
to conform to the mold shape. This molding technique can be used with thermoplastic
and thermosetting polymer. However, its use with thermoplastic is more time consuming.
The necessary pressure and temperature range vary considerably depending on the thermal
and rheological properties of the polymer. The temperature and pressure in compression
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molding could be near 150 oC and 1000-3000 psi, respectively. An excess of material is
required to ensure the mold is adequately filled. The residual material, known as flash, is
squeezed out and can easily be removed.

2.4 Fillers, reinforcement, and additives

Fillers, reinforcements, and additives such as flame retardants can be added to reduce the
cost or to enhance the mechanical and fire properties of the materials. Reinforcing fillers
can provide substantial improvements to the mechanical properties (e.g., tensile strength,
heat distortion temperature, modulus of elasticity) of a material. The properties of the
finished material depend on the relative volume of the filler added [14]. The inclusion
of filler can chemically or physically modify the polymer phase. The changes can be in
the crystallization, such as the nucleation, crystal growth, or in the crystal phase of the
polymer [15–17]. The chemical degradation of the polymer may be catalyzed by the filler
or its impurities [18].

2.5 Cellulosic fillers

Cellulosic fillers, such as wood and natural fibers derived from renewable resources, can be
used as reinforcement for thermoplastic and thermoset composites and provide favorable
environmental benefits in terms of ultimate disposability and raw material utilization.
Wood and natural fibers such as flax, hemp, and ramie are cheap, possess low density, high
toughness, acceptable specific strength properties, and biodegradability [19]. Their main
drawbacks are their hydrophilic nature, low thermal stability, and high moisture sensitivity.

It has been reported that wood fiber (WF) reinforced PP has properties like tradi-
tional glass-fiber reinforced PP composites [20]. WF polypropylene materials have gained
interest for the manufacture of products in several fields, such as automotive components,
decking, and fencing due to their sustainability, relatively high strength and stiffness, low
maintenance and cost, and excellent durability [21–23]. In general, the addition of cellulose
can increase Young’s modulus, while the tensile strength does not improve or sometimes
decreases due to the poor interfacial interaction [24]. According to Luz et al. [25], the
addition of cellulose fibers to PP shows intermediate thermal stability compared to the
fibers and PP matrix.

Cellulose is a semi-crystalline polysaccharide made up of D-glucopyranose units linked
together by β-(1-4)- glucosidic bonds [26], as shown in Figure 2.4. The hydroxyl groups
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present in cellulose give hydrophilicity, which has minimal interaction with hydrophobic
matrices, resulting in materials with an inferior interface and lower mechanical properties
[27]. The cellulose molecule is rigid and contains strong hydrogen bonding, so it is insoluble
and decomposes before softening on heating.

Figure 2.4: Cellulose structure

Cellulosic materials can be treated or modified to enhance their compatibility with
polymer matrix. Several works have studied the effects of different treatment approaches
and chemical modifications on the dispersion of these materials and the interaction between
the cellulosic materials and the PP matrix. Chemical modifications include mercerization,
isocyanate treatment, latex coating, acetylation, silane treatment, and alkali treatment.
The use of coupling agents and the modification of cellulose are the two major approaches
to enhance the interfacial interaction between cellulose and polymeric matrices.

2.6 Surface modification of cellulosic materials

2.6.1 Coupling agents

Coupling agents are molecules possessing two functions. For cellulose composite materials,
the first function is to react with the OH groups of cellulose, and the second is to react with
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the functional groups of the matrix. The selection of a coupling agent that can combine
a considerable degree of both strength and toughness is essential for composite materials
to facilitate the optimum stress transfer at the interface between fiber and matrix. An
example of a coupling agent developed for PP is PP grafted with maleic anhydride (MAH)
creating polypropylene-grafted-maleic anhydride (PPMA) for increased polarity, leading
to better adhesion with polar additives [28]. The addition of MAH to PP results in a
significant increase in tensile strength for levels as low as 1%, and maximal tensile strength
is achieved at 5%. PPMA coupling agents generally differ according to their MAH content
[29].

The treatment of cellulose fibers with PPMA provides covalent bonds across the in-
terface. The reaction mechanism of PPMA with fiber can be divided into two steps: the
activation of PPMA by heating (170 oC) as shown in Figure 2.5a before the fiber treatment,
and the esterification of the cellulose (Figure 2.5b). After treatment, the surface energy
of the cellulose is increased and approximates that of PP; showing better wettability and
higher interfacial adhesion between the fibers and the matrix.

Figure 2.5: Reaction mechanism of PPMA coupling agent with cellulose fibers [30]. a.
before fiber treatment. b. after fiber treatment
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2.6.2 Acetylation

Acetylation of cellulose consists of the replacement of hydroxyl groups by acetyl groups.
This reduces the interchain hydrogen bonding, increases interchain separation, and reduces
the hydrophilic nature of cellulose. Cotton, WF, and recycled paper are examples of raw
materials used to make cellulose esters in powder form [31].

Acetylation can be done with and without an acid catalyst to graft acetyl groups onto
the cellulose structure. The cellulose is initially soaked in acetic acid and subsequently
treated with acetic anhydride (CH3 − C(=O)-O-C(=O)-CH3) for 1-3 hours; higher tem-
peratures accelerate the reaction [32]. The reaction of acetic anhydride with cellulose is
shown as:

Cellulose-OH + CH3 − C(=O)-O-C(=O)-CH3 −→

Cellulose-OCOCH3 + CH3COOH (2.1)

The product cellulose acetate (CA), will have different properties according to chain length
and degree of substitution (DS), the replacement of the hydroxyl group with acetyl group.
The structure of CA is illustrated in Figure 2.6 and its properties and uses presented in
Table 2.2. CA is one of the most important organic esters and is used for many indus-
trial applications in the form of film and fiber. Its global production was over 800,000
metric tons in 2008 [33, 34]. The main properties of CA are hardness, good resistance to
impact, high shine, transparency, pleasing texture, lack of static electricity, and resistance
to hydrocarbons. It has been reported to be biodegradable, depending on the degree of
substitution (DS). The acetylation renders the cellulosic structure; CA will still decompose
below its softening point and still required to be plasticized after the acetylation. CA has
been widely used in the fabrication of membranes [35]. In addition, CA has been reported
in the fabrication of flexible, conductive, and high transparent composite films in the plas-
ticized state [36, 37]. CA (US$ 2.5/kg) is less expensive than PLA (US$ 5.0/kg ) but more
expensive than PP (US$ 1.78/kg) and polyethylene (US$ 1.52/kg) [38]. CA is also studied
as a blend with polylactic acid (PLA) with potential use in packaging, and the results show
that CA did not improve the mechanical properties of the blends in comparison to pure
PLA due to the poor adhesion. On the other hand, the thermal stability and elongation
at break increased [39].
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Figure 2.6: General structure of cellulose acetate

Table 2.2: Influence of degree of substitution on the properties and uses of cellulose acetate
[40]

Degree of
substitution

Acetyl content
(-COCH3)(%)

Solubility Uses

2.2-2.3 36.5-38 Soluble in acetone Injection moulding
2.3-2.4 38.0-39.5 film
2.5-2.6 39.5-41.5 lacquers

2.8-3.0 42.5-44
Insoluble in acetone,
soluble in chloroform

Triacetate film and
fiber

2.7 Plasticization of cellulose acetate

The main drawback of CA is that its melting temperature is very close to its decomposition
temperature. Due to this, CA needs to be plasticized [34, 41]. The primary functions
performed by plasticizers include [42]:

1. Lowering of the material hardness as well as other mechanical properties.

2. Acting as a fiber-to-fiber bonding agent [42].

3. Lowering of the melt viscosity, viscoelasticity, and melt flow [43].

There are two main groups of plasticizers known as internal and external plasticizers.
External plasticizers consist of low volatility molecules added to interact with polymers
and produce swelling without chemical reaction. Internal plasticizers, on the other hand,
form part of polymer molecules. They are copolymerized into the polymer structure by
grafting or by reaction with the original polymer; thereby making it less ordered and more
difficult for the chain to fit closely together. Their effects appear by reducing the glass
transition temperature (Tg) and elastic modulus [44].
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Table 2.3: Typical properties of triethyl citrate (TEC)

Properties Value
Molecular weight (g·mol−1) 276.3
Density (g·cm−3) 1.13
Vm (cm3·mol−1) 244.5
Tbp at 760 mmHg (oC) 126

Common plasticizers reported in the literature for CA include diethyl phthalate, dimethyl
phthalate, triphenyl phosphate, and glycerol triacetate. Phthalate plasticizers are the pri-
mary plasticizers used in commercial cellulose ester plastics and are now under examination
due to their potential effects on human health [45]. The desire to replace this type of plas-
ticizer has led to studies evaluating the effectiveness of alternative plasticizers for CA such
as citrate esters.

TEC (triethyl citrate) is an eco-friendly plasticizer which can be used to plasticize
CA [41]. The general structure of TEC is shown in Figure 2.7. TEC can be classified
as a hydrophobic plasticizer with limited miscibility with water, and was reported in the
literature to be miscible with CA [46]. Typical properties of TEC are presented in Table
2.3.

Figure 2.7: General structure of triethyl citrate
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TEC plasticized CA (CA*) melts at 170-180 oC, approximately 50 oC below the melting
point of neat CA [34]. The effects of TEC as on the performance and thermal properties
of CA have been reported [45, 47]. In order to obtain CA* with an optimum balance
of stiffness and strength, 30 wt.% TEC was identified, according to Mohanty et al. [34].
The addition of TEC shifts the maximum decomposition temperature to lower values.
Furthermore, it has been reported that the glass transition temperature (Tg) decreases as
TEC content increases [48]. The Tg of pure CA is reported to be 170 oC, while Tg for
CA* is around 30 to 50 oC below when using 20 wt.% [49] and 30 wt.% [46] TEC content,
respectively. Furthermore, mechanical properties are affected as plasticizer concentration
increases. It was reported that an increase of impact strength and elongation at break was
accompanied by a drop in tensile strength of the cellulose acetate when it was plasticized
[34].

2.8 Combustion of polymer

Combustion is a complex combination of physical and chemical phenomena that interact
in balance for combustion to occur. Figure 2.8 shows the three components necessary
to support combustion fuel, heat, and oxygen, which form the classic fire triangle [50].
Combustion refers to the oxidation reaction between a fuel, an oxidant (oxygen) and an
external source of intense energy, such as a spark or flame. The combustion process consists
of five elements: preheating, decomposition, ignition, combustion, and propagation [5].
The distinction between each element is generally not well defined. The preheating stage
involves irradiation of the material by an external heat source, raising its temperature.
The rate at which temperature increases depends on the thermal intensity of the heat
source as well as the thermal properties of the material: its thermal conductivity, specific
heat and latent heat of fusion. An increase in thermal energy induces bond scission in
the material leading to the release of volatile substances. Ignition occurs when these
gases mix sufficiently with atmospheric oxygen, and their temperature reaches either the
auto-ignition temperature or the flash point of the fuel (material). Combustion becomes
self-propagating if sufficient heat is generated and radiated back to the materials to sustain
the decomposition process [51].

The decomposition of a polymer, i.e., covalent bond dissociation, is an endothermic
phenomenon. For most C-C polymers, the amount of energy that must be supplied to
initiate bond dissociation is in the order of 200-400 kJ·mol−1 [50]. The decomposition
mechanism depends on the scission of the weakest bonds of the polymer [52]. Thermal
decomposition requires heat and oxygen to occur. There are two possible mechanisms of
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Figure 2.8: Fire triangle showing the three components necessary to support combustion
[8]

thermal decomposition, depending on the temperature and amount of oxygen available
[53]:

I. Formation of free radicals. The mechanism is self-propagating because these radicals
start a chain/cascade reaction which occurs under oxidizing and non-oxidizing con-
ditions. The formation of radicals can be illustrated by the following reaction:

R1 − CH2 − CH2 − R2 → R1 − CH2 + CH2 − R2 (2.2)

II. Migration of hydrogen atoms. This mechanism results in the formation of two stable
molecules, one of which has a reactive carbon-carbon bond and is illustrated as
follows:

R1 − CH2 − CH2 − CH2 − R2 → R1 − CH = CH2 + CH3 − R2 (2.3)

2.8.1 Oxidizing thermal decomposition

During oxidizing thermal decomposition, atmospheric oxygen is present, generating the
following substances:
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1. Flammable, low molecular weight volatiles such as carboxylic acids, alcohols, ketones,
and aldehydes.

2. Radicals such as H. and OH..

3. Solid particles such as soot and carbonaceous residue.

Above 300 oC, the non-oxidizing thermal decomposition is faster than the oxidizing
thermal decomposition in the solid phase. Oxidation takes place in the gas phase due to
the presence of low molecular weight species generated from the thermal decomposition.
These gases mix with oxygen by convection, diffuse into the layer close to the solid surface,
then ignite. Different strata develop in the solid as a result of combustion. At the surface
of the solid, where most combustion occurs, a microporous char layer and subjacent rough
porous cellular layer is formed. The gaseous decomposition products collect in the cavities
of this porous layer and then migrate to the burning surface layer through the char layer
as shown in Figure 2.9.

Flame retardancy is achieved by disruption of the combustion process. The incorpo-
ration of substances that can interfere with combustion is the most expeditious method
to acquire flame retardancy. Different flame retardation mechanisms exist which can act
physically (cooling, the formation of the protective layer or fuel dilution) or chemically
(reaction in the condensed or gas phase).

2.8.2 Physical action

Flame retardant additives decompose endothermically, which result in the lowering of
the temperature. The reaction medium thus cools below the temperature required for
combustion. Further, when flame retardants decompose, inert gases (H2O, CO2, NH3,
etc.) are released causing dilution of the combustible gas mixture and hence reducing
the possibility of ignition. Some flame retardant additives lead to the formation of a
protective layer. This layer reduces the transfer of combustible volatile gases and oxygen.
In addition, the fuel gases can be physically separated from the oxygen, preventing the
combustion process from being sustained [55].

2.8.3 Chemical action

Flame retardants acting by chemical modification of the combustion process can take place
in the gaseous or condensed gas phase. Flame retardants in this category act by releasing
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Figure 2.9: Polymer behavior during combustion [54]

in the gas phase radicals such as Cl., Br.. These radicals can react with reactive species
such as H. or OH. to form less reactive or even inert molecules. Accordingly, there is a
marked decrease in the heat released during the reaction, leading to a reduction in the
amount of fuel produced. In the condensed phase, flame retardants of this category can
act in two ways. First, flame retardants can accelerate the rupture of the polymer chains;
the polymer thus melts and moves away from the flame action zone. Alternatively, flame
retardants can lead to the formation of a carbonized layer at the surface of the polymer,
which will act as a physical insulating layer between the gas phase and the condensed phase
[55].

Due to the poor char forming ability of PP, additives can be considered a source of
char (typically >20% w/w) for PP in order to get reasonable flame retardancy [10]. In
addition, the additive can act as diluent and reduce the concentration of decomposition
gases. Hydrated additives can release non-flammable gases or decompose endothermically
to cool the pyrolysis zone at the combustion surface. Furthermore, the decomposition
products could act as a protective layer to insulate the materials beneath the flaming zone.

21



2.8.4 Free radical scavenger halogenated flame retardants

Free radical scavengers halogenated flame retardants are the organic compounds which
contain halogens (bromine or chlorine). These compounds act in the gas phase by scaveng-
ing free radicals formed during combustion. The flame retardants dissociate to form free
radicals at thermal decomposition temperature as shown in the chemical reaction equation:

R
′

X → R
′. +X . (2.4)

where X is either chlorine (Cl) or bromine (Br) , and R
′

is the organic part of the molecule,
with the unpaired electron on a carbon atom.

Br is more widely used and more effective than chlorine due to the weaker (R′ − Br)
bond [56]. The hydrogen from the gaseous hydrocarbons (RH) will be abstracted by the
halogen-free radical, forming a free radical (R.) and the active flame retardant species,
hydrogen halide (HX) [57]:

X . +RH → R. +HX (2.5)

After, hydrogen halide (HX) reacts with H., and OH. radicals to produce inert and
lower energy radicals as shown in Equation 2.6 and Equation 2.7:

HX +H . → H2 +X . (2.6)

HX +HO. → H2O +X . (2.7)

There are some problems with halogenated flame retardants including interaction with
hindered amine light stabilizer, corrosion due to the production of gaseous, acidic hydrogen
halides, and potentially toxic decomposition products. Nowadays, restrictions on bromi-
nated flame retardants are increasing due to possible environmental and health risks of
brominated diphenyl ethers. Brominated dioxins and furans, which are toxic materials,
can form under some conditions from brominated diphenyl ethers [58, 59].

2.8.5 Phosphorus

There is a wide range of phosphorus containing flame retardant (PFRs) since phosphorous
exists in several oxidation states. Phosphines, phosphine oxides, phosphates, and elemental
red phosphorus are examples of PFRs used in polymers, but only a few of these compounds
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are applicable in polyolefins and especially PP. PFRs efficiency is lower in polyolefins due
to the poor char formation of the polyolefins.

Ammonium polyphosphate (APP) is a common flame retardant in PP. There are var-
ious physical modes of action reported in the literature for APP [60]. Alkylamine acid
phosphate, such as ethylenediamine modified ammonium polyphosphate (EDAP) is an ef-
fective phosphate salt used in PP as a flame retardant, a reasonable flame retardant with
a V-0 rating achieved with loadings of 30-40 wt.%. The higher loading is required due to
the polymer flow during burning which results in flaming drips [61, 62].

PFRs exhibit moderate, to low toxicity [63]. PFRs have come under intense environ-
mental scrutiny. It was reported that PFRs show acute toxicity to aquatic algae, inver-
tebrates, and fish. The Environmental Protection Agency has summarized these acute
toxicities of the PFRs as well as the apparent need for additional testing [64, 65].

2.8.6 Metallic hydroxides

Metallic hydroxide flame retardants are attractive for use in PP due to their low tox-
icity, corrosion properties, and lower emission of smoke during processing and burning
[66]. Metallic hydroxides provide effective flame retardant effects by releasing a significant
amount of water when exposed to high temperatures, absorbing heat from the combustion
zone and hence reducing the prospect of sustained combustion. Furthermore, the decompo-
sition of metallic hydroxides generates a metal oxide coating that can act as an insulating
layer during combustion. However, very high metallic hydroxide levels are usually re-
quired to achieve reasonable flame retardancy, and these tend to result in poor mechanical
strength. A suitable flame retardant of this group must have the following properties [67]:

1. Relatively high endothermic decomposition temperature, preferably in the 100-300 oC
temperature range with at least 25% of its weight converted to water vapor or carbon
dioxide.

2. Low cost and availability.

3. Small particle size and no color.

Metallic hydroxides meeting these requirements are predominantly hydroxides, hy-
droxyl carbonates, and hydrates of aluminum, calcium and magnesium [68]. Of these,
the two most common are aluminum hydroxide and magnesium hydroxide. These mate-
rials exhibit low toxicity before or after decomposition. For example, the decomposition
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products of magnesium hydroxide are water vapor in the gas phase and magnesium oxide
as a residue. Furthermore, these materials have high corrosion resistance and low smoke
emission during processing and combustion [4].

2.8.7 Magnesium hydroxide

Magnesium hydroxide (MH) is the most widely used metal hydroxide flame retardant. The
decomposition of MH is given as follows:

Mg(OH)2 → MgO+ H2O ∆H = 1.37 kJ · g−1 (2.8)

The hydroxyl groups bonded to the metal have to undergo endothermic decomposition
to produce free water. The enthalpy of the decomposition reaction is ∆H=1.37 kJ·g−1.
The water vapor dilutes the combustion gases, and the endothermic reaction absorbs heat.
Magnesium oxide formed during decomposition provides an insulating char layer on the
solid surface. The decomposition temperature of the magnesium hydroxide is about 300-
320 oC. It can, therefore, be incorporated with a polymer such as polypropylene [5]. High
levels are needed to produce appreciable flame retardancy [6, 69].

Hornsby and Watson [70] found that MH starts to decompose at 350 oC and showed a
water loss (26-28%) occurring between 350 and 500 oC. This compares with a stoichiometry
calculation of water loss to be 31%. As the temperature rises further, the remaining water
diffuses slowly from within the oxide body. As the temperature increases (650 oC), an
active form of magnesium oxide is formed. MH action can be considered to act in the
condensate phase. The magnesium oxide as a decomposition product of MH appears to
have participated in condensed phase reactions with adsorbed hydrocarbon fragments [70].
This could be the reason for the improved char formed during the combustion of the
materials.

Studies have been reported on the effects of the particle size and geometry of MH. The
particle size not only has effects on the mechanical and fluid properties of the materials but
also might influence the flame retardancy [71–73]. Zhang [72] reported that mechanical
properties improved with decreasing particle size, while fire properties showed no relation
between the particle size and the fire properties. For example, the peak value of the heat
release rate of untreated MH (1250 µm) was lower than that 800 µm and 2500 µm of
mesh size. These results were also confirmed by another study indicating that the effect
of particle size is not linear for MH with micro-scale [74]. It is known that the dispersion
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of the MH tends to provide better flame retardancy, so appropriate methods for good
dispersion are required.

Magnesium hydroxide is hydrophilic, while PP is nonpolar and hydrophobic. The
interfacial adhesion between MH and PP is poor. PP modification with polar molecules
such as polypropylene-grafted-maleic anhydride (PPMA) is an efficient way to enhance
interfacial adhesion [75, 76].

The effects of PPMA on thermal stability and mechanical properties of magnesium
hydroxide PP materials have been reported [77, 78]. Hao et al. [79] reported the effects of
PPMA in PP/MH materials. The improvement was in the tensile strength. The dispersion
of MH particles in the untreated PP (Figure 2.10a) was not uniform and poor compatibility
resulted in a distinct interface between the PP matrix and MH particles. The addition of
PPMA (Figure 2.10b) showed that MH particles were embedded in the PP matrix. The
compatibility was also improved as detected from the images after modification. This could
be attributed to MAH which might interact with the hydroxyl groups on the surface of
MH particles.

Figure 2.10: SEM cryo-fractographs of PP/MH composites modified with PPMA
(20,000×). a. PP/MH before PPMA addition. b. after PPMA addition [79]
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2.9 Combustion of polypropylene

One of the drawbacks of PP is poor flammability resistance, which limits its broad ap-
plication. PP begins to decompose at temperatures between 320 oC to 400 oC forming
gaseous decomposition products which initiate combustion with no char left at the end of
the combustion. Soot, in small amounts, is formed during the combustion process of PP.
Polypropylene is one of the most challenging polymers to improve its flame retardant [10].
In order to meet the standards of applications such as in the electronics industry, a high
level of flame retardant (25% ) is required in PP materials [80].

The high level of flame retardant affects some mechanical properties, reducing the pro-
cessability, and interfering with the action of other additives [10]. The heat of combustion
data suggests that polypropylene is more susceptible to thermal degradation than most
synthetic and natural polymers. Its heat of combustion is 40 kJ·g−1 while that of nylon,
cellulose acetate, and polyester is 15 kJ·g−1, 15 kJ·g−1, and 6.3 kJ·g −1, respectively [81].
PP has a self-ignition temperature (570 oC) and a rapid decomposition rate compared to
wood and other cellulosic materials [29].

The pre-combustive oxidative behavior of PP has been evaluated by thermogravimetric
analysis (TGA) and differential thermal analysis. It was found that thermal oxidation was
initiated by the rapid carbonyl formation at the labile tertiary hydrogen atoms in the chain
[82]. Volatile products were identified during the oxidation of PP: water, formaldehyde,
acetaldehyde, acetone, methanol, hydrogen, hydrogen peroxide, carbon monoxide, and
carbon dioxide.

Subsequently, the chain decomposition occurs by breaking the weaker bonds at the
polymer surface with the presence of the chemisorbed oxygen. The oxidation is initi-
ated by the formation of free radicals. Then inner oxygen-free zone, C-C bond scission
begins resulting in the formation of shorter radicals and biradicals. These volatile com-
pounds include: dienes, alkanes, and alkenes. Other compounds released during pyrolysis
include C9 compounds such as 2-methyl-4-octene, 2-methyl-2-acetone, 2,6-dimethyl-2,4-
heptadine, 2,4- dimethyl-1-heptene, 2-methyl-1-octene [83]. The remaining heated surface
of the polymer and less volatile molecules behave as secondary fuel sources [51]. Above
350 oC, dehydration of the polymer radicals occurs, producing alkene species [84].

The oxidative degradation of PP is related to its microstructure such as stereoregularity,
molecular weight, crystallinity, spherulite size, and molecular orientation [85]. When the
degree of crystallinity increases, the oxygen diffusion or penetration is restricted and results
in the slow down of the oxidation process. Furthermore, the influence of degradation on
the small crystals is much more significant than for larger ones [86, 87].

26



2.10 Material characterization

2.10.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a technique used to estimate the glass transition
temperature (Tg), melting temperature (Tm) and degree of crystallinity (Xc) of materials.
DSC is based on changes of heat flow of a material exposed to different temperature
conditions. During DSC, the difference in heat flow between the sample and the inert
reference is recorded as function of time and temperature. The difference in temperature
of the sample pan and the reference pan is also recorded. The sample and reference
temperature increase at constant rate. DSC works at constant pressure and is equivalent
to the heat flow.

Heat flow = heat/time = Q/t (2.9)

where Q is the heat (J·g−1) and t is the time (s).

The heating rate is the rate of change of temperature according to time:

Heating rate = ∆T/dt (2.10)

where ∆T is the change of temperature (oC) and dt is the change in time (s).

The heat flow difference between the sample and the reference can be either positive
or negative. Polymer chains have higher mobility above the glass transition temperature.
At specific temperature, the chains have enough energy to form ordered arrangements
and hence crystallization proceeds. Crystallization is an exothermic process, so the heat
difference between the reference and the sample will be negative. An exothermic peak will
appear in the DSC thermograms, the crystallization temperature (Tp) can be detected, and
the latent heat of crystallization can be obtained by calculating the area under the peak.
At Tm, the polymer chains move around easily. The heat difference between the reference
and the sample is positive, so an endothermic peak will appear in the DSC thermograms
[88].

The melting point of isotactic polypropylene (90-95% isotactic material content) with
a crystallinity around 45% is 165 oC. The Tg of isotactic polypropylene ranges from -30 to
25 oC, depending on the measurement method and the heat annealing treatments [89].
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2.10.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) provides information on the thermal stability of a
material obtained from the mass change of a material subjected to increasing temperature.
This information can be used to investigate the kinetics of the thermal decomposition
of polymeric materials from which the thermal stability can be evaluated [90]. The first
requirement for the kinetic study is the high quality of data. Temperature errors have
two types of effects on the kinetic parameter and the resulting kinetic predictions [91]. For
example, a 3 oC error in temperature leads to a 5% error in the activation energy estimation
(Ea) [92–94]. TGA instrumentation controls the furnace temperature, while the sample
temperature can deviate from the furnace temperature due to the thermal conductivity
of the sample or due to the thermal effect of the process that may cause self-heating or
cooling. This problem could be serious with larger sample masses and high heating rates.
Due to this, it is recommended to demonstrate that there is no mass dependence. Some
approaches are used to reduce the deviation of the temperature by decreasing the mass of
the sample as well as the heating rate.

The kinetics of thermal decomposition are generally expressed in terms of conversion
(x) defined by Equation 2.11 and Equation 2.12. The conversion, x, is determined exper-
imentally and can be evaluated as the fraction of the total mass loss of the sample in a
TGA experiment.

x =
mo −mt

mo −mf

(2.11)

where mo is the initial mass of sample in (g), mt is the mass of the sample at any time (g),
and mf is the final mass of solid (i.e. residue and unreacted substrate) remaining after the
reaction in (g).

dx

dt
= k(T ) · f(x) (2.12)

where x is the conversion, dx/dt is the rate of change of conversion, k(T ) is the temperature-
dependence rate constant (s−1) , and f(x) is the reaction function expressing the depen-
dence of the reaction rate on the conversion.

According to the Arrhenius equation, the temperature dependence of the rate constant
k(T ) is given by:

k(T ) = A · e−Ea/RT (2.13)
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where k(T ) is the temperature dependent rate constant, A is the frequency factor, or pre-
exponential factor, Ea is the apparent activation energy of the reaction (kJ·mol−1), R is
the universal gas constant (8.314 × 10−3 kJ·K−1·mol−1), and T is the absolute temperature
in K.

Combining Equation 2.12 and Equation 2.13 gives:

dx/dt = A · e−Ea/RT · f(x) (2.14)

The temperature is controlled in thermogravimetric analysis with a program defined
by the user. The temperature (T) will change linearly with time so that:

β∗ = dT/dt (2.15)

where β∗ is the heating rate.

The combination of Equation 2.14 and Equation 2.15 is used to relate the kinetics of
the reaction to TGA results [95, 96]:

β∗ · (dx/dT ) = A · e−Ea/RT · f(x) (2.16)

Rearrangement of Equation 2.16 and its subsequent integration:

∫ x

0

dx/f(x) = A/β∗

∫ T

0

exp(−Ea/RT ) dT (2.17)

The model free method also called the isoconversional method, is the most common
method for the study of the kinetics of thermal decomposition. The advantages of the
model free method are its simplicity and the avoidance of errors induced by the selec-
tion of a kinetic model. This method can be further classified as differential or integral.
The differential isoconversional method is sensitive to experimental noise and affects the
estimates. The integral method is less sensitive to experimental noise and is therefore pre-
ferred. The Kinetics Committee of the International Confederation for Thermal Analysis
and Calorimetry (ICTAC) recommends using at least three different heating rates for the
isoconversional method [92]. The isoconversional method can be used for the estimation
of the activation energy, Ea, at specific extent of conversion. The disadvantage of this
method is the need for measurements at different heating rates for the same sample mass
and volumetric flow rate of gas. Their fluctuation may cause errors [95, 97].
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2.10.2.1 Integral isoconversional methods

Isoconversional methods are based on isoconversional principles that state the reaction at
constant extent of conversion is only a function of temperature. The right hand side of
Equation 2.17 does not have an analytical solution for an arbitrary temperature program.
Due to this, there are several isoconversional methods which differ in their approximation
of the temperature integral (right hand side in Equation 2.17).

Many of these approximations result in a linear equation:

ln(β∗

i /T
B
x,i) = const.− C · (Ea,x/RT x,i) (2.18)

where Tx,i is the temperature at specific conversion, B and C are parameters determined
by the type of temperature integral approximation.

The approximation proposed by Murray and White gives rise to B=2, C=1 and leads
to the Kissinger-Akhira-Sunose (KAS) method [98]:

ln(β∗

i /T
2
x,i) = const.− (Ea,x/RT x,i) (2.19)

According to Starink [99], increased accuracy can be obtained by setting B=1.92 and
C=1.0008 and Equation 2.18 becomes:

ln(β∗

i /T
1.92
x,i ) = const.− 1.0008 · (Ea,x/RT x,i) (2.20)

Alternatively, Equation 2.16 may be used to estimate the activation energy at the
maximum reaction rate of thermal degradation, d2x/dt2 = 0 [94]:

d2xmax/dt
2 = [Eaβ

∗

i /RT 2
max + Af 8 (xmax) exp (−Ea/RTmax)](dx/dt)max = 0 (2.21)

where f 8(xmax) = df(xmax)/dx and the subscript max denotes the values related to the
maximum rate of thermal degradation. Equation 2.21 can be written as:

Ea β
∗/RT 2

max = −Af 8(xmax) exp (−Ea/RTmax) (2.22)

After additional rearrangements, Equation 2.22 is transformed into the Kissinger equa-
tion:

ln (β∗/T 2
max) = ln (−AR/Eaf

8(xmax))− Ea/RTmax (2.23)
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A plot of the left hand side of Equation 2.23 against 1/Tmax for each heating rate gives
straight line with the slope, yielding the activation energy. The Kissinger method gives a
single value of the activation energy at the maximum rate of thermal degradation. This
could be considered one of the limitations of the Kissinger method.

2.10.3 Cone calorimeter

The most versatile bench scale instrument for measuring fire properties of materials is the
cone calorimeter. The name cone comes from the truncated cone heater used to heat the
specimen during fire testing. The cone calorimeter can be used to [54]:

• Compare and rank fire performance of materials

• Pass or fail a material according to specific fire criteria

• Assess the likely response of a material when exposed to a large fire

• Generate data to aid in development of a fire model

A schematic of the cone calorimeter is presented in Figure 2.11.

ASTM first issued a full standard for the cone calorimeter in 1990 under the designation:
Standard test method for heat and visible smoke release rates for materials and products
using cone calorimeter (ASTM E1354-90) [100]. Heat is not measured directly in the
cone calorimeter because of the difficulty in recording the thermal energy with precision.
Instead, the heat release rate is estimated indirectly.
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Figure 2.11: Schematic of the cone calorimeter where ṁe represents the mass flow rate of
the exhaust gas [101]

For complete combustion, q
′

, the heat release rate in (kW) is given in terms of the
mass flow rate of oxygen in the intake air (mo

O2
) in (kg·s−1), the mass flow rate of oxygen

in the exhaust gas (m
′

O2
) in (kg·s−1) and the generic constant, E (13.1 MJ·kg−1 oxygen

consumed) [101, 102]. The heat release rate can be calculated using Equation 2.24:

q
′

= E(mo
O2

−m
′

O2
) (2.24)

Equation 2.25 is used to calculate the heat release rate due to the low concentration of
other gases compared to the oxygen content [103, 104].

q
′

= E ·
MO2

Mair

·me · (
Xo

O2
−XO2

[1− (b− 1)X0
O2
]− bXO2

) (2.25)
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where MO2
is the molecular weight of oxygen (g·mol−1), Mair is the molecular weight of

air (g·mol−1), me is the mass flow rate of the exhaust stream (kg·s−1), b is a stoichiometric
factor, Xo

O2
and XO2

are the mole fraction of oxygen before combustion and in the exhaust
stream.

The heat release rate can be expressed as heat per unit area (q
′′

) is give by Equation
2.26 [6]:

q
′′

(t) = q
′

(t)/As (2.26)

where As is the surface area of the specimen exposed to heat.

The total heat released q can be determined by Equation 2.27:

q =
∑

q
′′

(t) ·∆t (2.27)

where ∆t is the time corresponding to the measurement of the heat release.

The concentration of combustion gases such as CO2 and CO are measured with a real-
time CO/CO2 analyzer connected to the same sampling line serving the oxygen analyzer.
Other combustion products such as HCl, HCN, NOx cannot be measured continuously. In
some cone calorimeters, a Fourier-transform Infrared (FTIR) spectrometer is present to
obtain real-time analysis of the combustion gases. The cone calorimeter can also be used
to analyze smoke production during combustion [105]. The helium-neon laser photometer
with a split beam and silicon photodiode detector is used to measure the smoke content.
The sensing beam passes through smoke in the exhaust duct, while the reference beam
travels directly to the detector. The intensity (I) of the sensing beam is then compared
with the reference beam intensity (Io) [105]. The smoke obscuration is defined by the
extinction coefficient (K∗) (m−1).

K∗ =
1

L
· ln(

Io
I
) (2.28)

where L is the light path length,

The average specific extinction area, σf (m2·kg−1):

σf(avg.) =

∑
i ViK

∗

i ·∆ti
mo −mf

(2.29)

where Vi is the volumetric flow rate of the exhaust, mo is the initial mass of the specimen,
and mf is the mass of the specimen at the end of the test. The mass loss of the specimen
is also recorded continuously by a load cell located beneath the sample holder [106].
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2.10.4 Vertical burning test

The vertical burning test is a small-scale laboratory procedure for determining the burning
characteristics of material. It is used to measure and describe the response of the materials
to heat and flame under controlled conditions. The test procedure for plastic materials is
conducted according to ASTM D3801-10 [107]. This test is used to measure the ignitability
and the flame-spread of vertical bulk materials exposed to a small flame. Materials are
classified into three categories, V-0, V-1, or V-2 [107].

The test consists of subjecting a set of preconditioned specimens of identical composi-
tion and geometry to a standard test flame for two 10 s flame applications. The after flame
time is recorded after the first flame application, and the after flame and after glow times
are recorded after the second flame application. Information is also recorded on whether
or not flaming material drips from the specimen (and whether these drips ignite a cotton
indicator) and total flame time for a particular specimen set. See Appendix B for the
materials classification according to this test.

2.10.5 Oxygen index

Combustible materials have been evaluated according to ignitability and flammability for
many years by using bench scale equipment. The oxygen index test (OI) was developed in
the 1960. This test is known as Limiting Oxygen Index (LOI) and known as the Critical
Oxygen Index test. The LOI method is explained in various standards, including ASTM
2863, ISO 4589-2, and NES 714. Figure 2.12 shows the LOI apparatus, which consists of
a vertical chimney standing 450 or 500 mm high with an internal diameter of 75 or 100
mm. The chimney is made from heat resistant glass that allows the burning of the sample
to be observed. The controlled concentration of two mixed gases, oxygen and nitrogen, is
pumped at the base of the chimney where they flow through a layer of glass beads that
ensure even mixing before entering the main chamber. The gas mixture flows upwards to
a vertical test specimen. To ignite the upper end of the sample, the burner is used, and
the subsequent burning behavior is monitored.
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Figure 2.12: General view of the limiting oxygen index apparatus

2.10.6 Bomb calorimetry

For many years, combustion with oxygen only in bomb calorimetry, has been accepted as
a standard test method for converting solid and liquid combustible samples into soluble
forms for chemical analysis and for heat of combustion estimation.

The calorific value (heat of combustion) of a sample can be defined as the heat liberated
by unit mass of the sample when burned in oxygen in an enclosure of constant volume.
The heat from the combustion or oxidation of the sample is obtained by calculating the
total change in enthalpy expressed as the change in internal energy U plus any pressure
volume work ∆PV according to:

∆H = ∆U + (∆PV ) (2.30)

Equation 2.30 can be written as:
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∆H = ∆U +∆P · V + P ·∆V (2.31)

The use of a bomb calorimeter ensures no volume change (∆V = 0). The change of
pressure could be calculated from the change in number of moles of gas by assuming an
ideal gas:

PV = nRT (2.32)

∆PV = RT∆n (2.33)

where ∆n=moles of gaseous product -moles of gaseous reactant, R=8.314 J·K−1·mol−1.

2.11 Fire properties

2.11.1 Time to ignition (tign)

Ignition is one of the most important phenomena associated with the thermal degradation
of combustible materials. It signals the onset of flaming combustion. One measure of the
ease of ignition is generally the time to ignition, the minimum time required to achieve
ignition and continuous flaming of a combustible material when exposed to an external
heat flux. The time to ignition is estimated experimentally by techniques such as the ISO
ignitability test and cone calorimetry [108].

2.11.2 Heat release rate (HRR)

Heat released by burning materials can be a source of energy required for the growth and
spread of fire [54]. Heat release rate (HRR) is the thermal energy produced, per unit
surface area, when flammable products ignite and burn close to the surface of a material
or are subjected to an external heat flux. The peak of HRR (PHRR) occurs after ignition
and the time required to reach that peak is usually a good indication of the maximum
flammability of the material. The peak heat release rate, shown in Figure 2.13 [109], is a
measure of fire intensity. The average heat release rate is the total heat released averaged
for the combustion period. Total heat release (THR) is the integral of HRR with respect to
time. THR depends strongly on the total mass loss, the effective heat of combustion of the
volatiles, and the combustion efficiency in the flame zone [110]. Different apparatus can be
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used to measure HRR and include the cone calorimeter and the Ohio State University heat
release calorimeter. HRR fluctuates considerably over time due to chemical and physical
changes occurring during combustion.

Figure 2.13: Heat release rate profile for polymer materials exposed to a heat flux [111]

Different profiles of HRR curves versus time can be obtained during the cone calorime-
ter experiment reflecting the burning behavior of the materials. This gives rise to the
characterization of the curves for HRR vs time as shown in Figure 2.14. A sample which
shows a strong initial increase in the HRR followed by an average HRR and a peak heat
release rate can be categorized as a thick non-charring material (Figure 2.14 a). Interme-
diate thick non-charring material (Figure 2.14 b) possess HRR only marked by shoulders,
for the materials behaving in between the thermally thick non-charring and thin sample.
Materials which form residue show an initial increase in HRR until a char layer is formed
followed by a decrease in the HRR due to the char layer thickening. The PHRR reached
at the beginning equals both average or steady HRR. This type of material can be cate-
gorized as thick charring (Figure 2.14 c). Some thermally thick charring materials tend to
show PHRR at the beginning before formation of the residue, and a second PHRR at the
end of the measurements (Figure 2.14 d). The reason behind the formation of the second
PHRR can be attributed to the failure of the char or increase in the effective pyrolysis.
Thermally thin samples are categorized by a sharp peak in the HRR, and the whole sample
is pyrolyzed as shown in Figure 2.14 e. In the case of unsteady development of combustion
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as shown in Figure 2.14 f, which occurs due to flashing before a sustained flame, or defor-
mation during burning, can be manipulated by changing the surface area and/or distance
to the cone [6, 110].

Figure 2.14: Typical HRR curves for different characteristic burning behaviors [110]

Indices have been used to assess the hazard of developing fires in order to simplify the
interpretation of the cone calorimeter data, such as fire growth rate (FIGRA) which can
be estimated according to the following equation:

FIGRA =
PHRR

t
(2.34)

where PHRR is the peak heat release rate and t (s) is the time required to reach PHRR

Fire performance index (FPI) can used be for the same purpose as FIGRA, and esti-
mated according to the following equation:

FPI =
tign

PHRR
(2.35)
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2.11.3 Limiting oxygen index (LOI)

The limiting oxygen index (LOI) can be used to rank the flammability of materials [111].
The LOI is defined as the minimum percentage of oxygen needed to sustain flaming com-
bustion, and thus may be considered as the measure of the ease of self-extinguishment of
materials [112]. The limiting oxygen index is experimentally determined with the oxygen
index test. LOI cannot be used to accurately rate the fire behavior of materials because the
sample is not tested under realistic fire environment conditions [26]. In the ASTM stan-
dard D-2863 [113], the minimum percentage of oxygen in atmosphere needed to support
ignition and combustion is measured. A limitation of the test is the sensitivity to temper-
ature conditions which can affect the relative flammability ranking of materials. The LOI
depends on factors such as sample geometry, orientation of the sample with respect to the
flame, the air or gas temperature around the sample, and the formation of char or similar
barriers. LOI estimates must be complemented with other methods for the evaluation of
flame retardant systems [114].

2.11.4 CO and smoke production

The toxicity of gases produced during the burning of materials is the main cause of death
in fires [115]. Of these gases, carbon monoxide (CO) in particular represents the most
severe health hazard. CO produced by a burning material depends on the composition
of the organic constituents, the temperature, and oxygen availability. CO and smoke
production result from incomplete combustion. The quantity of gas produced tends to
vary over the course of a fire, with the CO yield usually increasing in the later stages of
the combustion process when the material is extensively carbonized [111, 116]. A linear
correlation exists between the CO level and the heat release rate which suggests that health
hazards associated with CO can be minimized by designing materials with low heat release
properties [111].

2.11.5 Heat of combustion

Combustion of organic compounds including polymers leads to the generation of heat which
can be quantified by the molar heat of combustion (∆Hc). Heat of combustion can be used
to evaluate the flammability of materials. It is noted that the flame resistance of materials
increases as less heat is evolved during combustion.

The heat of combustion can be obtained from the principles of molar additivity of the
heat of formation of the combustion products and reactants [117]. The molar heat capacity
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(Cp) can be obtained by multiplying the molar mass of the structural unit, by the specific
heat capacity (cp). The group contribution to the molar heat capacity which can be used
to estimate the heat of combustion is shown in Table 2.4 [118].

The molar heat capacity (Cp) (J·mol−1·K−1) at constant pressure can be formulated:

Cp = Mcp = (
δH

δT
)
p

(2.36)

where M is the molar mass (mol·kg−1), cp is the specific heat capacity (J·kg−1·K−1), H is
the heat content per mole.

The molar heat capacity of polymers can be estimated with the method of Satoh and
Shaw [118]. The sum of enthalpies of the components represents the heat of reaction, which
can be formulated according to the following equation:

∆hc =
∑
i

np∆ho
f.p −

∑
i

nr∆ho
f.r (2.37)

where ∆hc is the heat of formation , p and r denote products and reactants in the standard
state at 298 K.

Table 2.4: Specific heat capacity of some molar groups, given as crystalline (Cs
p × 298) and

amorphous region (C1
p × 298) (J·mol−1) for some molar group contribution [119]

Molar group Cs
p × 298 C1

p × 298

−CH3 9.20 10.99
−CH3− 7.55 9.05
> CH− 4.64 6.24
> C < 1.84 2.20
= CH2 6.73 6.49
= CH− 5.55 6.37
= CH < 3.12 15.90
−O− 5.00 10.60
−CO− 6.86 15.52
−COO− 13.70 19.37
−COOH− 14.90 29.47
−OH− 5.06 13.35
C = O 120.08
−C− 61.72
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2.12 Mechanical properties

2.12.1 Tensile properties

A tensile test provides the response of a material to uniaxial tensile loading. It is generally
conducted according to a standard established by the American Society of Testing Materials
(ASTM) known as D-638 [120]. The test involves a sample of specified geometry and
thickness clamped vertically and then pulled at a constant rate. The force required to
produce a certain elongation is monitored, resulting in a load versus elongation curve [121].
Information on the mechanical characteristics of the material are obtained by normalizing
the data for sample geometry (area and length) using Equation 2.38 and Equation 2.39
[121–123]:

Stress (S) =
F

Ao

(2.38)

Strain (e) =
∆L

Lo

(2.39)

where S and e are the engineering stress and strain, respectively; F is the force applied on
the specimen in Newtons (N), Ao is the initial cross-section area of the specimen before
testing (m2), L is the change in the length of the specimen (m), and Lo is the initial length
of the specimen before testing (m).

A typical plot of engineering stress versus engineering strain is illustrated in Figure
2.15. The curve can be divided into two distinct regions: a region of elastic deformation
and a region of plastic deformation. These regions represent the behavior of the sample
once the load is removed. In the region of elastic deformation, the sample regains its
original dimensions after the force is withdrawn. During plastic deformation, the original
dimensions are not recovered, though a small elastic component is recovered.

The yield strength of a material is defined as the intersection of the deformation curve
with a straight-line parallel to the elastic portion and offset 0.2 % on the strain axis [121].
It denotes the onset of plastic deformation. Ultimate tensile strength, or simply, tensile
strength, is the maximum engineering stress that a material can withstand [121, 122]. The
slope of the stress strain curve in the elastic region is called the modulus of elasticity, or
Young’s modulus (E). Equation 2.40, called Hooke’s Law, expresses the linearity of the
stress strain curve in the elastic region [122].

Modulus of elasticity (E) =
S

e
(2.40)

41



The ability of a material to deform permanently is called its ductility [121]. A quantitative
measure of ductility is the relative elongation at failure, given by Equation 2.41:

Relative elongation at failure = (
lf − l0
l0

)× 100 (2.41)

where lf is the gauge length just before failure (m), and l0 is the initial gage length (m).

Figure 2.15: Typical stress-strain curve [124]
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2.12.2 Impact properties

A notched impact test measures the energy during impact, i.e. the energy necessary to
fracture a standard test piece [121]. It is generally conducted according to a standard
established by the American Society of Testing Materials (ASTM) known as D-256 [125].
The impact energy is analogous to toughness in the stress vs. strain curve. The sample
is clamped vertically, and a pendulum impacts the sample on the same side as the notch.
The impact energy is calculated from the difference in the initial and final height of the
pendulum [121].

2.13 Structure and morphology

2.13.1 X-ray diffraction (XRD)

XRD is one of the techniques which is used for phase identification of crystalline materials
and can provide information on crystalline structure. X-ray are generated by a cathode ray
tube, filtered to produce monochromatic radiation, collimated to concentrate, and directed
toward the sample. Bragg’s law(Equation 2.42) can be applied to convert the diffraction
peaks to d-spacing, allowing identification of the material because each material has a
unique d-spacing [126].

nλ = 2 d sin θ (2.42)

where n (an integer) is the order of reflection, λ is the wave length of the incident X-ray,
d is the interplanar spacing of the crystal, and θ is the angle of incidence.

The degree of crystallinity can be estimated with the method of Nara and Komiya [127].
The method consists of assigning the crystalline and amorphous domains. By creating a
smooth curve connecting the baseline of the peaks, the area above the smooth curve is
considered the crystalline domain and the area between the smooth curve and the linear
baseline is considered as the amorphous domain. The expression for calculating the degree
of crystallinity (Xc) based on the information which is acquired from the diffracted rays is
as follows:

Xc (%) =
Ac

Aa + Ac

× 100 (2.43)

where Ac is the area of the peak assigned to the crystalline domain, and Aa is the area of
the peaks assigned to the amorphous domain.
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2.13.2 Field emission scanning electron microscopy (FESEM)

Scanning electron microscopy (SEM) can provide information related to topographical fea-
tures, morphology, phase distribution, compositional differences, crystal structure, among
others. In addition, SEM is capable of determining elemental composition of micro-volumes
with the addition of an x-ray or electron beam (EDX). Field emission SEM (FESEM) mer-
its special mention because of its ability to produce small probing diameters at low voltage
[128]. Low voltage scanning electron microscopy has the advantage of revealing more de-
tails of the surface since there is less penetration of the beam into the specimen and it is
thus less damaging to the material [129].
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Chapter 3

Investigation of the Formulation of
Plasticized Cellulose Acetate
Magnesium Hydroxide Polypropylene
Materials

The first part of the chapter (3.1) aimed to evaluate the viability of TEC as a plasticizer
for CA in order to proceed to the second step of the fabrication of the cellulose acetate
polypropylene material. The evaluation of its viability was accomplished by using DSC
and XRD equipment. Furthermore, the effects of TEC on the thermal stability of CA
were studied using TGA. The second part of this chapter (3.2 and 3.3) was to define the
formulation of plasticized cellulose acetate magnesium hydroxide polypropylene materials
which was based on the thermal stability of the material obtained by TGA.

3.1 Plasticization of cellulose acetate

Cellulose acetate (CA) is one of the most important cellulose derivatives, and it is widely
used as fibrous content and in plastics applications [130]. CA is a thermoplastic material
produced from the esterification of cellulose. Different raw materials are used in making
cellulose acetate in its powdered form such as cotton, recycled paper, and wood cellulose
[34]. CA has several attractive characteristics, including being derived from a renewable
source, and being non-toxic, low cost, and biodegradable. However, CA has several lim-
itations such as high viscosity and glass transition temperature (Tg), as well as the fact
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that melt processing of CA requires modification of the material due to the close proximity
of melting temperature (Tm) and its decomposition temperature (Td). This means CA
should be plasticized in order to be used with other materials.

The primary role of plasticizers is to improve the flexibility and processability of a
material by lowering the glass transition temperature. Plasticizers are low molecular weight
compounds which form a secondary bond to the material chains and spread them apart.
Plasticizers can be either internal or external. In external plasticizers, molecules are not
attached to the chains by primary bonds and therefore can be lost by evaporation, while
internal plasticizers remain part of the materials [131].

The main plasticizers used in CA materials are phthalate plasticizers, now under
scrutiny due to health and environmental issues. Other compounds such as triethyl cit-
rate (TEC) and glycerol have also been used successfully. Citrate-based plasticizer can be
derived from naturally occurring citric acid [47]. Citric acid esters are non-toxic and have
been proven as effective plasticizers for many applications [46].

Many studies are available concerning the influence of plasticizer on the properties of
CA [45, 46, 132]. Ghiya et al. [46] reported that TEC with 30 wt.% reduces the glass
transition temperature by 50-60 oC and depresses the melting temperature. Mohanty et
al. [34] stated that the presence of plasticizer limits the crystallinity in the matrix and
increases the free volume present in the system. In addition, the crystalline melting peak
disappears upon plasticization. These results confirm that plasticized CA (CA*) is an
amorphous material and its properties shift from rigid to ductile.

The usefulness of CA is influenced by its degradation and stabilization. Different factors
can lead to the degradation of CA, such as temperature and atmospheric oxygen level.
There exists comprehensive data for plasticizer effects on the thermal stability of CA
[133, 134]. It was reported that the degradation of CA consists of a series of reactions:
dehydration below 100 oC, evaporation of TEC starting at 126 oC (TEC boiling point),
deacetylation beginning at 250 oC, and carbonization and formation of ash occurring above
500 oC [135]. It has also been reported that the addition of plasticizers makes CA degrade
at a lower temperature [136].

3.1.1 Experimental methods

3.1.1.1 Materials

Cellulose acetate (CA) (approx. 50000 g·mol−1 Missouri, United States. 39% acetyl), and
triethyl citrate (TEC), were purchased from Sigma Aldrich (USA). All materials were used
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as received.

3.1.1.2 Materials preparation

An amount of 2.1 g (2.37 ml) of TEC was added drop-wise to 4.9 g of pre-dried CA powder
and then mixed with a vortex mixer for five minutes. The TEC plasticized CA (CA*)
pellets were made in a twin-screw extruder (SJSZ-7A, Wuhan Ruiming Plastic Machinery
Company, China). The four temperature zones of the extruder were between 170 oC-190
oC, and the residence time was five minutes. TEC comprised 30 wt.% of the final CA*
mixture. The extruded materials were then cut as pellets by using a cutter (SZS-20, Wuhan
Ruiming Plastic Machinery, China).

3.1.1.3 Differential scanning calorimetry (DSC)

DSC analysis was used to estimate the glass transition temperature and characterize the
effect of TEC plasticization on CA. DSC (model Q2000, TA Instrument Company, USA)
was performed under nitrogen with a flowrate of 30 mL·min−1 at 10 oC·min−1 heating rate.
CA and CA* pellets were heated from room temperature up to 180 oC, cooled to 25 oC,
then equilibrated for five minutes followed by heating up to 300 oC. The sample initial
mass was 8 mg. Glass transition temperature and melting temperature were calculated
using the TA Universal Analysis version 5.5.20 software.

3.1.1.4 Wide angle X-ray diffraction analysis (WAXRD)

The crystalline structure of cellulose acetate and plasticized cellulose acetate was analyzed
by wide angle X-ray diffraction. The sample was laid on the sample holder and analyzed
with CuK radiation (λ =1.54 Å) generated at a voltage of 45 kV and tube current of 35
A. The X-ray diffraction patterns were recorded in a 2θ angle. The range was from 5o to
80o and scan step size was 0.004o under continuous scan mode. The degree of crystallinity
was estimated as the ratio of the crystalline area to the total area under the diffraction
peaks. Data analysis was performed using Origin -Pro software.

3.1.1.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed in a Q500 TA instrument. TGA was
conducted under air with flowrate of 40 mL·min−1. Each sample (about 10 mg) was heated
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from room temperature to 650 oC at 10 oC · min−1. The mass change over time was
analyzed with TA Universal Analysis version 5.5.20 software to estimate the temperature
for the onset of degradation (T5%) and the temperature at the maximum rate of degradation
(Tmax) of CA and CA*.

3.1.2 Results and discussion

Cellulose acetate (CA) requires plasticization to be processed by extrusion. TEC was
selected as the plasticizer. Based on the DSC thermogram shown in Figure 3.1, CA*
melted at 160-175 oC, approximately 75 oC below the melting point of CA. Moreover,
the sharp crystalline peak of CA disappeared upon TEC addition, suggesting a shift of
properties from rigid to ductile.

Figure 3.1: DSC thermograms for cellulose acetate before and after adding TEC. a. CA,
b. CA*. The dotted lines represent the temperature range where Tg was expected to be
located as illustrated in the close up (b)
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Table 3.1 summarizes the effect of TEC on CA measured by DSC. The lower glass
transition temperature (Tg) of CA* confirmed that it was miscible with TEC. The addition
of TEC may have reduced the intermolecular forces between the CA chains by shielding
functional groups along these chains. Shielding leads to an increase in free volume and
chain mobility [137].

Table 3.1: Effect of TEC on CA

Material Tg (oC) Tm (oC) Xc (%)
CA 157 234 21
CA* 118 157 10

Some insight into the plasticization process was obtained by comparing the XRD pat-
terns and the degree of crystallinity (Xc) for the CA before and after plasticization. XRD
provides a measure of the average intersegmental chain spacing in the macromolecules.
The degree of crystallinity (Xc) depends on the degree of substitution of hydroxyl groups
with acetyl groups that have greater volume [130]. For CA, it is difficult to precisely deter-
mine Xc due to the high overlap between the melting endotherm and the glass transition
temperature [138].

Figure 3.2 shows the XRD patterns of CA and CA*. The results feature a wide halo
around 2θ=20o, known as van der Waals or amorphous, and this is normally found in
all organic polymers [139]. For CA, the peak intensity can be determined at 8.5o, 10.5o,
13.5o, 17o, and 21.5o. The maxima at 2θ=10.5o is known as a low van der Waals halo,
and according to the literature, it is attributable to the existence of regions of parallel
chain segments. The peak at 2θ =8.5o is an indication of the disorder when cellulose is
acetylated [140]. For CA*, there are only two main broad peaks located at 8.5o and 21.5o.
In addition, the peak intensity of CA* is less than CA which can be attributed to the
impacts of TEC, which increases the disorder of the CA structure.

The degree of crystallinity of CA was estimated by Nara and Komiya [127] as shown
in Appendix C. It is based on the ratio of the area above the amorphous profile, as a
standard, to the total area.

Xc (%) = (
Ac

Ac + Aa

)× 100% (3.1)

where Ac is the area of the peak assigned to the crystalline domain, and Aa is the area of
the peak assigned to the amorphous domain in the XRD diffractograms.
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Figure 3.2: XRD patterns of CA and CA*

CA has a higher Xc (Table 3.1) than CA* which means that it is now more amorphous,
confirming the results from DSC.

The TGA and DTGA of CA and CA* are presented in Figure 3.3. The TGA curves
revealed a minor weight loss for CA* which is attributed to water desorption and evapora-
tion of the TEC beginning at 126 oC (boiling point of TEC=126 oC). For CA, TGA shows
a smooth degradation. The temperature for the onset of degradation (T5%) for CA was
266 oC. The maximum weight loss temperature (Tmax) was 350

oC. For CA*, T5% was 191
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oC and Tmax was 329 oC. After the addition of TEC, CA* began to degrade at a lower
temperature; Tmaxwas lower than for CA.

DTGA thermograms taken at 10 oC·min−1 (Figure 3.3b) were used to differentiate
key features of degradation of the thermal decomposition of CA and CA*. For CA, its
DTGA curve contained only one major step within temperature range 223-410 oC, at
which 87% mass loss occurred. Another minor step could be detected within 410-580
oC at which 12% mass loss occurred. DTGA curve of CA* shows a different pattern
than that of CA. Its DTGA contains two major steps and one minor step at the end of the
thermal decomposition. The first step within 58-288 oC, with mass loss of 33%, reflects the
evaporation of moisture and the TEC. The second step occurred with temperature range
288-388 oC and mass loss of 57%, which could be attributed to the degradation of CA*.
A minor step (388-555 oC) with mass loss of 9% can be attributed to the carbonization
of the remaining materials resulting in the formation of ash. Table 3.2 summarizes these
steps with their temperature range and the mass remaining after each step.

Table 3.2: DTGA steps of CA and CA* in air at 10 oC·min−1 heating rate

Materials
Temperature range (oC)

Residual (%)
Steps 1 2 3

CA
223-410

13
410-580

0.7

CA*
58-288
67.6

288-388
10.5

388-555
0.1
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Figure 3.3: TGA and DTGA curves of CA and CA* in air at 10 oC·min−1 heating rate. a.
TGA, b. DTGA. Conversion level along with onset and end of each step are presented in
Table 3.2.

52



3.2 Investigation of plasticized cellulose acetate mag-

nesium hydroxide polypropylene materials

The formulation of polypropylene materials was investigated from the thermal stability
of the materials obtained by thermogravimetric analysis (TGA). The thermal stability
was assessed from the TGA curves and activation energy estimates. The formulation
was developed sequentially, polypropylene-grafted- maleic anhydride, plasticized cellulose
acetate and magnesium hydroxide.

3.2.1 Experimental methods

3.2.1.1 Materials

Polypropylene (PP) fine powder (HM20/70P), was purchased from GOONVEAN Fibres
Company, United Kingdom. The melt flow index is 23-59 g·10min−1. Magnesium hydrox-
ide (MH), cellulose acetate (CA) (approx. 50000 g·mol−1 Missouri, United States. 39%
acetyl), triethyl citrate (TEC), and polypropylene-grafted maleic anhydride (PPMA) were
purchased from Sigma Aldrich (USA). All materials were used as received.

3.2.1.2 Materials preparation

PP materials were produced by a two-step process. The first step consisted of the plas-
ticization of CA. A mass of 2.1g (2.37 ml) of TEC was added drop-wise to the 4.9 g of
pre-dried CA powder would be mixed via vortex mixer for 5 minutes. The CA and TEC
mixture was extruded by twin-screw extruder (SJSZ-7A, Wuhan Ruiming Plastic Machin-
ery Company, China). The four temperature zones of the extruder were set to be in the
range of 170-190 oC. The extruded materials were pelletized with a speed of 10 rpm.

The second step was to mix the plasticized CA with other ingredients (PPMA and MH)
to obtain polypropylene materials. This was done in the twin-screw extruder operated with
four temperature zones ranging from 160 oC-180 oC with 5 minutes as residence time. Table
3.3, 3.4, 3.5, and 3.6 list the formulation of the polypropylene materials. PPMA was added
with loading of 3 wt.% as a replacement portion of PP and produced PP*. The extruded
materials were then cut as pellets by using a cutter (SZS-20, Wuhan Ruiming Plastic
Machinery, China).
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Table 3.3: Sample composition and coding of PP and PPMA materials

Material
PP

wt. %
PPMA
wt. %

PP 100 0
99PP/1PPMA 99 1
98PP/2PPMA 98 2
97PP/3PPMA 97 3

Table 3.4: Sample composition and coding of PP, PP*, and CA* materials

Material
PP
wt.%

CA*
wt.%

PPMA
wt.%

PP 100 0 0
80PP*/20CA* 77.6 20 2.4
70PP*/30CA* 68.9 30 2.1
60PP*/40CA* 58.2 40 1.8
PP* refers to 97PP /3PPMA.

CA* refers to plasticized cellulose acetate with triethyl citrate.

Table 3.5: Sample composition and coding of PP, PP*, and MH materials

Material
PP
wt.%

MH
wt.%

PPMA
wt.%

PP 100 0 0
80PP*/10MH 87.3 10 2.7
80PP*/20MH 77.6 20 2.4
70PP*/30MH 67.9 30 2.1
PP* refers to 97PP /3PPMA.
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Table 3.6: Sample composition and coding of PP, PP*, CA*, and MH materials

Material
PP
wt.%

CA*
wt.%

MH
wt.%

PPMA
wt.%

PP 100 0 0 0
90(60PP*/40CA*)/10MH 52.38 36 10 1.6
80(60PP*/40CA*)/20MH 46.56 32 20 1.4
70(60PP*/40CA*)/30MH 40.74 28 30 1.3
PP* refers to 97PP /3PPMA.

CA* refers to plasticized cellulose acetate with triethyl citrate.

3.2.1.3 Thermogravimetric analysis (TGA)

PP materials were analyzed by TGA (Q500, TA instruments, USA). TGA was conducted
under air with flowrate of 40 mL·min−1 at four different heating rates 5, 10, 20, and 30
oC·min−1. The temperature range was 30-650 oC. The initial mass of each sample was
approximately 10 mg. The TGA and DTGA curves were analyzed with TA Universal
Analysis version v5.5.20 software to estimate the temperature for the onset of degradation
(T5%) and the maximum weight loss temperature (Tmax) of PP materials. The maximum
weight loss rate (MWLR) was the lowest for 97PP/3PPMA.

TGA data were used to obtain activation energy at the maximum rate of degradation
according to Kissinger method , and the activation energy as a function of conversion
according to KAS method (methodology presented in section 2.10.2).

3.2.1.4 Scanning electron microscopy

The morphology of PP materials was observed using a scanning electron microscope (SEM)
(Quanta FEG 250). Rectangular-shaped samples (6 cm×1.5 cm×0.5 cm) were frozen in
liquid nitrogen and cryofractured. In order to avoid charging, all surfaces were coated with
a thin layer of gold. Elemental mapping was performed using Energy Dispersive X-ray
Spectroscopy (EDX) in the equipment.
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3.2.2 Polypropylene-grafted-maleic anhydride polypropylene ma-
terials

3.2.2.1 Thermal stability

Table 3.7 summarizes the analysis results of the TGA and DTGA for PP materials Ac-
cording to the TGA curves ( Figure 3.4 and Figure 3.5), the addition of polypropylene-
grafted-maleic-anhydride (PPMA) increased T5% compared to that of PP. No residue was
left at the end at all heating rates. DTGA curves show that the addition of PPMA shifts
the maximum weight loss temperature to higher temperature, as shown in Figure 3.5. The
increase in Tmax was directly proportional to the level of PPMA for all heating rates. The
highest Tmax was for 97PP/3PPMA compared to PP.

Table 3.7: Thermal analysis of PP and PP/PPMA in air for 5, 10, 20, and 30 oC·min−1

and different levels of of PPMA

Heating rate
(oC·min−1 )

Material
T5%

( oC)
Tmax

(oC)
Residue
(wt.%)

MWLR
(wt.% ·oC−1 )

PP 252 312 0 1.38
99PP/1PPMA 259 331 0 1.12
98PP/2PPMA 261 341 0 0.96

5

97PP/3PPMA 266 360 0 0.82
PP 270 347 0 1.26

99PP/1PPMA 278 357 0 1.40
98PP/2PPMA 283 362 0 1.40

10

97PP/3PPMA 289 384 0 1.04
PP 290 397 0 1.07

99PP/1PPMA 304 404 0 1.22
98PP/2PPMA 304 403 0 1.10

20

97PP/3PPMA 313 406 0 1.24
PP 317 427 0 1.25

99PP/1PPMA 320 432 0 1.12
98PP/2PPMA 321 419 0 1.33

30

97PP/3PPMA 344 443 0 1.28
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Figure 3.4: TGA curves of PP and PP/PPMA in air at four heating rates and different
levels of PPMA. a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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Figure 3.5: DTGA curves of PP and PP/PPMA in air at four heating rates and different
levels of PPMA. a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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3.2.2.2 Kinetics of thermal degradation

The apparent activation energy at the maximum rate of conversion was estimated with the
Kissinger method, and its linearized form expressed in terms of Tmax (Table 3.7) and the
linear plots of PP and different levels of PPMA are shown in Figure 3.6. The estimated Ea

for PP, 99PP/1PPMA, 98PP/2PPMA, and 97PP/3PPMA were 41, 50, 66, 70 kJ·mol−1,
respectively. It can be seen with increasing the level of PPMA there is an increase in the
estimated Ea.

Figure 3.6: Linear plots for calculating Ea by using Kissinger method for PP/PPMA
materials
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The activation energy (Ea,x) according to the conversion was also estimated by using the
KAS method (Figure 3.7). The activation energy for PP was relatively constant, approxi-
mately 60 kJ·mol−1 for the entire conversion range. The activation energy of 99PP/1PPMA
and 98PP/2PPMA was also constant for the entire conversion range but higher than that
of PP. For 97PP/3PPMA, Ea,x increased with constant rate with increasing the levels of
conversion.

Figure 3.7: Activation energy (Ea,x) of PP materials according to PPMA content and
conversion level obtained with the KAS method. Error bars represents 95% confidence
interval
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3.2.3 Plasticized cellulose acetate polypropylene materials

3.2.3.1 Thermal stability

Table 3.8 summarizes the analysis of TGA and DTGA curves for the PP*/CA* materials.
Thermogravimetric analysis of the PP*/CA* blend was done for 20%, 30%, and 40%
content of CA* at four heating rates, as shown in Figure 3.8. As it can be seen, T5%

decreased with increasing CA* level, and no residue was left at the end of the experiment for
all materials at all heating rates. For 60PP*/40CA*, there was a shift in the temperature
to the higher temperature after 350 oC for all heating rates which could be attributed to
the decomposition of CA*. The maximum weight loss rate (MWLR) was the lowest for
60PP*/40CA* at all heating rates.

Based on DTGA curves at all heating rates (Figure 3.9), Tmax for 80PP*/20CA* and
70PP*/30CA* was lower than PP, while Tmax for 60PP*/40CA* was higher than that of
PP and other materials.

Table 3.8: Thermal analysis of PP and PP*/CA* in air for 5, 10, 20, and 30 (oC·min−1)
and different levels of CA*

Heating rate T5% Tmax Residual MWLR
(oC·min−1)

Material
(oC) (oC) (wt.%) (wt.%·oC−1)

PP 252 312 0 1.38
80PP*/20CA* 215 283 0 1.05
70PP*/30CA* 190 324 0.7 0.88

5

60PP*/40CA* 192 365 0.6 0.72
PP 270 347 0 1.26

80PP*/20CA* 227 314 0.6 1.17
70PP*/30CA* 232 335 0.7 1.27

10

60PP*/40CA* 222 375 0.3 0.76
PP 290 397 0 1.07

80PP*/20CA* 252 359 0.7 1.23
70PP*/30CA* 242 358 0.6 1.47

20

60PP*/40CA* 259 400 0.6 1.32
PP 317 427 0 1.25

80PP*/20CA* 279 382 0 1.43
70PP*/30CA* 264 375 0.6 1.39

30

60PP*/40CA* 276 418 0.3 1.33
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Figure 3.8: TGA curves of PP and PP*/CA* in air at four heating rates and different
levels of CA*.a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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Figure 3.9: DTGA curves of PP and PP*/CA* in air at four heating rates and different
levels of CA*. a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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3.2.3.2 Kinetics of thermal degradation

The linearized plots for calculating Ea are presented in Figure 3.10. The activation energy,
according to Kissinger method, shows that with increasing CA* levels there was an increase
in the estimated Ea. Ea was 41, 44, 99, and 106 (kJ·mol−1) for PP, 80PP*/20CA*,
70PP*/40CA*, and 60PP*/40CA*, respectively.

Figure 3.10: Linear plots for calculating Ea by using Kissinger method for PP and
PP*/CA* materials
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The activation energy, according to conversion, was also estimated by using the KAS
method as shown in Figure 3.11. The results show that 80PP*/20CA* had a constant Ea,x

until 50% conversion and then increased. For 70PP*/30CA*, Ea had a similar trend to that
of PP up to 50% conversion, and after that, there was a slight increase. 60PP*/40CA* had
low activation energy at the beginning of decomposition and then there was an increase
after 50% conversion level.

Figure 3.11: Activation energy (Ea,x) of PP materials according to CA* content and con-
version level obtained with the KAS method. Error bars represents 95% confidence interval
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3.2.4 Polypropylene magnesium hydroxide materials

3.2.4.1 Thermal stability

Thermogravimetric analysis for PP and PP*/MH materials for different levels of MH (10%,
20%, and 30%) and at four heating rates is summarized in Table 3.9. Based on the TGA
curve (Figure 3.12), the results show that with increasing MH levels there was an increase
in T5% of PP materials and there was an increase in the residue left at the end reflecting the
inorganic content. The residue left increased with increasing MH level, which is attributed
to the formation of magnesium oxide as a result of the decomposition of MH. From DTGA
curves (Figure 3.13), Tmax was estimated. The results show that there was a shift in Tmax

to higher temperature which was directly proportional to the increase of MH levels. There
was an increase in the MWLR with increasing MH levels.

Table 3.9: Thermal analysis of PP and PP*/MH for 5, 10, 20, and 30 (oC·min−1) and
different levels of MH

Heating rate T5% Tmax Residual MWLR
( oC·min−1)

Material
(oC) (oC) (wt.%) (wt.% ·oC−1)

PP 252 312 0 1.38
90PP*/10MH 257 383 8.2 0.99
80PP*/20MH 261 385 14.0 1.53

5

70PP*/30MH 270 386 21.0 2.39
PP 270 347 0 1.26

90PP*/10MH 277 395 8.0 1.15
80PP*/20MH 282 400 14.3 1.48

10

70PP*/30MH 292 423 20.6 2.28
PP 290 397 0 1.07

90PP*/10MH 305 411 8.9 1.54
80PP*/20MH 322 422 14.6 1.63

20

70PP*/30MH 327 431 19.0 1.58
PP 317 427 0 1.25

90PP*/10MH 340 431 8.6 1.55
80PP*/20MH 340 431 13.6 1.54

30

70PP*/30MH 334 431 18.8 1.55
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Figure 3.12: TGA curves of PP and PP*/MH in air at four heating rates and different
levels of MH. a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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Figure 3.13: DTGA curves of PP and PP*/MH in air at four heating rates and different
levels of MH. a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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3.2.4.2 Kinetics of thermal degradation

The activation energy (Ea) was estimated by using the Kissinger method for PP and
PP*/MH materials. The results show that there was an increase in the estimated Ea with
increasing MH levels. Linear plots for estimating Ea are shown in Figure 3.14. Ea was
41, 121, 123, and 125 kJ·mol−1 for PP, 90PP*/10MH, 80PP*/20MH, and 70PP*/30MH,
respectively.

Figure 3.14: Linear plots for calculating Ea by using Kissinger method for PP and PP*/MH
materials
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The activation energy, according to the conversion, was estimated with the KAS method
(Figure 3.15). For 90PP*/10MH, Ea,x was lower than that of PP till 30% conversion
reached and then increased after. For 80PP*/20MH, Ea,x was similar to that of PP, and
then gradual increase occurred after 30% conversion. For 70PP*/30MH, Ea,x was higher
than PP and other materials since the early stages of conversion. There was a rapid
increase in the estimated Ea,x up to 40% conversion, and there was a slight increase in Ea,x

afterwards.

Figure 3.15: Activation energy (Ea,x) of PP materials according to MH content and conver-
sion level obtained with the KAS method. Error bars represents 95% confidence interval
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3.2.5 Plasticized cellulose acetate magnesium hydroxide polypropy-
lene materials

3.2.5.1 Thermal stability

Table 3.10 summarizes the analysis results of the TGA and DTGA curves of PP ma-
terials. According to the TGA curves (Figure 3.16), there was a decrease in the T5%

and there was a significant increase in the residue left with increasing MH levels. Based
on the DTGA curves (Figure 3.17), Tmax shifted to a higher temperature with increas-
ing MH in the PP*/CA* blend. The maximum weight loss rate was the lowest for
90(60PP*/40CA*)/10MH at all heating rates compared to the other PP materials.

Table 3.10: Thermal analysis of PP and its blend with CA* in air for 5, 10, 20, and 30
(oC·min−1) heating rates with different levels of MH

Heating rate T5% Tmax Residual MWLR
(oC·min−1)

Material
(oC) (oC) (wt.%) (wt.% ·oC−1)

PP 252 312 0 1.38
90(60PP*/40CA*)/10MH 243 393 8.3 0.90
80(60PP*/40CA*)/20MH 186.93 398 14.4 1.32

5

70(60PP*/40CA*)/30MH 189 391 19.4 1.30
PP 270 347 0 1.26

90(60PP*/40CA*)/10MH 264 400 8.2 1.08
80(60PP*/40CA*)/20MH 245 406 14.7 1.33

10

70(60PP*/40CA*)/30MH 237 409 19.1 1.13
PP 290 397 0 1.07

90(60PP*/40CA*)/10MH 264 418 8.7 1.12
80(60PP*/40CA*)/20MH 258 430 14 1.32

20

70(60PP*/40CA*)/30MH 262 427 18.6 1.23
PP 317 427 0 1.25

90(60PP*/40CA*)/10MH 273 431 8.4 1.21
80(60PP*/40CA*)/20MH 269 438 13.6 1.20

30

70(60PP*/40CA*)/30MH 295 439 20.5 1.15
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Figure 3.16: TGA curves of PP and its blend with CA* in air at four heating rates and
different levels of MH. a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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Figure 3.17: DTGA curves of PP and its blend with CA* in air at four heating rates and
different levels of MH. a. 5 oC·min−1, b. 10 oC·min−1, c. 20 oC·min−1, and d. 30 oC·min−1
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3.2.5.2 Kinetics of thermal degradation

The estimated values of Ea according to Kissinger method show that PP materials with
high level of MH was lower. Ea was 41, 164, 148, and 136 kJ·mol−1 for PP, 90(60PP*
/40CA*) /10MH, 80(60PP*/40CA*)/20MH, 70(60PP*/40CA*)/30MH, respectively. The
linearized plots for calculating the Ea are presented in Figure 3.18.

Figure 3.18: Linear plots for calculating Ea by using Kissinger method for PP and its blend
with CA* for different levels of MH
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The activation energy, according to the conversion estimated with the KAS method
(Figure 3.19) show an increase in the estimated value of Ea,x with increasing the con-
version. There was a gradual increase in Ea,x for 90(60PP*/ 40CA*) /10MH up to 70%
conversion and then became stable. The Ea,x values for 80(60PP*/40CA*)/20MH and
70(60PP*/40CA*)/30MH were lower than PP until 20% conversion was reached and then
increased rapidly until 40% conversion. After 40% conversion, there was a gradual in-
crease until 75% conversion reached. After 75% conversion, Ea,x stabilized at 80% since
the residue left is inorganic and cannot degrade.

Figure 3.19: Activation energy (Ea,x) of PP and its blend with CA* according to MH
content and conversion level obtained with the KAS method. Error bars represents 95%
confidence interval
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3.2.6 Material morphology

SEM images and EDX mapping analyses were used to evaluate the behavior and compati-
bility of CA* and MH. The materials, 60PP*/40CA*, 70PP*/30MH, and 70(60PP*/40CA*)
/30MH were selected based on their high thermal stability (TGA analysis). As shown in
Figure 3.20, the incorporation of CA* demonstrated greater compatibility than the inclu-
sion of MH. Strongly interactions between CA* and PP* were observed. The firm bonding
was adversely affected by increasing the levels of MH inside the matrix.

Figure 3.20: SEM images of PP materials a. PP, b. 60PP*/40CA*, c. 70PP*/30MH, and
d. 70(60PP*/ 40CA*)/30MH
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It is well-known that a materials dispersion in the polymer matrix is key to the en-
hancement of their mechanical properties. It is difficult to achieve a good dispersion of
inorganic fillers in thermoplastics. SEM images show better dispersion for CA* than MH,
and this could be attributed to the compatibility of CA* being higher than MH. SEM
images of 70PP*/30MH shows minimal agglomeration of MH in the PP matrix.

Energy-dispersive-beam mapping images of the dispersion of CA* and MH through the
PP* matrix are shown in Figure 3.21. CA* can be detected from the presence of oxygen
in its molecules. The mapping of PP* materials show good dispersion of CA* and MH in
PP*. For 70(60PP*/40CA*)/30MH, it was difficult to detect the CA* because MH can
also be detected from the presence of oxygen.
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Figure 3.21: Mapping analysis of PP materials. a. 60PP*/40CA*, b. 70PP*/30MH, and
c. 70(60PP*/40CA*)/30MH
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3.3 Conclusion

The plasticization of cellulose acetate (CA) by triethyl citrate (TEC) investigated by DSC,
XRD, and TGA, demonstrate that CA plasticization was achieved. The glass transition
temperature and the melting temperature of plasticized CA (CA*) was lowered by 39 oC
and 77 oC, respectively. The XRD patterns were quite different where CA* had two broad
intensity peaks compared to five peaks for CA. The degree of crystallinity of CA* was
considerably lower compared to CA. The addition of TEC to CA lowered the temperature
of the onset of degradation and the temperature of the maximum weight loss compared to
CA. These observations indicate that the addition of TEC to CA induced plasticization
such that the extrusion of CA with PP should be feasible.

The formulation of the PP materials was based on the thermal analysis and was used
to identify the levels of CA* and MH for PP materials fabrication. Based on the ther-
mal analysis of PP/PPMA blends, the level of PPMA was chosen to be 3% due to the
higher activation energy obtained, and the material was thermally more stable than PP,
99/1PPMA, and 98PP/2PPMA. According to thermal analysis of PP, and PP*/CA* ma-
terials, 60PP*/40CA* was more stable based on the higher estimated Ea with Kissinger
method. Furthermore, TGA analysis showed a shift in temperature to the higher tem-
perature above 350 oC for 60PP*/40CA* compared to 80PP*/20CA* and 70PP*/30CA*.
From DTGA curves at four heating rates, Tmax was the highest for 60PP*/40CA*. The
addition of MH to PP* and PP*/CA* materials showed that with increasing the level of
MH shifted T5% and Tmax to the higher temperature. Based on the calculation of Ea,
materials with a higher level of MH have the highest Ea. Based on the aforementioned
results, the levels of PPMA, CA*, and MH were chosen according to their impact on the
thermal stability of the materials. The highest levels of CA* and MH, namely 40% and
30%, and PPMA with 3% as a replacement portion of the PP are selected for the PP
materials fabrication. According to the morphology of the materials obtained by SEM,
40% and 30% of CA* and MH are well dispersed respectively inside the PP matrix. The
compatibility of CA* was adversely impacted by the MH addition.
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Chapter 4

Thermal Behavior and Kinetic Study
of Plasticized Cellulose Acetate
Magnesium Hydroxide Polypropylene
Materials

In this chapter, the thermal stability of polypropylene (PP) materials containing the
polypropylene- grafted-maleic -anhydride (PPMA), plasticized cellulose acetate (CA*) and
magnesium hydroxide (MH), was investigated. The thermogravimetric analysis (TGA)
conducted under air conditions revealed distinct degradation patterns when CA*, MH or
MH/CA* were added to PP*. The addition of MH to PP*/CA* improved the thermal
stability by shifting the maximum rate of mass loss to a higher temperature. But the MH
addition could not counterbalance the lower temperature for the onset of degradation when
CA* was blended with PP*. The improved thermal stability of PP*/CA* when MH was
added is supported by the higher activation energy (Ea) of the MH/CA*/PP materials.
This study also presents a numerical integration method that is recommended to improve
the accuracy of Ea estimates from TGA data at multiple heating rates when is small. The
results indicate that the combined use of MH and CA* leads to materials with the highest
thermal stability.
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4.1 Introduction

There is a growing need to develop and commercialize bio-based materials and reduce the
dependency on petroleum resources to promote environmental sustainability [45]. Cellu-
lose acetate (CA) is one of the oldest bio-based polymers. CA is produced from wood,
cotton, and recycled papers by a two-step esterification process. CA is lightweight, cheap,
and biodegradable, and its degradation does not produce any toxic byproducts [134]. The
main disadvantage of CA is that its melt processing temperature is very close to its de-
composition temperature, so CA must be plasticized [43]. The addition of low molecular
weight plasticizer causes an increase in free volume, lubricity, and chain mobility of the
polymer, which leads to a decrease in glass transition temperature and improvement of
processability [43]. Many of the commercial plasticizers are suspected of displaying health
and environmental hazard threats [141]. Triethyl citrate (TEC) is an eco-friendly plasti-
cizer, which can be used to plasticize CA. Ghiya et al. [46] reported that TEC is utterly
miscible with CA.

The demand for polymeric materials for automotive components and building materials
is increasing due to their ecological and economic advantages [5]. These materials are
typically exposed to successive cycles of temperature fluctuations, which could lead to
thermal degradation [142]. Polypropylene (PP) is a major synthetic polymer in industrial
applications. Several studies have focused on the thermal degradation behavior of this
polymer as it constitutes a significant share of the plastic industry [143]. PP has good
insulating and processing properties, a small dielectric characteristic, and proper crack
and chemical resistance. On the other hand, PP has low thermal resistance, which limits
its applications [3].

Polymer combustion refers to the oxidation reaction between a polymer, an oxidant
(oxygen), and an external source of intense energy such as a spark or flame. The com-
bustion process consists of five elements: preheating, decomposition, ignition, combustion,
and propagation [5]. The distinction between each element is generally not well defined.
The preheating stage involves irradiation of the material by an external heat source and
temperature increase. The rate at which temperature increases depends on the thermal
intensity of the heat source as well as the thermal properties of the material including,
its thermal conductivity, specific heat capacity, and latent heat of fusion. An increase
in thermal energy triggers bond scission in the material leading to the release of volatile
substances. Ignition occurs when these gases mix sufficiently with atmospheric oxygen,
and their temperature reaches either the auto-ignition temperature or the flash point of
the material. Combustion becomes self-propagating if sufficient heat is generated and radi-
ated back to the materials to sustain the decomposition process [51]. Polypropylene itself
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burns very rapidly without leaving a char residue because of its aliphatic hydrocarbon
structure [8]. The heat of combustion data suggests that PP is more exothermic during
thermal degradation than most synthetic and natural polymers. Its heat of combustion
is 40 kJ·g−1 while that of nylon, cellulose acetate and polyester are 15 kJ·g−1, 15 kJ·g−1,
and 6.3 kJ·g−1, respectively. Polypropylene undergoes pyrolysis to yield volatile com-
pounds and shorter chain hydrocarbons. These volatile compounds include dienes, alka-
nes, and alkenes. The other compounds released during pyrolysis are C9 compounds such
as 2-methyl-4-octene, 2-methyl-2-acetone, 2, 6-dimethyl-2,4-heptadine, 2,4- dimethyl-1-
heptene, 2-methyl-1-octene. The remaining heated surface of the polymer and less volatile
molecules behave as secondary fuel sources [51].

CA releases its absorbed water when it is heated up to 100 oC. The main decomposition
of CA occurs around 285 oC [130] when it releases gaseous species like ketene, esters,
aldehydes, and oligomers [144].

The most common approach for improving the flame retardancy of materials is the
incorporation of flame retardants that can hinder the combustion stages. The most widely
used flame retardants can be categorized as inorganic compounds, halogenated compounds,
and phosphorous compounds. These flame retardant materials can act chemically or phys-
ically in the solid, liquid, or gas phase. There are environmental and health safety concerns
associated with the use of common halogenated flame retardants [145]. Therefore, there is
a growing interest in alternative flame retardant materials such as inorganic compounds,
like metallic hydroxides [146]. Magnesium hydroxide (MH) is the most widely used metallic
hydroxides. The decomposition of MH occurs through the following reaction:

Mg(OH)2 → MgO+ H2O ∆H = 1.37 kJ · g−1 (4.1)

The decomposition temperature of MH is about 300-320 oC [5] allowing it to be pro-
cessed in plastics such as PP. MH can provide flame retarding effects by releasing a signifi-
cant amount of water at higher temperature and hence diluting the amount of fuel available
to sustain the combustion during a fire. MH absorbs heat from the combustion zone and
produces a char layer that can act as an insulating protective layer during combustion.
However, in order to produce reasonable flame retardancy, high levels of MH are required
[6, 69].

The investigation of the kinetics of thermal degradation is generally performed under
the assumption that all samples used in the study are practically identical. The similarity
of the materials can be difficult to achieve with multi component formulations. Solid
fillers or additives have the tendency to form large aggregates, and the materials become
heterogeneous so that samples differ significantly from each other. Due to this, the mass
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loss curves measured on different samples can show significant differences in their shape
and temperature region of degradation.

The sample type such as powder, film, or chunk can give different mass loss curves. The
powder grain size and/or film thickness may affect the temperature of degradation [92, 94].
It was reported that cross-linked high density polyethylene samples of various thickness
measured in TGA under nitrogen flow at a heating rate of 20 oC·min−1, showed differences
exceeding 30 oC in the early stages of mass loss [94]. The sample thickness should be
similar in order to have similar diffusion rates of volatile decomposition products. The
sample thickness should always be kept as small as possible in order to improve heat
transfer and minimize the thermal gradients within the sample.

The surface area increases by decreasing the particle size, and powder with lower particle
size has a high surface area. Due to this, the heat transfer will improve, and TGA curves
will be shifted to lower temperatures and reduce its thermal stability. Saifali [147] reported
that the biggest particles (> 200 µm) of high-density polyethylene with higher molecular
weight have maintained the superior thermal stability. Pradip et al. [148] study the
effect of particle size of PP on the kinetics of thermal degradation. In their investigation,
thermal stability and activation energy (Ea) of PP particles (up to 15% conversion) initially
decreases and then increases as particle size further decrease to the nanoscale.

In the present study, the thermal decomposition of PP materials containing PPMA,
CA*, and MH was studied using TGA. Also, Ea of the PP materials was established
through a dynamic TGA analysis by applying model-free methods. A numerical inte-
gration method was developed to estimate Ea. In this chapter, the thermal stability of
60PP*/40CA*, 70PP*/30MH, 70(60PP*/40CA*)/30MH will be discussed using TGA and
the associated analysis methods presented previously in section 2.11.2.

4.2 Experimental methods

4.2.1 Materials

Polypropylene (PP) fine powder (HM20/70P), was purchased from GOONVEAN Fibres
Company, United Kingdom. Magnesium hydroxide (MH), Cellulose acetate (CA) (approx.
50000 g·mol−1 39% acetyl), triethyl citrate (TEC), and polypropylene-grafted maleic an-
hydride (PPMA) were purchased from Sigma Aldrich (USA). All materials were used as
received.
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4.2.2 Materials preparation

Cellulose acetate (CA) was plasticized according to the methodology presented in Chapter
3. Polypropylene (PP) materials were produced by extrusion in a twin screw-extruder
(SJSZ-7A), Wuhan Ruiming Plastic Machinery Company, China. The four temperature
zones ranged from 160 oC-180 oC, and the circulation time was five minutes. The extruded
materials were then cut as pellets by using a cutter (SZS-20, Wuhan Ruiming Plastic Ma-
chinery, China), and then compression molded using compression moulding (PHI, Pasadena
Hydraulic Inc., USA) at 200 oC with 10 bar pressure for 2 minutes. Two different molds
were used for preparing the sample according to the dimensions of the sample required
for the vertical burning test, oxygene index, and the cone calorimeter following the ASTM
standard for each test. The fabricated materials are listed in Table 4.1.

Table 4.1: Sample composition and coding of PP materials

Material
PP
wt.%

CA*
wt.%

MH
wt.%

PPMA
wt.%

PP 100 0 0 0
PP* 97 0 0 3

60PP*/40CA* 58.2 40 0 1.8
70PP*/30MH 67.9 0 30 2.1

70(60PP*/40CA*)/30MH 40.74 28 30 1.26
PP* refers to 97PP /3PPMA.

CA* refers to plasticized cellulose acetate with triethyl citrate.

4.2.3 Activation energy estimation by Kissinger and Kissinger-
Akhira-Sunose (KAS) methods

TGA data were used to obtain activation energy at the maximum rate of degradation
according to Kissinger method , and the activation energy as a function of conversion
according to KAS method (methodology presented in section 2.10.2).

4.2.4 Activation energy estimation by numerical integration

In order to increase the accuracy of the activation energy estimation when y =
Ea

RT
< 15,

we have developed a method based on the numerical integration of the integral on the
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right-hand side of Equation 2.17. The integral on the right-hand side of Equation 2.17 is
constant at each conversion level, so at a given conversion level, re-arrangement of Equation
2.17 leads to:

β∗

cal = g

∫ T

T0

exp(−Ea/RT ) dT (4.2)

where g = A/
∫ x

0
dx/f(x). With the assumption that the activation energy is constant

at each conversion level for different heating rates, as in the KAS method, and using
number of heating rates, the numerical integration method (NIM) is illustrated in Figure
4.1, depicting the components of the matrix, or different heating rates versus components
of the matrix which are calculated by estimating A and Ea. In the developed method, β∗ is
calculated according to Equation 4.2 for different level of conversion (x). In the first step,
the temperature associated with a given conversion is determined for the four heating rates.
In the second step, the g and Ea values are modified to estimate new calculated heating
rates (β∗

Cal). In the third step, the sum of squared errors (SSE) is calculated with β∗

Cal

and β∗

Act. Then ”fminsearch” (MATLAB R2014a) function was used to find the minimum
of SSE by changing g and Ea. If values of β∗

Cal and β∗

Act are close to each other, i.e., the
difference value are close to zero, points should lay on the y = x line.
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Figure 4.1: Flow chart of numerical integration method

4.3 Results and discussion

4.3.1 Decomposition characteristics of magnesium hydroxide

The decomposition of magnesium hydroxide (MH) to magnesium oxide involved thermal
decomposition at 350 oC as shown in Figure 4.2. TGA curve of MH (Figure 4.2a) showed
the residue left at the end of the experiment was 69 wt.%, which means that approximately
31 wt.% of water was lost, and it agrees with the MH decomposition (Equation 4.1) where
1 mole of MH produces 1 mole of water (See Appendix A).

The DTGA curve of MH (Figure 4.2b) shows that the main decomposition of MH
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occurred between 290 oC and 430 oC with mass loss of 28 wt.%. It was reported that
the remaining water slowly diffuses from within the magnesium oxide as the temperature
raises further [70]. As the temperature increased (at 650 oC), magnesium oxide is formed.

Figure 4.2: TGA and DTGA curves of MH in air at 5 oC·min−1 heating rate. a. TGA, b.
DTGA

4.3.2 Thermal stability of PP materials

The effect of the sample mass on the parameters estimated from TGA curves was investi-
gated following ICTAC recommendations [92]. Two different masses (5 and 10 mg) were
used. The results show no significant effects for the change in mass, with ± 1 oC in the
temperature associated with each conversion (Tx,i) as shown in Figure 4.3.

The thermal stability of PP and PP* materials obtained by TGA is shown in Figure
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Figure 4.3: DTGA curves of 70PP*/30MH with two different sample mass

4.4. The TGA curve of PP and PP* (Figure 4.4a) show that T5% of PP is less than that
of PP*. The TGA curve showed no residue left for the PP and PP* materials because
all organic materials were converted into volatile products. DTGA curve of PP and PP*
showed a shift in Tmax to higher temperature as shown in Figure 4.4b. The MWLR for
PP* was less than that of PP at 5 and 10 oC·min−1 heating rates as shown in Table 4.2.
Most likely, the morphology of PP* hindered the oxygen penetration inside the matrix.
It was reported that PPMA improved the cohesion between the particles promoting the
formation of intercalated structure [149]. This behavior could be due to the low viscosity
and low molecular weight of PPMA compared to PP.
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Figure 4.4: TGA and DTGA curves for PP and PP* in air at 5 oC·min−1 heating rate. a.
TGA, b. DTGA

The thermal stability of PP materials was obtained from TGA and DTGA experiments
conducted in the presence of air at different heating rates (Figure 4.5, Figure 4.6, and
Appendix A). The temperature at which 5 % weight loss occurred (T5%), the maximum
weight loss rate (MWLR), the temperature associated with the MWLR (Tmax), and the
residual mass for PP materials were used to evaluate the effect of CA* and MH on the
thermal stability of PP materials (Table 4.2). For all heating rates, the addition of MH
increased T5% compared to PP; the addition of CA* had the opposite effect, lowering T5%

compared to PP. The presence of CA* and MH lowered T5% compared to PP. The residue
remaining at 650 oC was negligible (0%) for PP and 60PP*/40CA* and approximately 20
wt.% for 70PP*/30MH and 70(60PP*/40CA*)/30MH reflecting the inorganic content of
MH.
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Figure 4.5: TGA curves of PP materials in air at 5 oC·min−1 heating rate
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For a given PP material, its MWLR increased as the heating rate increased. The
addition of MH to PP* increased MWLR compared to PP and 60PP*/40CA* materi-
als. The addition of CA* to PP* lowered its MWLR compared to pure PP at 5 and 10
oC·min−1 heating rates. The presence of CA* and MH increased the MWLR compared to
60PP*/40CA* at 5 oC·min−1. This could be attributed to the smoldering of CA*, slowing
down the degradation process of the materials [150].

Table 4.2: Thermal analysis of PP materials for 5, 10, 20, and 30 oC·min−1 heating rates

Heating rate T5% Tmax Residue MWLR
(oC·min−1)

Material
(oC) (oC) (wt. %) (wt.% ·oC−1)

PP 252 312 0 1.38
PP* 265 360 0 0.83

60PP*/40CA* 192 365 0.63 0.72
70PP*/30MH 270 386 21.4 2.39

5

70(60PP*/40CA*)/30MH 189 391 19.38 1.3
PP 270 347 0 1.26
PP* 289 384 0 1.04

60PP*/40CA* 222 375 0.3 0.76
70PP*/30MH 292 423 20.6 2.28

10

70(60PP*/40CA*)/30MH 207 409 19.06 1.13
PP 290 397 0 1.07
PP* 313 406 0 1.24

60PP*/40CA* 259 400 0.63 1.32
70PP*/30MH 327 431 19.38 1.58

20

70(60PP*/40CA*)/30MH 262 427 18.56 1.23
PP 317 427 0 1.25
PP* 344 443 0 1.28

60PP*/40CA* 276 418.98 0.22 1.33
70PP*/30MH 334 431.63 18.81 1.55

30

70(60PP*/40CA*)/30MH 295 439.02 20.45 1.15

The Tmax value increased with increasing heating rate (Figure 4.5). For example, Tmax

of 70(60PP*/40CA*)/30MH at 5 oC·min−1 was 391 oC and 439 oC at 30 oC·min−1. The
increase of Tmax with increasing heating rate is the basic assumption of the Kissinger model
which makes employing this model for activation energy calculation reliable.
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Figure 4.6: DTGA curves of PP materials at 5 oC·min−1 heating rates, onset and end of
each step identified by vertical dash lines
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The DTGA thermograms taken at 5 oC·min−1 heating rate (Figure 4.4 and Figure 4.5)
were used to distinguish key features of the thermal degradation of PP materials when MH,
CA* and both MH and CA* were present and summarized Table 4.3. The temperature
at which the rate of weight loss (DTGA, Figure 4.4) becomes non-zero was identified for
each step; this corresponds to the start of decomposition of one of the component. PP was
used for comparison purposes; its DTGA contained only one peak. The PP decomposition
is in agreement with those reported by Lv et al. [109], indicating that the decomposition
of pure PP starts at approximately 200 oC, and the single-step decomposition leads to the
formation of condensable volatiles and non-condensable gases with no residue remaining
at temperatures above 600 oC. Similar behavior was reported by Rantucha et al. based on
FTIR spectroscopy data obtained at various temperatures [95].

In contrast, the DTGA thermogram of 60PP*/40CA* contained four steps (Figure 4.6).
The first step was within the 40 oC-212 oC temperature range with a mass loss of 7 wt.%,
reflecting the evaporation of the moisture and TEC plasticizer. The second step occurred
within the temperature range 212 oC-320 oC, with mass loss of 41 wt.%. The third step
occurred within 320 oC-457 oC, leading to a mass loss of 45 wt.%. This step may be related
to the degradation of CA* and the remainder of PP. Another minor step appeared at the
end of the TGA thermogram curve (457 oC-560 oC) with a mass loss of 6 wt.%. This could
be attributed to carbonization of the decomposition products resulting in the formation
of ash. These observations are in good agreement with the results obtained by Hanna et
al. [133] regarding the decomposition of CA. Hanna et al., and others stated that CA*
decomposes in three steps: the volatile product or dehydration of initial CA*; the thermal
degradation of fragmentable molecules of CA*; and the carbonization of the remaining
fragmented CA molecules [133].

The DTGA curve for 70(60PP*/40CA*)/30MH showed three steps. The first step is
within the range of 50 oC- 220 oC. The mass loss of 7 wt.% is attributed to the evaporation
of moisture and TEC plasticizer; a result also found for 60PP*/40CA*. The second step
is within the range of 220 oC-475 oC. Here the mass loss was 77 wt.% and is likely related
to the degradation of the PP*, MH and the fragments of CA*. The remaining minor
peak is seen within the range of 476 oC-545 oC with a mass loss of 2 wt.%. The remain-
ing residue (21 wt.%) would most probably contain magnesium oxide and the carbonized
decomposition products of CA*.

4.3.3 Kinetics of thermal degradation

The apparent activation energy at the maximum rate of conversion was estimated with the
Kissinger method, and its linearized form expressed in terms of Tmax. In this method, the
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Table 4.3: DTGA steps of the degradation analysis of PP materials at 5 oC·min−1 heating
rate

Material
Temperature range (oC)
(Residual mass (wt.%))

Steps 1 2 3 4

PP
209-504
(0.0)

PP*
216-540
(0.0)

60PP*/40CA*
40-212
(93)

209-504
(52)

320-457
(7)

457-560
(0.6)

70PP*/30MH
204-514
(21)

70(60PP*/40CA*)/30MH
50-220
(93)

220-475
(23)

476-545
(21)

apparent activation energy was obtained from a plot of ln(β∗/T 2
max) versus 1/Tmax. How-

ever, this method has a major limitation that should be noted in estimating the apparent
activation energy which incorporates the contributions of a wide range of heating rates
[137]. The Kissinger method requires more than two heating rates to estimate a single
value of Ea for any process regardless of its actual kinetic complexity.

The use of MH as a means to improve the thermal resistance of PP*/CA* materi-
als was assessed by estimating the activation energy. Specifically, the susceptibility of
the degradation reaction and the complexity of the degradation reactions were explored.
The apparent activation energy estimated at Tmax using the Kissinger method (Figure
4.7) were significantly higher when CA*, MH, or a combination of CA* and MH were
added to the PP*. The addition of MH improved the thermal resistance of 60PP*/40CA*
blend. The estimated activation energy for PP, PP*, 60PP*/40CA*, 70PP*/30MH and
70(60PP*/40CA*)/30MH was 41 kJ·mol−1, 70 kJ·mol−1, 106 kJ·mol−1, 125 kJ·mol−1, and
136 kJ·mol−1, respectively.

94



Figure 4.7: Linear plots for calculating Ea by using Kissinger method. a. PP, b. PP*, c.
60PP*/40CA*, d. 70PP*/30MH, e. 70(60PP*/ 40CA*)/30MH
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The Kissinger method has been used in many studies; the present results are similar
to those previously reported for the same heating levels for PP and PP*/MH materials
[95, 151, 152].

The activation energy, according to conversion, was estimated with the KAS method
(Figure 4.8 and Figure 4.9). Details are presented in Appendix A. The activation energy
of PP was relatively constant, approximately 60 kJ·mol−1 for the entire conversion range.
For PP*, there was a constant increase in Ea,x with increasing x.

Figure 4.8: Linear plots for calculating Ea,x with the KAS method for
70(60PP*/40CA*)/30MH according to conversion (%)
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Figure 4.9: Activation energy of PP and its materials at different conversion levels calcu-
lated by the KAS method. Error bar represents 95% confidence intervals

In contrast, the activation energy for the thermal degradation of 60PP*/40CA* was
lower than that of PP for conversion up to 60 %, initially decreasing until 20 % con-
version, and subsequently increasing. This may be due to the thermal decomposition of
60PP*/40CA*, which begins at lower temperatures compared to PP (Figure 4.9). For
70PP*/30MH, its activation energy was higher than that of PP, PP*, and 60PP*/40CA*
and increased rapidly and stabilized at a conversion level above 40 %. This increase of
activation energy could be explained by the fact that MH continues to degrade well after
the completion of PP degradation.
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The activation energy of 70(60PP*/40CA*)/30MH was higher than all other PP mate-
rials at conversion above 20%, with an initial rapid increase followed by a slower increase.
This result confirms the effect of CA* in PP*/MH material which increases the Ea required
to initiate decomposition.

The accuracy of the KAS method was also investigated. It was reported in the literature
[93, 99], the KAS method is accurate when y = Ea,x/RT > 15 as shown in Figure 4.10.
The integral approximation used was more accurate in the estimation of Ea,x for the PP*
material presence with CA*and MH.

Figure 4.10: Estimates of Ea/RT versus conversion level of PP and its materials by the
KAS method
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As it can be observed in Figure 4.11, there is a good agreement between β∗

Act and β∗

Cal

in the case of PP and 70(60PP*/40CA*)/30MH because they lie on the line y = x. In the
other cases the agreement is not as strong.

Figure 4.11: Actual heating rate β∗

Act versus calculated heating rate β∗

Cal estimated by the
numerical integration method for a. PP, b. PP*, c. 60PP*/40CA*, d. 70PP*/30MH, and
e. 70(60PP*/40CA*)/30MH
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A comparison of the calculated activation energy for PP materials obtained by the
numerical integration method (NIM) and the KAS method show differences (Figure 4.12).
The closest accordance between the two estimates exists for 70PP*/30MH and 70(60PP*
/40CA*)/30MH; in other words, the samples with y values above 15 (Figure 4.10).

Figure 4.12: Comparison of Ea,x calculated by the numerical integration method and
the KAS method for a. PP, b. PP*, c. 60PP*/40CA*, d. 70PP*/30MH, and e.
70(60PP*/40CA*)/30MH
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4.4 Conclusion

This study revealed that materials containing PP*/CA* and MH possess better thermal
stability than pure PP.

Based on TGA curves, T5% was the highest for 70PP*/30MH and the lowest for
70(60PP*/40CA*)/30MH for all heating rates. PP, PP*, and 60PP*/40CA* had no residue
left at the end of the TGA experiment while 70PP*/30MH and 70(60PP*/40CA*)/30MH
had around 20 wt.% reflecting the inorganic content.

According to the DTGA curves, Tmax for the 70(60PP*/40CA*)/30MH material was
the highest, and MWLR was the lowest for all heating rates. There was a shift in the peaks
of the DTGA curves to the right when PPMA, CA* and MH were present.

The kinetic parameters of the degradation of PP materials were accurately determined
from a series of TGA experiments at four heating rates. The Ea values of the degradation
of the materials calculated using Kissinger, KAS, and numerical integration methods based
on TGA and DTGA curves are higher than those of pure PP and PP*/CA* materials. The
activation energy required for initiating the thermal degradation for PP*/CA* blend with
MH was higher than that of PP and 70PP*/30MH.
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Chapter 5

Combustion Behavior of Plasticized
Cellulose Acetate Magnesium
Hydroxide Polypropylene Materials

The flammability, and flame retardant effects of plasticized cellulose acetate (CA*) and
magnesium hydroxide (MH) in PP materials were evaluated: vertical burning, limited
oxygen index, cone calorimetry, and the adiabatic bomb calorimeter. It was found that
(CA*), in combination with MH, can effectively reduce the flammability of PP and obtain
reasonable flame retardation with a low level of MH. 70(60PP*/40CA*)/30MH material
was categorized using a vertical burning test as V-0 and had the highest value of oxygen
index (OI%). A significant reduction in the heat release rate (HRR) and effective heat of
combustion (EHC) was determined from the cone and bomb calorimeter test.

5.1 Introduction

PP materials, are described as product[s] generated by blending or assembling bio-material,
either exclusively or in combination with non-bio-based materials, in which the bio-based
material is present as a quantifiable portion of the total mass of the product [153] have
attracted attention as a promising material for natural resource, eco-friendliness, sustain-
ability, and lightness [154]. However, their applications are limited by their low thermal
resistance and fire resistance behavior [155]. Polypropylene (PP) is commonly used in bio-
materials because of its low melting temperature but has limited flammability resistance
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[156]. Flame retardants are used to improve their flammability resistance and thermal
stability in order to broaden the application of PP.

PP materials containing cellulosic derivatives also possess low thermal stability. The
pyrolysis and combustion characteristics of cellulose derivatives have been investigated.
Cellulose is subject to smoldering, a slow, low temperature, and flameless form of com-
bustion. The temperature during smoldering is typically 600-1100 K, while for gas phase,
the flame temperature is within the range of 1200-1700 K. During the smoldering pro-
cess, sufficient heat is produced to induce the formation of char [157], and the heat of
combustion, around 16 kJ ·g−1 [158], is very low compared with PP at 43 kJ·g−1 [116].
The acetylation of cellulose, where hydroxyl groups are replaced by acetyl groups, creates
cellulose acetate which has hydrophilicity and was shown to have higher thermal stability
[159–161]. According to Ana et al. (2003) [162], the acetylation of recycled cellulose im-
proved the thermal and thermo-oxidative stability of the cellulose derivatives. Cellulose
acetate (CA) is limited by the close proximity of its thermal decomposition temperature
and the melting temperature. For this reason, CA requires plasticization prior to its mix-
ing with thermoplastic materials. Different plasticizer can be used for this purpose, and
various studies that examine the effects of these plasticizers on the characteristics of CA
[163, 164]. Phthalate-based plasticizers, currently used in commercial cellulose ester plas-
tics, are under environmental scrutiny and perhaps pose a health threat. Triethyl citrate
(TEC) is an eco-friendly plasticizer which was shown to act as a plasticizer for CA [46].
According to Mohanty et al. [34], the optimum level of TEC was 30 wt.% in order to
obtain CA thermoplastic with a reasonable balance of strength and stiffness.

The addition of flame retardants, such as ammonium polyphosphate, magnesium hy-
droxide, and bromine, is beneficial in improving the fire resistance properties but may neg-
atively affect their mechanical properties. Hence there is a need to minimize the content of
flame retardant while obtaining satisfactory flame retardant characteristics in composite
materials. Flame retardants are classified according to their action. Metal hydroxide and
intumescent flame retardants act in the condensed phase [165–167]. Other flame retar-
dants can act in the gas phase, such as halogenated compounds, by forming free radicals.
Phosphorous compounds act by increasing the conversion of the polymer materials to a
char residue during pyrolysis [53, 109, 168, 169]. Magnesium hydroxide (MH) may be con-
sidered as one of the most environmentally friendly flame retardants because its thermal
decomposition leads to the release of water vapor and formation of magnesium oxide. The
decomposition temperature is an important consideration when selecting flame retardants
for use in polymeric materials. For example, MH is more desirable than aluminum tri-
hydrate (ATH) because its decomposition temperature is between 300-320 oC, while for
ATH it is around 200 oC and it is unusable for thermoplastic resins such as PP whose
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molding temperatures are at least about 200 oC [170]. One of the drawbacks of MH is the
high loading required to achieve a reasonable flame retardancy, which is typically above
60 wt.%. The addition of MH in such high amounts negatively affects the mechanical
and rheological properties of the polymer. The effect of MH addition on the thermal and
combustion properties of composite materials has been investigated for a number of ma-
terials and fire tests. For example, Sain et al. (2004) investigated the effect of MH on the
flammability of sawdust and rice husk PP composites using horizontal burning rate and
oxygen index tests. Their study indicated that MH significantly reduces the flammability
of 50 wt.% for both natural filler, filled PP composite. Das et al. [171] studied the flame
retardant effect of biochar, MH and ammonium polyphosphate (APP) for woody biomass
PP [171]. Their results show that with the addition of biochar and MH to woody biomass
PP, the flammability was impeded while preserving the mechanical properties. According
to Balakrishnan et al. [172], increasing the loading of MH from 20 wt.% to 50 wt.% in-
creased the time to ignition (tign) in the PP. Oxygen index (OI) values are also improved as
a result of MH application, and V-0 rating was obtained for 40 and 50 wt.% with respect
to the vertical burning test [172]. Cone calorimeter tests (CCT) are also used to study
the effect of MH as a flame retardant for PP materials. The addition of MH reduces the
peak of heat release rate (PHRR) [173]. The oxygen bomb calorimeter (BOM) is another
characterization technique which is used to evaluate the flame retardancy of materials and
validate the heat capacity of the material.

The aim of this work was to evaluate and assess the effect of magnesium hydroxide (MH)
on the flammability of plasticized cellulose acetate (CA*) polypropylene (PP) materials.
Cellulose acetate plasticization was obtained with triethyl citrate, as discussed in Chapter
3. The flammability tests selected in this study were the vertical burning test, the limited
oxygen index (LOI), the cone calorimetry test (CCT), and bomb calorimetry (BOM).
The synergistic effects between MH and CA* to reduce the MH level required to achieve
reasonable flame retardant effect will also be discussed.

5.2 Experimental methods

5.2.1 Materials

Polypropylene (PP) fine powder (HM20/70P), was purchased from GOONVEAN Fibres
Company, United Kingdom. Magnesium hydroxide (MH), Cellulose acetate (CA) (approx.
50000 g·mol−1 39% acetyl), triethyl citrate (TEC), and polypropylene-grafted maleic an-
hydride (PPMA) were purchased from Sigma Aldrich (USA). All materials were used as
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received.

5.2.2 Materials preparation

Cellulose acetate (CA) was plasticized according to the methodology presented in Chapter
3. Polypropylene (PP) materials were produced by extrusion in a twin screw-extruder
(SJSZ-7A), Wuhan Ruiming Plastic Machinery Company, China. The four temperature
zones ranged from 160 oC-180 oC, and the circulation time was five minutes. The extruded
materials were then cut as pellets by using a cutter (SZS-20, Wuhan Ruiming Plastic Ma-
chinery, China), and then compression molded using compression moulding (PHI, Pasadena
Hydraulic Inc., USA) at 200 oC with 10 bar pressure for 2 minutes. Two different molds
were used for preparing the sample according to the dimensions of the sample required
for the vertical burning test, oxygene index, and the cone calorimeter following the ASTM
standard for each test. The fabricated materials are listed in Table 5.1.

Table 5.1: Sample composition and coding of PP materials

Material
PP
wt.%

CA*
wt.%

MH
wt.%

PPMA
wt.%

PP 100 0 0 0
PP* 97 0 0 3

60PP*/40CA* 58.2 40 0 1.8
70PP*/30MH 67.9 0 30 2.1

70(60PP*/40CA*)/30MH 40.74 28 30 1.26
PP* refers to 97PP /3PPMA.

CA* refers to plasticized cellulose acetate with triethyl citrate.

5.2.3 Oxygen index (OI)

The oxygen index (OI) was estimated according to ASTM D2863. The sample was 125
mm×10 mm×4 mm. The sample was held vertically in the glass chamber, with controlled
oxygen and nitrogen flow. A natural gas torch was used to burn the top end of the sample.
If the flame persisted for more than 180 s, and/or if the length of the burning sample was
more than 50 mm of its original length, the response was marked as X. Otherwise the
response was marked O. A set of responses of the first five samples (NL) was taken to
estimate the initial oxygen concentration by changing the level of oxygen gas in the chamber
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with fixed interval d. After that, another five responses were taken at fixed intervals (d).
The last five responses were used to identify the constant (k) from the standard. Oxygen
Index (OI) was estimated with the following equation:

OI = CF + kodo (5.1)

where CF is the final of oxygen concentration, in percent volume to one decimal place,
used in the series of NT measurements, do is the interval between oxygen concentrations
levels in percent volume, and ko is a factor obtained from Table 3 in ASTM D2863-17a,
see Appendix B.

5.2.4 Vertical burning test (UL-94)

The vertical burning test was conducted according to ASTM D3801 [107]. The specimen
was held vertically in a dark fume hood by using a stand, and then a flame was applied
for 10 s and then removed. The lowest flammability rating is V-2 (flaming time < 30 s)
and the highest is V-0 (flaming time < 10s). V-1 is an intermediate between V-0 and
V-2. Flammable materials that could not be classified according to these categories were
marked with the code NC (no classification, complete combustion of the specimen).

5.2.5 Cone calorimeter test (CCT)

The cone calorimeter test was performed according to ASTM E1354 under a heat flux of
50 kW·m−2 [100]. The samples were prepared in a compression mold (100 mm×100 mm×5
mm). All samples were wrapped in aluminum foil covering the sides and bottom and tested
in the horizontal position on the sample holder.The heat flux was selected based on OI
and vertical burning conditions and identified as 50 kW·m−2. The parameters considered
were time to ignition (tign) in seconds, total burn time (ttot) in seconds, heat release rate
(HRR) in kW·m−2, peak of heat release rate (PHRR), in kW·m−2, mass loss (%), CO and
CO2 yield and production, total smoke production (TSP), and average specific extinction
area (SEAavg.) (m

2·kg−1). The air flow was set to be 24 liter·s−1. The heat released was
calculated based on oxygen consumption and assumed that for every kilogram of oxygen
consumed 13.1 MJ of heat would be released. Based on this, properties estimated by the
cone calorimeter, indices, such as fire growth rate (FIGRA), and fire performance index
(FPI), were used for further interpretation of CCT results.
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5.2.6 Combustion products

The combustion products CO2, CO and soot and the estimated available carbon in the PP
materials were analyzed. The carbon availability was verified by the chemical composition
and cone calorimetry observations for CO2 and COY. The fractions of the carbon were
calculated according to the number of carbon units in the chemical compounds formula,
see Appendix B. The combustion reaction is presented by Equation 5.2 and Equation 5.3
where the fuel represents the polymeric materials and CO, CO2, soot and char are the
products.

Fuel + O2 → CO2 +H2O (5.2)

Fuel + O2 → CO+ H2O+ Soot + Char (5.3)

where the fuel represents PP in pure PP, PP and PPMA in PP*/MH samples and PP,
CA, PPMA, and TEC in PP*/CA* samples.

5.2.7 Bomb calorimetry

The heat of combustion was obtained in an oxygen bomb calorimeter (Model 1241, Parr
Instrument Co., Molin, Illinois) according to the standard procedure, ASTM D4809 [174].
Benzoic acid which has a known heat of combustion, 26.453 kJ·g−1, was used to estimate
the calibration factor of the bomb calorimeter, C∗, obtained as:

C∗ = (m× 26.453 kJ · g−1)/(Tmax − To) = 9.97 kJ · oC−1 (5.4)

where C∗ represents the calibration factor of the bomb calorimeter, i.e. the heat capacity of
the bomb calorimeter immersed in a water bath, m is the mass of the benzoic acid sample
(g), Tmax and To represent the maximum and initial temperature of the water bath (oC).

The heat of combustion was obtained by placing a sample inside a capsule of gelatin
with known heat of combustion. The capsule was placed in a cup which was positioned
in the holder of the lid of the bomb calorimeter. A volume of 1 mL of deionized water
was pipetted into the bottom of the bomb. A 10 cm length of Nichrome fuse wire was
cut, weighed, connected to the two electrodes in the pressure vessel (bomb calorimeter),
and bent to be in contact with the sample for ignition. The bomb calorimeter was then
assembled, sealed and purged twice by pressurizing to 20 atm with pure oxygen, then
vented. The bomb calorimeter was then pressurized with pure oxygen to 30 atm and then
submerged in bath containing 2 liters of water, in an insulated jacket and checked for leaks.
The temperature of the water bath was maintained uniform by stirring. The temperature
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of the water bath was measured using a precision thermistor. The equilibrium temperature
of the water bath was recorded as initial temperature (To). The sample was then ignited
by passing an electric current through the wire causing the sample to ignite and burn.
The heat released by the combustion of the sample increased the temperature until the
maximum temperature (Tmax) was reached.

The heat of combustion estimate was corrected as follows. An ignition correction (e1)
was made to account for the contribution of the combustion of the Nichrome wire. This
correction was based on the mass loss of the wire before and after combustion multiplied by
5.858 kJ·g−1. The second correction was to account for the contribution of the combustion
of the gelatin capsule (e2). This correction was based on the mass of the gelatin capsule
multiplied by the heat of combustion of gelatin, 25.6 kJ·g−1. The third correction factor
(e3) was to account for the formation of MgO when MH was present in the materials. The
heat of combustion was then calculated as:

Hc = (C∗ ·∆Tmax − e1 − e2 − e3)/m (5.5)

In Equation 5.5, ∆Tmax = Tf − To in oC, Tf is the maximum temperature that could be
reached and m (g) represents the mass of the burned material.

5.3 Results and discussion

5.3.1 Oxygen index (OI) and vertical burning (UL 94) test

Table 5.2 presents the OI and UL- 94 results of the PP materials. The observations show
higher OI for 60PP*/40CA*, 70PP*/30MH, and 70(60PP*/40CA*)/30MH compared to
that of PP. Higher OI represents the higher resistance to ignition. The presence of MH in
70PP*/30MH and 70(60PP*/40CA*)/30MH has statistically significant higher resistance
to ignition compared to PP and 60PP*/40CA*.

This increase could be attributed to the endothermic decomposition of MH, as well
as the release of water vapor, during the decomposition causing dilution of gaseous com-
bustible fragments. The classification of the materials deduced from the vertical burning
test based on the UL-94 standard is presented in Table 5.2. PP, 60PP*/40CA*, and
70PP*/30MH showed the highest burning rate and burned completely with ignition of the
cotton indicator. The material 70(60PP*/40CA*)/30MH showed significant improvement
in self-extinguishing and can be categorized as V-0 class.
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Figure 5.1 shows images for PP materials after the OI burning test. The morphology
of the samples after the OI test showed the damaged length of the sample was reduced
in the presence of MH and CA*, while for the PP it can be seen how fast the material
burned according to the damage in the length of the sample. Also, the black regions of PP
indicate that the burnt area is more significant than for the other materials.

Table 5.2: OI and UL-94 results of PP materials (± standard error, n=10)

Material
OI
(%)

Flammability
rating (UL-94)

Notes

PP
20

(± 0.2)
NC*

Ignited completely more than
the extent and period of time
drips at 20 %,no charring

60PP*/40CA*
22.10

(± 0.25)
NC*

Ignited completely more than
the extent and period

drips at 20 %, charring formed

70PP*/30MH
24.89

(± 0.23)
NC*

Ignited completely more than
the extent and period

drips at 20 %, low charring, slow burn rate

70(60PP*/40CA*)/30MH
25.89

(± 0.55)
V-0

Slow rate of burn,
No drips, charring formed

*No classification, complete combustion of the specimen
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Based on UL-94 results and visual observation of the samples during and after testing
(Figure 5.1), PP materials when CA* and MH were present (70(60PP*/40CA*)/30MH)
composite burned with a lower flame height, higher char formation, and slower burning
rates compared to PP, 60PP*/40CA*, and 70PP*/30MH. The higher char formation should
enhance the flame retardancy of the material, which is associated with an increase in the
OI values of 70(60PP*/40CA*)/30MH.

Figure 5.1: Visual observation of PP materials after OI experiment. a. PP, b.
60PP*/40CA*, c. 70PP*/30MH, d. 70(60PP*/40CA*)/30MH
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5.3.2 Cone calorimeter test (CCT)

The cone calorimeter is the most advanced laboratory-scale apparatus used for testing
fire properties of materials [105]. While OI and UL-94 tests are used to rank the flame
retardation of materials, the cone calorimeter provides a wealth of information on the
combustion behavior [175]. The behavior of materials in real fires can be, to some extent,
be predicted from data measured by the cone calorimeter. These include ignitability, heat
release rate (HRR), mass loss rate (MLR), effective heat of combustion (EHC), and CO and
CO2 production rates (denoted by COP and CO2P), respectively. Each of these properties
will be discussed next.

5.3.2.1 Heat release rate (HRR)

The heat release rate (HRR) has been recognized as the major fire reaction parameter
because it defines the fire size and provides a measure of the heat released per unit surface
area of burning material [6] and is reported in Figure 5.2 (See Appendix B). The shape of
the HRR curves will be analyzed according to the ranking of the fire behavior previously
published [110, 176]. PP is considered a thermally thin material, which is characterized
by a sharp peak in HRR since the sample is entirely combusted without the formation of
residues. The 60PP*/40CA* material can be classified as thermally intermediate thick-
ness, non-charring material. The 70PP*/30MH material can be classified as thermally
thick charring material because two peaks that appear. The 70(60PP*/40CA*)/30MH
material could be classified as a thermally thick charring (residue forming) material, which
is characterized by an initial increase in HRR followed by a subsequent slow decrease. The
further thickening of the char results in a decrease in the HRR.

The ignition characteristics of the cone calorimeter experiment are summarized in Table
5.3. The time to ignition of PP was longer. The lower tign could be due to the faster
decomposition of CA* and MH compared to PP. As a result, volatiles produced from
the decomposed MH and/or CA* start the initial combustion. This observation agrees
with previous work which indicated that an early decomposition of the flame retardants
and their synergistic filler is necessary to increase the flammability resistance of material
[175, 177]. Further investigation is required to analyze the decomposition products at the
ignition time.
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Figure 5.2: Heat Release rate curves of PP materials at 50 kW·m−2 heat flux during
burning by cone calorimeter test

The mass loss and the HRR at ignition in Table 5.3 were used to understand the
contribution of CA* and MH to the fire resistance of PP materials. The mass loss at ignition
reflects the generation of volatile products, while the HRR reflects the characteristics of
the ignition process. For 60PP*/40CA*, the mass loss was more important, and the HRR
at ignition was lower than PP. The higher mass loss for 60PP*/40CA* means that more
volatiles was generated at ignition while the smaller HRR implies that the ignition was
less exothermic compared to PP. For 70PP*/30MH, the mass loss was higher than for
PP, and the HRR was slightly higher than for PP. 70PP*/30MH had a smaller mass
loss than that for 60PP*/40CA* while its HRR was higher indicating differences in their
ignition characteristics. The 70(60PP*/40CA*)/30MH material had a similar mass loss
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to 70PP*/30MH while its HRR was the lowest. The mass loss and HRR characteristics
of the PP materials indicate that CA*, MH, and the combination of CA*and MH affect
differently the ignition of PP.

In Chapter 3, the estimation of Ea of 60PP*/40CA* and 70(60PP*/40CA*)/30MH
were lower than that of PP at low conversion which could be an explanation about the
higher mass loss at ignition. For 70PP*/30MH, the estimated value of Ea was very close
to that of PP at low conversion. The higher mass loss and the reduction in the tign could
be an indication of weak bonds between (PP*/CA*) and MH, which increase the amount
of fuel in the gas phase. Further investigation is required to analyze the decomposition
products of the PP materials by using FTIR-TGA.

Table 5.3: Ignition characteristics of the combustion of PP materials in the cone calorimeter
at 50 kW·m−2 heat flux (± standard error, n=3)

tign
Mass loss
at ignition

HRR
at ignition

Materials
(s) (%) (kW·m−2)

PP 51 (± 3.0) 12.5 (± 0.3) 418 (± 16)
60PP* /40CA* 31 (± 3.5) 18.0 (± 2.0) 379 (± 15)
70PP*/30MH 32 (± 1.2) 15.0 (± 3.0) 461 (± 24)

70(60PP*/40CA*)/30MH 39 (± 1.7) 14.4 (± 0.3) 275 (± 07)

The energy characteristics of the cone calorimeter experiment are summarized in Table
5.4. The total burning time (ttot) of PP was lower than 70(60PP*/40CA*)/30MH but
higher than that of the other materials.

The PHRR was significantly lower for 60PP*/40CA* than that of PP (α=0.05). The
presence of a shoulder appearing at 187 s represents a delay in HRR which may be due to
potential char formation observed on the sample at the end of the experiment as shown in
the digital photo of the samples after the CCT experiment (Figure 5.3).

The total burning time was shorter, tign occurred earlier, and PHRR was lower for
70PP*/30MH compared to PP, as shown in Table 5.4. The results indicate the significant
effect of MH on the HRR, which could be attributed to the endothermic reaction of MH
[5, 84]. Besides, the decomposition products of MH may play an essential role in diluting
the combustible fragment in the gas phase of the flaming zone and reduce the degradation.
The ttot of 70(60PP*/40CA*)/30MH increased compared to all other materials; however,
the tign occurred earlier, and the PHHR was the lowest. The PHRR was reached at the
beginning, i.e., the highest value of HRR for the whole burning time, and its value was
comparable to the average HRR, which was determined to be 304 kW·m−2. There was no
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sharp peak appearing after ignition, which indicates that there was a favorable synergistic
effect between CA* and MH as shown in Figure 5.2.

Table 5.4: Energy characteristics of the combustion of PP materials in the cone calorimeter
at 50 kW· m−2 heat flux (± standard error, n=3)

ttot PHRR THR EHC FIGRA FPI
Material

(s) (kW· m−2) (MJ·m−2) (MJ·kg−1) (kW· m−2 · s−1) (m2·s·kW−1)

PP
426

(± 10)
1446
(± 44)

171
(± 5)

37.3 5.20 0.035

60PP*/40CA*
324
(± 9)

1236
(± 24)

158
(± 6)

28.6 4.54 0.025

70PP*/30MH
416

(± 10)
556
(± 4)

145
(± 3)

33.7 1.63 0.058

70(60PP*/40CA*)/30MH
593

(± 55)
304
(± 8)

118
(± 5)

25.3 3.30 0.129

The formation of char observed at the end of the experiment may explain this ef-
fect, as shown in Figure 5.3. The differences in char formed between 70PP*/30MH and
70(60PP*/40CA*) /30MH was in the mass, volume and surface of the char. The char
of 70(60PP*/40CA*)/30MH has a smooth and continuous surface which means limited
failure in the char structure occurred. Furthermore, these observations indicate that the
degradation reaction of this material was less exothermic than for PP, 60PP*/40CA*, and
70PP*/30MH.

Figure 5.3: Material at the end of the cone calorimeter test a. 70PP*/30MH, b.
70(60PP*/40CA*/30MH
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5.3.2.2 Total heat release (THR)

The THR, the area under the HRR versus time plot, depends strongly on the mass loss,
the effective heat of combustion of the volatiles, and the combustion efficiency in the flame
zone. Flame retardants can lower the fire hazards either by reducing the THR and/or by
lowering the FIGRA. The THR of PP materials presented in Figure 5.4 (See Appendix
B) indicates that CA*, MH, and combination of CA* and MH reduced THR significantly
compared to pure PP. Figure 5.4 shows the THR with time for PP materials. The slope
of the THR curve can be assumed as representative of fire spread [175]. The slope of PP
curve was higher than that of other materials, which means that the flame spread for the
PP sample was the highest, and the flame spread of 70(60PP*/40CA*)/30MH, was the
lowest.

Figure 5.4: Evolution with time of THR of PP materials at 50 kW·m−2 heat flux during
burning in the cone calorimeter test
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5.3.2.3 Effective heat of combustion (EHC)

When chemical reactions occur, they are accompanied by the release or absorption of heat.
The heat of combustion of a material is defined as the amount of heat released when a
unit quantity of material is oxidized completely to yield stable end products. The EHC is
defined as the ratio between HRR and rate of the mass loss, representing the amount of
heat released by a unit amount of the material when it is burned [6, 178].

The EHC of PP materials (Table 5.4) was reduced when CA*, MH or combination of
CA* and MH was present. The lowest EHC was observed for PP* containing CA* and
MH. A low EHC is an indication of less exothermic reaction in the gas phase, suggesting
better flame retardancy as reported previously for the material [179]. The reduction in
EHC could also be an indication of less volatiles for gas phase combustion due to the
presence of less combustible materials. The reported heat of combustion of pure cellulose
acetate is 16 MJ·kg−1 [158], significantly lower than those observed in this study. The
reduction of EHC was around 6% for 70PP*/30MH, 24% for 60PP*/40CA*, and 32% for
70(60PP*/40CA*)/30MH compared to PP.

Fire growth rate index (FIGRA) and fire performance index (FPI) are indices used to
simplify the interpretation of the cone calorimeter data. These indices have been introduced
to assess the hazard of developing fires, such as the fire growth rate (FIGRA) = PHRR/
time required to reach PHRR and the fire performance index (FPI)=tign/ PHRR [156]. FPI
gives useful details about the degree of the fire hazard. Table 5.4 provides FIGRA indices
for all materials. The FIGRA was the highest for PP, and the lowest was obtained for
70PP*/30MH. In contrast, the highest FPI was obtained for the 70(60PP*/40CA*)/30MH.
These results imply that PP materials with CA* and MH has a significant improvement
in the flammability resistance.

5.3.2.4 Mass loss

The total mass loss during combustion in the cone calorimeter at constant heat flux is
presented in Figure 5.5. The mass loss curves are the mirror images of THRs curves (Figure
5.5). The mass loss rate for PP materials is lower than PP. After 400 s of combustion, there
was no residue for PP and 60PP*/40CA* while 21 wt.% remained for 70PP*/30MH and 26
wt.% remained for 70(60PP*/40CA*)/30MH, reflecting the MH content. Materials that
yield only a small amount of char experience a more significant mass loss than materials
with high char yield [6].

The mass left at the end of the experiment was around 21 wt.% for 70PP*/30MH
reflecting the non-organic content of MH. For 70(60PP*/40CA*)/30MH, the mass left was
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26 wt.% which confirms that there was carbon left in the residue. The material balance of
the MH decomposition and TGA analysis confirm that the residues contained carbon and
inorganic materials reflecting the MH content.

Figure 5.5: Evolution with time of the mass loss of PP materials at 50 kW· m−2 heat flux
during the cone calorimeter test

5.3.2.5 CO, CO2, and smoke production

One of the main fire safety concerns with polymer materials is the generation of dense
smoke, which is complex and dynamic as it changes during the progress of the fire. Polymers
with high thermal stability or which form a small amount of flammable fragments under
comparable condition will produce negligible visible smoke. Increasing char formation is
one way to minimize gas production when pyrolysis is reached [111]. Figure 5.6 shows the
evolution of CO and CO2 production with time for PP materials. Table 5.5 summarizes
the results for the CO yield (COY) and CO2 yield (CO2Y) expressed as wt.%, and the
specific extinction area (SEA).
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Figure 5.6: Evolution with time of CO2 and CO production and O2 consumption during
the combustion of PP materials in the cone calorimeter. a.CO2 production (g·s−1), b. CO
production (g·s−1), and c. O2 consumption (%)
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According to the cone calorimeter results, the CO2 production for 60PP*/40CA* and
70PP*/30MH was significantly lower than that of PP. There was no statistically significant
differences between PP, 60PP*/40CA*, and 70PP*/30MH for both COY and CO2Y. The
COY and CO2Y of 70(60PP*/40CA*)/30MH was statistically lower than of other PP
materials (α=0.05). The lower COY and CO2Y of the 70(60PP*/40CA*)/30MH could be
attributed to the enhancement of the char formed, which hinders the penetration of O2 to
the layer beneath the burning surface and reduces the heat transfer from the flaming zone.

Smoke development was expressed as average specific extinction area SEAavg, which is
the smoke obscuration area per mass of sample decomposed [105]. The SEApeak represents
the worst case scenario for fires (Table 5.5). The SEAavg for 70(60PP*/40CA*)/30MH was
significantly lower than that for PP. The SEApeak value was the lowest for 60PP*/40CA*
than those of other PP materials. The 70PP*/30MH and 70(60PP*/40CA*)/30MH showed
no significant difference compared with PP.

Table 5.5: Characteristics of the combustion products in the cone calorimeter at 50 kW·m-2

heat flux (± standard error, n=3)

COY CO2Y CO/CO2 SEApeak SEAavg TSP TSR
Material

(kg·kg−1) (kg·kg−1) (m2·kg−1) (m2·kg−1) (m2) (m2·m−2)

PP
0.0336
(± 0.003)

2.50
(± 0.01)

0.0134
4807
(± 57)

379
(± 4)

15.8
(± 0.4)

1794
(± 52)

60PP*/40CA*
0.0246
(± 0.000)

2.12
(± 0.01)

0.0116
3249
(± 85)

255
(± 0.01)

12.5
(± 0.17)

1410
(± 19)

70PP*/30MH
0.0235
(± 0.004)

2.17
(± 0.00)

0.0108
4193
(± 599)

434
(± 9.12)

16.7
(± 0.34)

1893
(± 39)

70(60PP*/40CA*)/30MH
0.0167
(± 0.000)

1.85
(± 0.02)

0.0110
4590
(± 202)

347
(± 12)

14.5
(± 1)

1642
(± 123)

According to Figure 5.6c, the O2 consumption was very low during the combustion of
the 70(60PP*/40CA*)/30MH composite. Therefore, it can be concluded that the material
did not experience severe thermo-oxidative degradation.

5.3.3 Heat of combustion and combustion efficiency

The heat of combustion (HC) can assist in understanding the flammability of materials
[180]. The lower the heat of combustion, the lower the heat released during the actual
combustion. The heat of combustion can be used to estimate the heat release rate of
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materials which is defined as the mass loss rate times its heat of combustion [6]. The
combustion efficiency can be affected by soot and CO formation and can be estimated
from the carbon balance between the fuel and combustion products [181].

The heat of combustion estimated by bomb calorimetry and presented in Figure 5.6
indicates that PP possesses the highest heat of combustion (44.8 kJ·g−1). The addition of
20% and 30% MH to PP significantly lowered HC (statistically different according to the
t-test (α=0.05)).

Figure 5.7: Effect of the MH content on the heat of combustion of PP materials according
to the estimation method. 1.bomb calorimeter 2. cone calorimeter (± standard error, n=3)
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The HC estimated with the bomb calorimeter and cone calorimetry were different (Fig-
ure 5.7). These differences could be attributed to the complete and incomplete combustion
of the materials. In the bomb calorimeter, there is an excess of oxygen; thus, complete
combustion occurs. In the cone calorimeter, test is done under air; thus, incomplete com-
bustion occurs. In many fire experiments and real fires, the oxygen supply is limited,
incomplete combustion will occur, and the formation of partially oxidized products will
result [182]. The product of incomplete combustion, CO, can be related to the heat release
rate and will be present only in cone calorimeter experiments. When there is an increase
in COY, there should be an increase with heat release rate [183]. According to the cone
calorimeter and the bomb calorimeter experiments, the amount of heat released reduced
when the COY was reduced as shown in Figure 5.8.

Figure 5.8: COY against effective heat of combustion (EHC) (a) and peak heat release
rate (PHRR) (b) (± standard error, n=3)

The closure of the material balance for carbon during combustion was investigated by
normalizing the CO, CO2, and the soot production according to the total carbon available
determined from the chemical composition of the materials. The calculation is based on
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the COY and CO2Y estimates obtained with the cone calorimeter. The calculation of
the availability of carbon is presented in Appendix B. The availability of carbon in the
CO, CO2 and the soot production according to material balance (Figure 5.9), indicate
higher soot and lower CO2 and CO yield with increasing MH levels. The increase of soot
could be due to the materials experiencing less oxidative thermal decomposition, i.e., lower
conversion of carbon to CO and CO2. The result shows that 60PP*/40CA* had a higher
yield of soot and lower yield of CO2 and CO than that of PP. The soot yield increases with
the presence of MH in PP materials. Haiqing et al. reported a relation between the soot
and CO yield, and the combustion efficiency [181]. According to the results obtained, PP
materials showed better flame retardancy with increasing soot and residue yields, especially
for 70(60PP*/40CA*)/30MH.

Figure 5.9: Cone calorimeter carbon ratio in terms of CO2, CO, and soot production for
PP materials with different levels of MH. (± standard error, n=3). a. PP*/MH materials,
b. PP*/CA*/MH materials
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5.4 Conclusion

The effect of plasticized cellulose acetate (CA*) and magnesium hydroxide (MH) on the
flammability of PP materials was investigated.

The oxygen index test (OI) of 70(60PP*/40CA*)/30MH was higher than that of PP
and 60PP*/40CA* by 29% and 17%, respectively. Vertical burning test evaluation showed
that the 70(60PP*/40CA*)/30MH material was categorized as V-0, which means the flame
could not be sustained for a specific period of time while 60PP*/40CA*, 70PP*/30MH,
and PP could not be ranked.

The flame retardant characteristics of the (PP*/40CA*) with MH was significantly im-
proved compared with that of 60PP*/40CA*, 70PP*/ 30MH, and PP according to the cone
calorimeter test. The peak of heat release rate (PHRR) of 70(60PP*/40CA*)/30MH was
80% lower than that of PP and approximately 50 % lower than that of 70PP*/30H. The to-
tal heat release (THR) and the effective heat of combustion (EHC) determined were reduced
significantly for 70(60PP*/40CA*)/30MH compared to 60PP*/40CA*, 70PP*/30MH and
PP by around 30%. The COY results show that there were no significant differences be-
tween PP and all other PP materials. The CO2Y for PP, 60PP*/40CA*, 70PP*/30MH,
and 70(60PP*/40CA*)/30MH was significantly reduced by 16%, 12%, and 40% respec-
tively compared to that of PP.

The heat of combustion (HC) calculated by the adiabatic bomb calorimetry was in
good agreement with that of the cone calorimeter with 70(60PP*/40CA*)/30MH material
being less exothermic than the other PP materials.

Based on the mass left at the end of cone calorimeter test and the carbon availability
in the products of the combustion, materials which have a higher soot and residue showed
better flame retardancy. According to the results of the aforementioned calculations, the
70(60PP*/40CA*)/30MH material had a higher char and little soot.
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Chapter 6

Non-isothermal Crystallization Study
of Plasticized Cellulose Acetate
Magnesium Hydroxide Polypropylene
Materials

The crystallization behavior of polypropylene (PP), polypropylene-grafted-maleic anhy-
dried (PPMA), plasticized cellulose acetate (CA*), magnesium hydroxide (MH) materials
prepared by melt compounding was analyzed using differential scanning calorimetry (DSC).
Non-isothermal experiments were used to evaluate the influence of PPMA, CA*, and MH
on the crystallization process of the PP matrix. The relative crystallinity development
with time and temperature was also analyzed. The Avrami model was used to estimate
the kinetic parameters under non-isothermal conditions. The crystallization was also ob-
served by polarized light microscopy. The nucleation activity was estimated and the results
show that CA* and MH modified the crystallization behavior by affecting the nucleation
mechanism, and the crystallization temperature.

6.1 Introduction

Polypropylene (PP) is one of the most common thermoplastics used in industrial applica-
tions because of the good mechanical properties, ease of processing, and low price. However,
PP has drawbacks when used as an engineering material due to its poor flame retardancy
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and sensitivity to heat, light, and oxidation which restrict its wider utilization. The me-
chanical and thermal properties of semi-crystalline polymers, such as PP, are strongly
dependent on the crystalline structure [184]. Melting and crystallization studies can pro-
vide significant information about the processing conditions and properties of the end
products [185]. Isothermal conditions are rarely met during processing such as extrusion
and injection molding, so it is desirable to study the crystallization under non-isothermal
conditions [186, 187]. The mechanical and thermal properties of PP are affected by a
number of factors, including the degree of crystallinity, size and number of spherulites. PP
can crystallize in three polymorphic forms namely α, β, and γ depending on the thermal
and mechanical treatments [188]. The most common crystalline form of PP is mono-clinic
α-PP. The α form of PP is thermodynamically stable. The β form of PP exists in a
thermodynamically metastable state but can form under specific conditions, such as large
temperature gradient, intense shear stress, and the presence of nucleating agents [185]. The
γ form (orthorhombic) is only observed in low molecular weight or stereoblock fractions
that are crystallized at elevated pressures [189, 190]. The β form of PP has higher impact
strength and excellent ductility and thermal properties compared to the α form of PP;
thus, it attracts many researchers attention [191, 192]. The heat distortion of the β form
is higher than α form. Due to the lower chain mobility of the amorphous phase and the
lower diffusion and solubility, the β form of PP exhibits higher oxidation stability than the
α form of PP [193].

The most common avenues to achieve a suitable flame retardant material involve the
incorporation of substances that can interfere in the combustion stage of the process.
Magnesium hydroxide (MH) is a halogen-free flame retardant used for improving the flame
retardancy of material [194]. An adequate level of flame retardancy can be achieved with
high MH content which affects the mechanical properties [195, 196]. Due to the effect of
MH, there is a need for developing PP materials with lower MH level that can maintain
the integrity of the mechanical properties of the PP materials.

The crystallization behavior of PP/MH materials has been investigated. Cook and
Harper (1998) studied the crystallization behavior of PP materials filled with two kinds of
morphology for MH. They state that MH acts as a heterogeneous nucleant for PP [197].
Other studies reported that MH also acts as a nucleating agent and adding MH leads to
a decrease in the crystallization temperature of 5-10 oC [3, 198]. It has been found that
the crystallization temperature (Tp) is shifted toward higher temperatures, and further
increase of MH content affects Tp slightly. According to Amash (1998), cellulose could act
as an effective nucleating agent for the crystallization of PP and consequently increase the
crystallization growth rate during cooling from the molten state [199]. Cellulosic materials
such as wood and cotton can also induce trans crystallinity in a PP matrix [200, 201]. The
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trans crystallinity morphology is characterized by high density of nucleating crystallites
which grow perpendicular to the surface responsible for the nucleation [202].

The oxidative degradation of PP is affected by its microstructure such as stereoregular-
ity, molecular weight, crystallinity, spherulite size, and molecular orientation [85]. When
the degree of crystallinity increased, the oxygen could be restricted and result in slow-down
of the oxidation process [191]. Other studies reported that the increase in the spherulite size
could be another reason for the improvement of oxidative stability as a result of decreasing
the crystal interface [86, 87]. It was observed that the insertion of foreign substances such
as fillers, which can be organic or inorganic, can increase the crystallization rate and act
as heterogeneous nucleating agent [193]. The inclusion of the aforementioned organic or
inorganic material could also induce the β form in the PP matrix [203, 204].

Non-isothermal conditions were selected in this study for two reasons. First, processing,
such as extrusion and injection molding, occurs under dynamic, non- isothermal conditions
[184]. Second, performing isothermal crystallization for PP is very difficult because of
its very fast crystallization and very high activation energy. Rapid equilibrium at the
test temperature is more important to the quality of the isothermal crystallization data
than rapid cooling. To overcome this temperature control challenge, differential scanning
calorimetry (DSC) with a cooling rate up to 125 oC·min−1 is required to reach isothermal
temperature within 20 seconds [205].

This study aimed to evaluate the effect of plasticized cellulose acetate (CA*) and mag-
nesium hydroxide (MH) on the crystallization kinetic behavior of PP materials prepared
by melt compounding. Additionally, the nucleation effect of PPMA, CA* and MH on the
PP matrix was investigated by conducting non-isothermal crystallization kinetics studies
with DSC experiments.

6.2 Experimental methods

6.2.1 Materials

Polypropylene (PP) fine powder (HM20/70P), was purchased from GOONVEAN Fibres
Company, United Kingdom. Magnesium hydroxide (MH), Cellulose acetate (CA) (approx.
50000 g·mol−1), 39% acetyl), triethyl citrate (TEC), and polypropylene-grafted maleic
anhydride (PPMA) were purchased from Sigma-Aldrich (USA). All materials were used as
received.
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6.2.2 Materials preparation

Cellulose acetate (CA) was plasticized according to the methodology presented in Chap-
ter 3. The twin-screw extruder (SJSZ-7A, Wuhan Ruiming Plastic Machinery Company,
China) was used for the extrusion of the polypropylene materials with four temperature
zones ranging from 160 oC-180 oC, with a residence time of 5 minutes. PPMA was used
in the fabrication of PP materials with loading of 3 wt.% as a replacement portion of PP.
Table 6.1 lists the composition and the code of the materials. The extruded materials were
then cut as pellets by using a cutter (SZS-20, Wuhan Ruiming Plastic Machinery, China).

Table 6.1: Sample composition and coding of PP materials

Material
PP
wt.%

CA*
wt.%

MH
wt.%

PPMA
wt.%

PP 100 0 0 0
PP* 97 0 0 3

60PP*/40CA* 58.2 40 0 1.8
70PP*/30MH 67.9 0 30 2.1

70(60PP*/40CA*)/30MH 40.74 28 30 1.26
PP* refers to 97PP /3PPMA.

CA* refers to plasticized cellulose acetate with triethyl citrate.

6.2.3 Differential scanning calorimetry (DSC)

The crystallization kinetics of PP materials was investigated with a Q2000 TA instrument
(USA) calibrated by indium and sapphire disk standards, using standard T-zero. Nitrogen
with a 50 ml·min−1 flowrate was used as purge gas. Samples of approximately 5-6 mg
of the extruded materials as pellets were placed in an aluminum pan. The samples first
were heated from room temperature to 200 oC at a heating rate of 10 oC·min−1, and
then maintained at this temperature for 5 minutes to remove previous thermal history.
The samples were then cooled to 25 oC at different cooling rates (-5, -10, -20, and -30
oC·min−1). The heat flow was recorded as a function of temperature and time.

Based on the data obtained from DSC at different cooling rates,the relative crystallinity
as a function of temperature (XT ) is given as follows:

XT =

∫ T

To

(dHc/dT )dT/

∫ T∞

To

(dHc/dT )dT (6.1)
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where dHc/dT denotes the rate of heat flow, To and T∞ represent the temperature at the
onset and the end of the crystallization process, respectively.

Figure 6.1 illustrates the relative crystallinity estimation. The area under the peak,
denoted by XT or Xt, was estimated by employing the DSC data and the trapezoidal
rule in Matlab to estimate the crystallinity fraction at specific temperature or time (See
Appendix C for more details).

Figure 6.1: Example illustrating the estimation of the relative crystallinity during non-
isothermal crystallization of PP. a.Temperature, b.Time

Characteristics of the relative crystallinity profile were obtained by relating time to
temperature with following equations [206]:

t =
(To − T )

β∗
(6.2)
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where t is the time, To is the initial temperature, T is the temperature at time t, and β∗

is the cooling rate.

6.2.4 Polarized light optical microscopy

The crystallization morphology of the PP materials was investigated by polarized light
optical microscopy (Nikon, Eclipse MA200) with an automatic thermal control hot stage.
It was used to study the spherulite structure of the PP materials. A small sample (1 g)
of the extruded materials as pellets was sandwiched between two glass slides, melted at
200 oC for 10 minutes and then rapidly cooled by putting the sandwiched slides on the
microscope stage. During cooling, the crystal morphology was recorded with the digital
camera of the microscope.

6.3 Results and discussion

6.3.1 Non-isothermal crystallization behavior

DSC thermograms at different cooling rates are shown in Figure 6.2. The profile of the
thermogram was different according to the cooling rate and composition of the material.
The temperature at the maximum rate of crystallization (Tp) shifted to lower temperatures,
and the peak became wider. This may reflect the higher supercooling that can occur
at high cooling rates [207]. At a lower cooling rate, there is enough time for polymer
chains to transfer from melt to the surface of a growing crystal, so that crystallization can
occur at higher temperature [192]. The higher Tp for low cooling rates indicates that the
crystallization initiated at an early stage.

The Tp of the PP materials as a function of cooling rate (β∗) is presented in Figure
6.3. The DSC thermogram of 60PP*/40CA* shows that the inclusion of CA* induced the
β form with low intensity, as shown in Figure 6.2 c, e.
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Figure 6.2: DSC thermograms of non-isothermal crystallization of PP materials. a. PP, b.
PP*, c. 60PP*/40CA*, d. 70PP*/30MH, and e. 70(60PP*/40CA*)/30MH
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Figure 6.3: Crystallization peak temperature (Tp) of PP materials as a function of cooling
rate (β∗)

6.3.2 Development of relative crystallinity

The evolution of the relative crystallinity Xt as a function of temperature and time at all
cooling rates is shown in Figure 6.4 and Figure 6.5. The characteristics of the relative
crystallinity profiles are illustrated in Figure 6.6 a and Figure 6.6 b and are summarized
in Table 6.2.
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Figure 6.4: Development of relative crystallinity Xt according to temperature and cooling
rate. a. PP, b. PP*, c. 60PP*/40CA*, d. 70PP*/30MH, and e. 70(60PP*/40CA*)/30MH

132



Figure 6.5: Development of the relative crystallinity according to time and cooling rates.
a. PP, b. PP*, c. 60PP*/40CA*, d. 70PP*/30MH, and e. 70(60PP*/40CA*)/30MH
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The shorter time is required for completing the crystallization as the cooling rate in-
creased. The crystallization half-time (t1/2) defined as the time required to reach 50%
relative crystallinity [208], commonly used to describe the crystallization rate of polymers,
is presented in Table 6.2. The higher the crystallization half-time, the smaller the crystal-
lization rate,i.e., slow crystallization process. The t1/2 decreased with increasing cooling
rates for all PP materials. The t1/2 for PP was lower than that for PP*, 60PP*/40CA*,
70PP*/30MH, and 70(60PP*/40CA*)/30MH at 5 oC·min−1. On the other hand, t1/2 of PP
was higher than all other PP materials at 10 oC·min−1. The t1/2 for PP* was higher than PP
at 5 oC·min−1 cooling rate and lower than that of PP at 10 oC·min−1. For the other cooling
rates, the t1/2 was almost similar. The t1/2 for 60PP*/40CA* (0.63 min) was higher than
PP (0.5 min) at 20 oC·min−1, while t1/2 for 70PP*/30MH and 70(60PP*/40CA*)/30MH
was very close to PP under the same cooling rate. At 30 oC·min−1 cooling rate, there were
no significant differences for t1/2 of all PP materials compared to PP.

The T0.01 and T0.99 decreased with increasing cooling rate. The time at 1% relative
crystallinity (t0.01) and the time at 99% relative crystallinity (t0.99) obtained from the DSC
thermograms (Figure 6.5), are explained in Figure 6.6b.

DSC curves were used to estimate the apparent crystallization time (∆tc) defined ac-
cording to Equation 6.3:

∆tc = t0.01−t0.99 (6.3)

The apparent incubation period (∆tinc ) is defined as the time that a sample spends
from the temperature at which it is brought from the initial temperature (200 oC in our
experiment) to the onset temperature (T0.01). The parameter ∆tinc was estimated as fol-
lows:

∆tinc =
200− T0.01

β∗
(6.4)

The apparent total crystallization time was calculated according to Equation 6.5:

ttotal = ∆tinc +∆tc (6.5)

The ∆tc and ∆tinc (Table 6.2) for PP was higher than all other PP materials at
all cooling rates, while the shortest was estimated for 70(60PP*/40CA*)/30MH mate-
rial. The ttotal of the PP materials has the following order: PP >PP*> 60PP*/40CA*>
70PP*/30MH> 70(60PP*/40CA*)/30MH.
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Figure 6.6: Example illustrating the analysis of the DSC thermograms according to a.
Temperature, b. Time
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Table 6.2: Characteristics of DSC thermograms for the non-isothermal crystallization of
PP materials

t1/2 T(0.01) T(0.99) ∆tc ∆tinc ttotalMaterial
Cooling rate
(oC·min−1) (min) (oC) (oC) (min) (min) (min)

-5 1.44 131 121 2.1 13.7 15.8
-10 1.05 129 115 1.4 7.0 8.4
-20 0.50 127 108 0.9 3.6 4.6

PP

-30 0.30 122 104 0.6 2.6 3.2

-5 1.60 134 106 5.4 13.1 18.6
-10 0.68 133 88 4.5 6.6 11.1
-20 0.50 125 84 2.0 3.7 5.7

PP*

-30 0.34 123 95 0.9 2.5 3.5

-5 1.57 125 114 2.2 14.9 17.1
-10 0.73 122 111 1.0 7.8 8.9
-20 0.63 120 102 0.9 4.0 4.9

60PP*/40CA*

-30 0.39 118 99 0.6 2.7 3.4

-5 1.48 131 119 2.4 13.8 16.2
-10 0.80 128 111 1.7 7.2 8.9
-20 0.49 125 106 0.9 3.7 4.7

70PP*/30MH

-30 0.37 123 101 0.7 2.6 3.3

-5 1.47 131 118 2.5 13.8 16.3
-10 0.71 128 112 1.5 7.2 8.7
-20 0.48 124 103 1.0 3.8 4.9

70(60PP*/40CA*)/30MH

-30 0.37 123 98 0.8 2.6 3.4

PP* refers to 97PP /3PPMA.

CA* refers to plasticized cellulose acetate with triethyl citrate.

6.3.3 Theoretical approach-Avrami model

The most frequently used method for the analysis of non-isothermal crystallization is based
on the Ozawa method [184]. However, the Ozawa method has not been appropriately
described for the non-isothermal crystallization of PP. The Avrami model will be used to
analyze the non-isothermal crystallization growth of PP materials [209, 210].

1−Xt = exp (−Ztt
n) (6.6)

where Xt is the relative degree of crystallinity, Zt is the rate constant containing both
nucleation and growth rate information, n is the Avrami exponent and t is time.
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Equation 6.6 was re-arranged by taking double logarithm to give Equation 6.7:

ln [-ln (1-Xt)] = ln Zt + n ln (t) (6.7)

The relative crystallinity was plotted according to Equation 6.7 and is illustrated in
Figure 6.7 for all materials and cooling rates. Each curve contains two regions: an initial
linear portion, primary crystallization stage, followed by the second linear portion which
represents the secondary crystallization stage with a different slope. The total crystal-
lization rate of this process is determined by both the rate of nucleation and the rate of
crystal growth [206]. The linear portion of each cooling rate for PP materials are nearly
parallel suggesting that the nucleation mechanism and crystal growth geometry are similar
for the primary and secondary crystallization processes at all cooling rates. The Avrami
exponent (n) and the rate parameter (Zt) were estimated from the slope and intercept of
each linear region. Table 6.3 summarizes the estimated n values for region 1 and region
2. The Avrami exponent, related to the nucleation mechanism (simultaneous or sporadic)
and the dimensionality of the crystal growth (two or three dimensional), usually has a
value between 2 and 4 for polymer crystallization. Large value of the Avrami exponent
is indicative of sporadic (or combination of sporadic and simultaneous) nucleation with
three-dimensional spherulite growth while a small value is attributed to instantaneous (ac-
companied with some sporadic) nucleation with two-dimensional growth [211]. For PP*
and 60PP*/40CA*, n1 was around 1 for the primary stage, which means that in this stage
nucleation is more instantaneous with two-dimensional growth. For the second stage, n2

was around 3, an indication of sporadic nucleation and three-dimensional crystal growth.
For 70PP*/30MH and 70(60PP*/40CA*)/30MH, n1 was approximately 3 at the beginning
of the crystallization (first stage), which is consistent with heterogeneous nucleation and
three-dimensional crystal growth. In the second stage, n2 was approximately 4, which
corresponds to homogeneous nucleation and three-dimensional growth. The differences in
nucleation mechanisms for materials with and without MH, especially in the first stage,
could be attributed to the presence of foreign surface, MH, with the perfect crystalline
structure that can act as the nuclei for the crystallization of PP.
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Figure 6.7: Plots of ln (-ln (1-Xt)) versus ln (t) for non-isothermal crystallization. a. PP,
b. PP*, c. 60PP*/40CA*, d. 70PP*/30MH, and e. 70(60PP*/40CA*)/30MH
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Table 6.3: Non-isothermal crystallization kinetic parameters according to the Avrami
model (Equation 6.7)

Material
Cooling rate
(oC·min−1)

n1 Zt1 n2 Zt2

5 2.1 0.3 3.8 0.5
10 1.5 0.5 4.0 0.8
20 1.5 0.7 2.8 0.6

PP

30 1.5 0.7 2.6 2.5
5 1.0 0.4 3.1 0.4
10 1.3 0.7 2.7 1.3
20 1.1 0.8 2.6 2.0

PP*

30 1.0 0.9 2.1 2.3
5 1.0 0.4 2.8 0.5
10 1.0 0.6 2.7 1.2
20 1.1 0.7 2.5 1.5

60PP*/40CA*

30 1.1 0.9 2.4 2.2
5 2.2 0.1 3.3 0.3
10 2.9 0.7 3.9 1.1
20 3.0 1.0 5.2 4.1

70PP*/30MH

30 2.7 1.1 4.8 6.7
5 2.9 2.2 4.2 6.7
10 2.6 0.6 4.1 1.5
20 2.7 1.0 3.7 2.7

70(60PP*/40CA*)/30MH

30 2.3 0.9 4.4 6.0

6.3.4 Polarized light optical microscopy

Figure 6.8 shows the polarized light optical microscopy images of PP and 60PP*/40CA*.
The other materials (70PP*/30MH and 70(60PP*/40CA*)/30MH) were not transparent,
which did not allow for clear images. PP (Figure 6.8a) revealed the typical spherulite
structure. The incorporation of CA* in PP (Figure 6.8b) affected the nucleation, and
appears in sporadic, irregular intervals. In a few places in the sample, the irregular shape
of spherulites with shorter dimensions was observed.
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Figure 6.8: Polarized light optical microscopy image a. PP and b. 60PP*/40CA*

6.3.5 Nucleation activity

In order to further investigate the nucleation efficiency of PPMA, CA*, and MH in PP, the
method proposed by Dobreva and Gutzow was employed [212]. The nucleation activity
(ϕ) can be defined as a factor by which the work of three-dimensional nucleation decreases
with the addition of a foreign substrate. The nucleating activity, ϕ, can be defined as
follows [213]:

ϕ =
B∗

B
(6.8)

where B∗ and B are the parameters related to the heterogeneous (multi component mate-
rial, PP*, PP* with CA, MH, or both) and homogeneous (single component material, PP
in this study), respectively and can be calculated from the following equations:

ln(β∗) = C1 − B∗/∆T 2
p (6.9)

ln(β∗) = C2 − B/∆T 2
p (6.10)

where β∗ is the cooling rate, C1 and C2 are constants, and ∆Tp = Tm − Tp is the su-
percooling and can be estimated as shown in Figure 6.6 a, Tm (oC) and Tp (oC) are the
melting temperature and the crystallization temperature detected from the melting and
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crystallization peaks of DSC curves at four cooling rates, and B and B∗ are estimated from
the slope of the plot ln β∗ versus 1/∆T 2

p .

When the dispersed component in a blend is extremely active for nucleation, the value
of ϕ approaches 0, while for inert dispersed component, ϕ approaches 1. Plots of lnβ∗

versus (1/∆T 2
p ) for PP materials are shown in Figure 6.9. Straight lines were obtained

where their slopes are equal to B (PP) and B∗ (PP*, PP* with CA*, MH, or both),
respectively.

The estimated nucleation activity values (ϕ) were 0.615, 0.876, 0.739, and 0.480 for
PP*, 60PP*/40CA, 70PP*/30MH, and 70(60PP*/40CA*)/30MH, respectively. The re-
sults imply that the inclusion of PPMA, CA* and MH modified the nucleation mechanism
and crystal growth of the PP matrix.

Figure 6.9: Linear plots for calculating the nucleating activity (ϕ) for PP materials
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6.4 Conclusion

Non-isothermal crystallization and nucleation morphology studies of PP materials prepared
by melt compounding were conducted. Non-isothermal experiments were used to evaluate
the influence of polypropylene-grafted-maleic anhydride (PPMA), plasticized cellulose ac-
etate (CA*), and magnesium hydroxide (MH) content on the crystallization process of PP
from the molten state.

Based on DSC curves at four cooling rates, CA* induced the β form of PP with low in-
tensity. The temperature at the maximum crystallization rate (Tp) of PP*, 60PP*/40CA*,
70PP*/30MH, and 70(60PP*/40CA*)/30MH) shifted to a lower temperature and the crys-
talline peaks of the PP materials became wider than PP.

According to the relative crystallinity estimates (Xt), the inclusion of CA* and MH
modified the onset temperature (T(0.01)) and temperature at 99 % (T(0.99)) of the crystal-
lization process. In addition, the time required to reach the 50 % crystallinity (t1/2) for
PP materials was reduced compared to pure PP.

The results showed that PPMA, CA* and MH can modify the non-isothermal crys-
tallization kinetics of the PP matrix by changing the crystallization temperature and the
crystallization rate. Avrami model analyses revealed that the inclusion of CA* and MH
modified the mechanism and crystal growth geometry according to the estimated exponent
(n).

The polarized light microscopy images show that the presence of CA* modified the mor-
phology of the PP spherulite by changing the shape and size of the spherulite. The results
of the nucleating activity (ϕ) estimates indicate that CA* and MH acted as nucleating
agents in the PP matrix.
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Chapter 7

Mechanical Properties of Plasticized
Cellulose Acetate Magnesium
Hydroxide Polypropylene Materials

In this chapter, the mechanical properties, degree of crystallinity (Xc), and crystallization
forms of plasticized cellulose acetate (CA*) and magnesium hydroxide (MH) were used as
polymer blend and flame retardant, respectively, in polypropylene (PP) were investigated.
The results show that MH was well dispersed within the PP matrix and PP*/CA* with
negligible agglomeration. The addition of CA* and MH deteriorated the tensile and impact
strengths and improved Young’s modulus of the PP materials. The degree of crystallinity
(Xc) increased when MH and CA* were present, while CA* lowered the Xc measured by
differential scanning calorimetry (DSC) and X-ray diffraction (XRD). XRD showed that
CA* could induce β crystal for the PP material.

7.1 Introduction

The use of bio-materials for applications such as automotive components and building ma-
terials is increasing due to their ecological and economic considerations. Different organic
fillers have been investigated, for example, wood fiber as reinforcement fillers [214], and
cellulose derivatives [215] for polyolefin materials.

PP is a semi-crystalline thermoplastic material with wide applications due to pro-
cessability, mechanical properties, and chemical resistance at room temperature. PP has
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several polymorphs including the monoclinic α, trigonal β, and orthorhombic γ. The mon-
oclinic α form is the most common and thermodynamically stable crystal form, predomi-
nating in normal processing conditions. The β form is metastable and is produced under
defined crystallization conditions or in the presence of nucleating agents [216]. PP has
been widely used in the fields of automobile, packaging, and so on. However, it has several
disadvantages, such as molding shrinkage, low thermal deficiency temperature, and poor
flammability resistance. These drawbacks make it unsuitable to use for many applications
[217].

The viability of cellulosic fillers in thermoplastic materials has also been investigated
in the literature. These fillers significantly display lower density than mineral materials.
Moreover, reduced wear of the processing machinery could be considered as an advantage
of using these fillers [215]. Previous studies have reported that the addition of cellulosic
fillers reduces the strength and slightly reduces the impact strength of materials. The
addition of cellulose to thermoplastic polymers, such as PP, yields a poor interfacial adhe-
sion due to incompatibility-cellulose and PP are hydrophilic and hydrophobic, respectively
[218]. Several pre-treatment methods, applied prior to the fabrication of these materials,
were reported for cellulose to improve its compatibility with polymer matrices [2, 219–221].
Coupling agents and acetylation are the two main approaches used to improve such com-
patibility. The acetylation of cellulosic filler has been reported to improve the fiber matrix
adhesion [222, 223]. Acetylation was reported by Luz et al. (2008), indicating that PP
materials with acetylated fibers had a reduction in the tensile strength and intermediary
thermal stability obtained for PP materials, i.e., the thermal stability of the materials is
higher than neat fiber and lower than that of PP [25]. The authors stated that chem-
ical modification did not contribute positively to the mechanical properties; hence, the
reinforced material with treated fibers showed the worst results (see Table 7.1).

Improvement in the flame retardancy is essential for them to meet safety requirements
[5]. The most common flame retardant additives used are inorganic, halogenated, and
phosphorus compounds. However, some flame retardant additives may cause negative
health and environmental outcomes. Increasingly, attention is being paid to inorganic
compounds such as metallic hydroxide additives [171, 224]. The introduction of particulate
mineral fillers into the thermoplastic polymer can improve some mechanical properties, such
as Young’s Modulus or the heat deflection temperature, but may negatively affect other
properties, such as the impact strength [7]. According to Das et al. (2017), the addition of
MH improves the tensile moduli of PP materials but reduces their tensile strength because
of the higher MH loading, which has been confirmed by other studies [166, 225].

The physical and mechanical properties of PP materials depend on the crystalline mor-
phology and degree of crystallinity of the PP substrate. Investigations of the crystallization
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process of semi-crystalline polymers are of great importance in polymer processing. The
mechanical properties of semi-crystalline polymers are mainly dependent on the nature of
the crystal phase, crystallinity, and spherulite size [226]. The degree of crystallinity of
PP may be affected by the inclusion of fillers and additives to the matrix as reported by
different studies [227]. Fillers and additives have the potential to modify the crystallization
characteristics of the polymer matrix depending on their density. Zhang et al. (2007) [228]
studied the effects of carbon fiber loading on the morphology and melting behavior of PP
and found that the morphology and crystallization characteristics of PP materials were
strongly affected by the addition of short carbon. In a different study, XRD was used to
evaluate the degree of crystallinity (Xc) of PP and PP/lignocellulosic materials. It was
observed that the degree of crystallinity increased [229].

Table 7.1: Published mechanical properties of PP materials

Material
Tensile
Modulus
(GPa)

Tensile
Strength
(MPa)

Elongation

(%)

Impact
strength
(J·m−1)

Reference

PP 0.51 31.6 >200% - [171]
PP/20 Cellulose - 25.8(0.3) 6(0.3)
PP/20Acetylated

cellulose
- 20.1(0.4) - -

[25]

PP/30Cellulose 0.88(0.1) 23.7 9.8 - [218]
PP/30MH - 27.9 4.7 2.2 [230]

PP/30Sisal/40MH 2.36 28 - - [166]
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7.2 Experimental methods

7.2.1 Materials

Fine PP powder (HM20/70P), purchased from GOONVEAN Fibres Company, was used
as the polymer matrix. CA (approx. 50000 g·mol−1 39% acetyl), MH, TEC, and PPMA
were acquired from Sigma Aldrich Company, Missouri, United States.

7.2.2 Materials preparation

Cellulose acetate (CA) was plasticized according to the methodology presented in Chapter
3.

Polypropylene (PP) materials were produced by extrusion in a twin screw-extruder
(SJSZ-7A), Wuhan Ruiming Plastic Machinery Company, China. The four temperature
zones ranged from 160 oC- 180 oC, and the circulation time was five minutes. The extruded
materials were pelletized, and compression molded into tensile and impact specimens using
and injection-molding machine (SZS- 20, China) and compression molding (PHI, Pasadena
Hydraulic Inc., USA) at 200 oC with 10 bar pressure for 2 minutes. Table 7.2 lists the
composition of the PP materials produced. PPMA was used in the fabrication of the as 3
wt.% replacement portion from the PP.

Table 7.2: Sample composition and coding of PP materials

Material
PP
wt.%

CA*
wt.%

MH
wt.%

PPMA
wt.%

PP 100 0 0 0
PP* 97 0 0 3

60PP*/40CA* 58.2 40 0 1.8
70PP*/30MH 67.9 0 30 2.1

70(60PP*/40CA*)/30MH 40.74 28 30 1.26
PP* refers to 97PP /3PPMA.

CA* refers to plasticized cellulose acetate with triethyl citrate.
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7.2.3 Tensile strength (ASTM D638)

The mechanical properties of the PP materials were measured at room temperature using
an INSTRON 4465 tensile tester with a strain rate of 6 mm·min−1. The samples were kept
at 23 oC and 50 % relative humidity for not less than 40. Five samples of each material
were tested. The reported flexural strength is the maximum point of the stress/strain
curve. Young’s modulus represents the slope of the first linear part of the stress /strain
curve. The sample size and dimension as shown in Figure 7.1.

Figure 7.1: Tensile test specimen size and shape

7.2.4 Notched Izod impact test (ASTM D256)

The impact strength of the PP materials was measured with the Impact Test machine from
Zwick/Roell (B5113.3), Germany at room temperature and a hammer work of 5.41 J. The
samples were kept at 23 oC and 50% relative humidity for not less than 40. Five samples
of each material with size (60 mm×10 mm×3 mm) were tested.

7.2.5 Differential scanning calorimetry (DSC)

The thermal properties, melting temperature (Tm), heat of fusion (∆Hm), and degree of
crystallinity (Xc) of PP materials was investigated with a Q2000 TA instrument (USA)
calibrated by indium and sapphire disk standards, using standard T -zero. Nitrogen with
a 50 ml·min−1 flowrate was used as purge gas. Samples of approximately 5-6 mg of the
extruded materials as pellets were placed in an aluminum pan. The samples first were
heated from room temperature to 200 oC at a heating rate of 10 oC·min−1, and then

147



maintained at this temperature for 5 minutes to remove previous thermal history. The
samples were then cooled to 25 oC at different cooling rates (5, 10, 20, and 30 oC·min−1).
The heat flow was recorded as a function of temperature and time.

7.2.6 Wide angle X-ray diffraction (WAXRD)

The crystalline structure of PP materials were analyzed by wide angle X-ray diffraction.
The sample was laid on the sample holder and analyzed with CuK radiation (λ=1.54 Å)
generated at a voltage of 45 kV and tube current of 35 A. The X-ray diffraction patterns
were recorded in a 2θ angle. The range was from 5o to 80o and scan step size was 0.004o

under continuous scan type. The degree of crystallinity was estimated as the ratio of the
crystalline area to the total area under the diffraction peaks. Data analyses were performed
using Origin -Pro software.

7.3 Results and discussion

7.3.1 Mechanical properties

7.3.1.1 Tensile strength

The tensile test provides the materials response to stress forces applied in the longitudinal
part of the specimen. The tensile test properties of PP materials prepared with PPMA,
MH, CA* are presented in Table 7.3.

The tensile strength of the PP materials decreased as the MH loading increased. At 95%
confidence level, there was a significant decrease in the tensile strength of PP compared
to 70PP*/30MH of 13%. However, tensile strength was not significantly influenced by
MH except at high filler contents. It could be suggested that there is some degree of
filler-matrix interaction at play; allowing the material to resist the imposition of tensile
force [230]. According to previous studies, adding MH causes a reduction in the tensile
strength and an elongation at break that could be attributed to the poor compatibility of
MH and PP [4]. The tensile strength decreased when CA* was added to the PP matrix.
This reduction was around 30% from the neat PP matrix. Luz et al. (2008) examined the
chemical modification of cellulose by acetylation and its impacts on mechanical properties
[25]. They reported that the tensile strength of PP with acetylated cellulose decreased.
In their analysis of cellulose and other reinforcement fillers, they found that chemical

148



modifications did not contribute to the mechanical properties. The combination of CA*
and MH also decreased the tensile strength of the material by 30 %. The tensile strength
and fracture toughness of polymer material depend on the interfacial adhesion between
the filler and the polymer matrix [218, 231]. According to Griffiths theory, a significant
agglomeration of particles in the polymer matrix creates a weak point which lowers the
stress required for the material to fracture [232]. Other studies have found that the presence
of fine particles dispersed within the polymer matrix makes plastic deformation easier;
hence, lower tensile strength. When the fillers are well dispersed, the stress must be higher
to propagate a micro-crack in the material. Furthermore, impact energy will largely be
absorbed by plastic deformation occurring around the particle.

Table 7.3: Tensile test properties of PP materials (± standard error, n=5)

Max. Load Yield stress Tensile strength Elongation Young’s Modulus
Material

(kN) (MPa ) (MPa ) At break(%) ( GPa)

PP 0.34
34.12
(± 3.8)

31.90
(± 5.3)

18.6
0.52

(± 0.01)

60PP*/40CA* 0.22
21.90
(± 3.)

N.O.a 4.54
1.11

(± 0.61)

70PP*/30MH 0.3
29.90
(± 3.2)

29.60
(± 2.9)

7.33
0.64

(± 0.50)

70(60PP*/40CA*)/30MH 0.19
19.50
(± 1.5)

N.O.a 2.22
1.41

(± 0.10)
a : Not observed

The modulus of elasticity which is measured by extending the initial linear portion
of the load extension curve and dividing the difference in stress corresponding to any
segment of a section on this straight line by the corresponding difference in the strain.
The modulus of elasticity increased with CA* and MH (Table 7.3). Qiu et al. (2005)
[218] reported the effects of cellulose on a PP matrix, Young’s Modulus increases with the
inclusion of cellulose. Similar results were obtained by Joseph et al. (2002) in a study of
the effects of treated and untreated sisal fiber fillers [233]. The effect of MH was reported
to have the same effect on the Young’s Modulus of the PP matrix [234]. MH may block the
movement of PP chains, increasing the stiffness of the material. The deformation of the
specimen under tensile load would be difficult because MH provides structural rigidity to
the polymer matrix [167]. The percolation theory [7] provides an alternative explanation
for the increase in stiffness. This theory proposes that there is a concentration of stress
in the region of the polymer matrix around each filler particle. If the distance between
the filler particles is small enough, these zones will join during tensile loading and form a
percolation network. This percolation network causes an increase in the elastic modulus of
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the material. When the particles are fine and well dispersed, the total effected volume is
increased and the distance between particles is shorter; the percolation network develops
more easily, and the modulus is thus increased [235].

The elongation at break decreased with CA* and with MH (Table 7.3). The addition
of MH to the PP matrix reduced the elongation of the material by 50% compared to PP.
The addition of CA* decreased the elongation by 70 %. The combination of CA* and MH
caused a further reduction in the elongation of the material. The elongation at break was
inferior to neat PP in all cases; therefore, the materials were rigid when compared to the
matrix. Weak bonding between the fillers and matrix caused poor stress transfer when the
samples were loaded with tension, leading to early rupture. Elongation at break, therefore,
decreased in all test cases [25].

7.3.1.2 Impact strength

A notched impact test measures the energy during impact, i.e., the energy necessary to
fracture a standard test piece [121]. The impact resistance decreased when CA* or MH
were added to the matrix, as shown in Table 7.4. With a 95% confidence level, a significant
difference was found in the impact test. The addition of CA* and MH to the matrix resulted
in a 35 % and 80 % reduction, respectively.

Table 7.4: Impact test for PP materials (± standard error, n=5)

Materials
Impact Resistance /Notch Length

(J·m−1)
PP 42.5 (± 1.20)

60PP*/40CA* 26.6 (± 4.00)
70PP*/30MH 8.7 (± 0.89)

70(60PP*/40CA*)/30MH 8.6 (± 0.80)

Similar observations of the effect of MH on the impact strength of PP materials was also
reported by Mai et al. [234]. They reported a significant reduction in the impact strength.
This decrease in impact resistance can be attributed to the immobilization of PP chains,
limiting their ability to adapt to deformation and hence making the materials more brittle
[7]. Furthermore, each particle in the matrix can act as a micro-crack initiator because
there is a weak filler/matrix interaction. When the interaction is weak, the interfacial layer
cannot effectively transfer the stress [236].
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7.3.2 DSC observations

Figure 7.2, thermograms are shown representing the non-isothermal crystallization process
of PP materials. The thermal properties, melting temperature (Tm), heat of fusion (∆Hm),
and degree of crystallinity (Xc), are obtained from DSC studies, and are presented in Table
7.5. The crystallinity of PP was determined as follows:

Xc (%) =
∆Hm

∆Ho
m × w

× 100 (7.1)

where ∆Ho
m (207 J·g−1) is the heat of fusion for 100% crystalline PP [205], ∆Hm (J·g−1)

is the heat of fusion of the sample estimated from the area under the melting peak of DSC
curves, and w is the mass fraction of PP in the PP materials.

Figure 7.2: DSC thermograms of PP materials. a. crystal peaks, b.close -crystal peaks,
c.melting peaks
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There was no significant change in the melting temperature of PP materials. The
70(60PP*/40CA*)/30MH had higher crystallinity than PP and the other materials. This
could be another reason for the stiffness of this PP materials in comparison to the others.

7.3.3 Wide angle X-ray diffraction (WAXRD)

The XRD patterns of plasticized cellulose acetate (CA*) is given in Figure 7.3a. Two main
broad peaks appear at 2θ of 9.0o and 21.5o. CA* shows a low degree of crystallinity (10%)
due to plasticization effects. The XRD patterns of MH powder are given in Figure 7.3b.
All peaks can be indexed as a hexagonal structure of MH with lattice constant [3]. The
diffraction peaks of MH are at 2θ of 18.6o, 38o, 50.09o, 58.7o, 62.1o, and 68.3o with different
intensities.

Figure 7.3: XRD patterns of a. plasticized cellulose acetate (CA*) and b. magnesium
hydroxide (MH)
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Figure 7.4 shows the diffraction patterns of PP materials. Several maxima can be ob-
served. These peaks occur at 2θ values 14.5o, 17.5o, 19.1o, 22o and 22.5o. The most intense
are located at the 110, 040, 130, 111, and 041 planes, representing an α crystallization form.
Similar results have been reported by Gupta and others [237–240]. For 60PP*/40CA*, the
same peaks occurred at a similar location, 2θ, with one extra peak appearing at 16.5o.
This could be related to β peak crystals with a reflection plane (300). This result agrees
with previous studies, which showed that a β crystal could be induced by adding other
fillers or nucleating agents at the same 2θ [241, 242]. The decrease in peak intensity and
peak broadening are smaller for 60PP*/40CA* than for the PP, which could indicate that
CA* increases the disorder of the PP structure.

For 70PP*/30MH and 70(60PP*/40CA*)/30MH, the peaks are slightly shifted to lower
angles, meaning that the distance between the PP layers increased. The intensity of these
peaks is also reduced except for one; possibly related to the inclusion of MH. Moreover, the
broadening of the peaks is also reduced for the 70(60PP*/40CA*)/30MH. The peak height
and intensity could be affected by the variation in the spherulite size or their distribution,
deformation at the spherulite boundaries, or the formation of the mesomorph phase of PP
[237, 243].
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Figure 7.4: Comparison of the X-ray diffractograms of PP materials. a. PP, b. 60PP*/40
CA*, c. 70PP*/30 MH, and d. 70(60PP*/40CA*)/30MH
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The degree of crystallinity (Xc) can be obtained from XRD measurements with the
following expression:

Xc(%) =
Ac

Aa + Ac

× 100 (7.2)

where Ac is the crystalline area and Aa is the amorphous area in the XRD diffractograms.

The degree of crystallinity (Xc) of PP materials estimated from XRD diffractograms
corresponds well with the degree of crystallinity obtained from DSC studies (Table 7.5).
Appendix C contains the baseline and area subtraction methods used for the amorphous
and crystal region.

Table 7.5: Thermal characteristics of PP materials

Tm ∆Hm Xc(%)
Material

(oC) ( J·g−1) DSC XRD
PP 163 85 46 47

60PP*/40CA* 159 48 43 42
70PP*/30MH 162 67 52 56

70(60PP*/40CA*)/30MH 162 42 54 58

7.4 Conclusion

PP materials were fabricated by extrusion and injection or compression molding. The
mechanical properties and crystallinity of the materials were evaluated.

The addition of MH markedly reduced the mechanical properties of PP materials. The
notched impact strength reduction was larger than that for the tensile strength. From
the observation of fractured surfaces, it was revealed that extensive cracking and a lack of
bonding at the filler/matrix interface were present. However, Young’s modulus increased.
A significant reduction in the tensile strength was observed after blending CA* with PP*;
it was larger than the reduction caused by the addition of MH. In contrast, the reduction in
impact strength was smaller than that of the PP* material with MH added. CA* increased
Young’s modulus of MH. The presence of CA* and MH in the PP matrix reduced the tensile
strength of the PP matrix, but a significant reduction was not observed in the impact
strength in comparison to the 70PP*/30MH material. Young’s modulus also increased in
70(60PP*/40CA*)/30MH.
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The degree of crystallinity estimated by DSC and XRD showed that the PP material
has a higher degree of crystallinity in the presence of MH and CA* and MH, while the
degree of crystallinity was lower for 60PP*/40CA*.

In summary, the effects of MH on the mechanical properties and crystallization of the
PP*/CA* have been reported for the first time in the literature. Further investigation
is required on surface modification of MH to mitigate the reduction of the mechanical
properties.
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Chapter 8

Conclusion and Recommendations

8.1 Conclusion

The research presented in this PhD thesis focused on the development of polypropylene
(PP) materials. The objective was to develop a polypropylene plasticized cellulose ac-
etate material and to explore the use of magnesium hydroxide to enhance the flame retar-
dant properties of these materials. Different properties were evaluated, thermal stability,
flammability, crystallization, and mechanical properties.

The plasticization of cellulose acetate (CA) with triethyl citrate (TEC) was evaluated.
TEC’s effects on the degree of crystallinity and thermal stability were examined. The glass
transition temperature (Tg), according to DSC observations, was reduced to around 120
oC. XRD results showed that the crystalline structure of CA was affected by TEC. Based
on TGA, TEC lowered the thermal stability of CA by shifting the onset temperature and
maximum weight loss temperature to lower temperature. The analysis of the results which
discussed earlier confirmed the viability of TEC as a plasticizer for CA.

Formulation of the PP materials was done based on thermogravimetric analysis. The
thermal stability and the estimation of activation energy according to the level of each
component (PPMA, CA*, and MH) were evaluated. The results revealed that the highest
level of PPMA (3 wt.%), CA* (40 wt.%), and MH (30 wt.%) could be employed in the
fabrication of the PP materials to obtain high thermal stability and activation energy.
The morphology of the PP materials studied by using FESEM showed better compatibility
between CA* and the PP matrices. The CA* compatibility with PP was negatively affected
by the addition of MH. EDS mapping analysis showed good dispersion of MH and CA* in
the PP matrix.
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The thermal stability and kinetic studies of PP materials were conducted by using
TGA at four heating rates. The results revealed that PP materials with CA* and MH
had a higher thermal stability where the thermal decomposition occurred over a wide
range of temperature and the maximum weight loss temperature shifted to higher tem-
perature. The activation energy was estimated according to three methods: Kissinger,
KAS, and NIM methods. The results demonstrate that PP materials with CA* and
MH had higher activation energy than that of pure PP and other PP materials. The
Ea of 70(60PP*/40CA*)/30MH was higher than that of PP, PP*, 60PP*/40CA*, and
70PP*/30MH. The methods used were in good agreement showing that Ea of the 70(60PP*
/40CA*) /30MH was the highest.

The fire resistance of PP materials was examined by the vertical burning test, oxy-
gen index, cone calorimeter, and an adiabatic bomb calorimeter test. The results indi-
cated that the combination of CA* with MH provided the flame retardancy of PP. The
70(60PP*/CA*)/30MH showed a V-0 rating, which is the highest rank according to the ver-
tical burning test standard. The OI value was the highest for the 70(60PP*/40CA*)/30MH,
greater than that of PP, and 60PP*/40CA by 29% and 17%, respectively. Based on the
cone calorimeter observations, the peak heat release rate of the 70(60PP*/CA*)/30MH ma-
terial was reduced by 80% , 75%, and 50% compared with that of PP, 60PP*/40CA*, and
70PP*/30MH, respectively. The total heat release (THR) of the 70(60PP*/CA*)/30MH
was significantly lower than that of other materials. The effective heat of combustion
(EHC) shows that 70(60PP*/40CA*)/30MH was less exothermic than other materials.
The carbon monoxide (COY) and carbon dioxide(CO2Y) yields were significantly lower for
70(60PP*/CA*)/30MH materials than other PP materials. The heat of combustion esti-
mated by adiabatic bomb calorimetry confirmed the results obtained by cone calorimeter
showing that 70(60PP*/CA*)/30MH was less exothermic than other PP materials during
burning. According to the calculation of carbon availability in the products of combustion
revealed that the 70(60PP*/40CA*)/30MH material which has a higher yield of soot and
residue showed better flame retardancy.

Investigation of the non-isothermal crystallization of PP materials was done at four
cooling rates. Based on the DSC thermograms, the results showed that the crystallization
temperature of the PP materials with PPMA, CA*, and MH shifted to the lower temper-
ature. According to the relative crystallinity estimates, the inclusion of PPMA, CA*, and
MH modified the onset temperature (T0.01) and the temperature at 99% of the crystal-
lization process. The t1/2 was also modified compared to that of PP. The non-isothermal
crystallization kinetics were obtained by utilizing Avrami model. The results show that
CA* and MH modified the crystal structure of PP by changing size and shape of spherulite
of PP. Polarized optical microscopy images confirmed that CA* modified the morphology
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of PP spherulite by changing their size and shape. The nucleation activity was estimated
for the PP materials. The results revealed that presence of CA* and MH in the PP matrix
had the highest nucleating activity.

The mechanical properties, degree of crystallinity, and crystal forms of PP materials
were investigated through tensile and impact test, DSC, and XRD. The mechanical prop-
erties analysis of the PP materials showed a marginal reduction in the tensile strength
due to the addition of CA* and MH. The reduction in the tensile strength was around
13% with the addition of MH, and 30% with the addition of CA*. In contrast, Young’s
modulus of the materials was increased by 100% and 25% due to the addition of CA* and
MH, respectively. The addition of both CA* and MH showed the highest Young’s modulus
with an increase of around 300%. The addition of CA* deteriorated the impact strength
of the materials by around 35%. The addition of MH only, and MH and CA* together
reduced the impact strength by around 70%. DSC and XRD were used to probe the effects
of CA* and MH on the Xc and crystal forms of the PP materials. The addition of CA*
reduced Xc. On the other hand, CA* induced the β crystal form with low intensity, as
confirmed by the XRD diffractograms study. The addition of CA* and MH increased the
degree of crystallinity.

In summary, the results of this study demonstrate the feasibility of obtaining PP ma-
terials containing CA*. In the presence of CA* and MH, PP material showed improved
thermal stability and flame retardant properties with lower level for MH than reported
previously in the literature. The addition of CA* and MH deteriorated some of the me-
chanical properties; however, the PP materials would be suitable for interior automotive
components and other non-structural building materials such as electrical power insulation.

8.2 Recommendations

The results presented in this study have led to the formulation of the following recom-
mendations for future work. The recommendations are presented along two avenues: PP
material formulation and characterization.

8.2.1 PP material formulation

8.2.1.1 Surface modification of magnesium hydroxide (MH)

Due to the deterioration of the mechanical properties reported in this study when MH was
present, particularly the impact strength, it is recommended that the surface modification
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of MH should be investigated to mitigate these changes. Many surface modification agents
have been reported in the literature for this purpose [3, 244]. For example, titanate and zinc
stearate have been reported to improve the dispersion of MH and improve the mechanical
properties of PP materials containing MH [3, 230].

8.2.1.2 Compatiblizer used for polypropylene/plasticized cellulose acetate blend

To address the reduction in impact strength of PP/CA* material, the use of compatibilizer
should be investigated as a mean to improve the impact strength. The type of compati-
bilizer should be further investigated. One could start with those used with PLA/starch
materials, methylenediphenyl diisocyanate [245] and dioctyl maleate [246].

8.2.2 PP material characterization

Future work could increase the number of properties examined beyond those reported in
this study to include dynamic mechanical analysis and water absorption behavior, as well
as expanding on the thermal behavior characterization.

8.2.2.1 Crystallization activation energy

Further investigation should focus on the estimation of the effective energy barrier of
non-isothermal crystallization. Several mathematical methods have been proposed in the
literature for the calculation of the effective energy barrier. However, a major concern has
been put forward that using unconventional procedures to estimate Ea leads to inaccurate
conclusions as most approaches have been developed for heating experiments [247]. It
has been stated by Vayzovkin (2003), that dropping the negative sign for β∗ makes the
procedure invalid when applied to the process that occurs on cooling [248].

8.2.2.2 Analysis of the products of combustion

According to the results of the cone calorimeter, there was a reduction in the time to igni-
tion (tign) due to the addition of magnesium hydroxide to the pure polypropylene and to
polypropylene/ plasticized cellulose acetate (PP*/CA*) materials. As the safety of mate-
rials is affected when there is a reduction in the tign, real time Fourier transform infrared
spectra (FTIR) could be helpful to analyze the volatile products of the decomposition and
to adjust the formulation of the developed materials.
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8.2.2.3 Analysis of the effect of mass and heat transfer effects in TGA

Since TGA analysis was conducted with pellet, the effect of the material particle size and
surface area was not investigated. Thus, the comparison between pellet and ground pellet
material on TGA analysis should be investigated in order to understand if potential heat
and mass transfer limitation exist.
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Chapter 9

Summary of Contributions

Investigations of the relevant factors in the development of PP material, the feasibility of
CA*, and the properties of PP/CA*/MH as a material were presented in this thesis. The
most significant contributions are listed below.

- A new PP material including CA* as bio material and MH as inorganic additive
was proposed which demonstrated acceptable mechanical property retention and improved
fire-retardancy over conventional materials.

- TEC was found to be acceptable a plasticizer for CA. This was verified through DSC
studies and the effects of the plasticization process on the degree of crystallinity and on
the thermal behavior of CA were presented.

- The activation energy of the degradation process was estimated using several ap-
proaches. A numerical integration method approach was successfully validated to calculate
the activation energy. The methods used were evaluated for their accuracy in estimating
the kinetic parameters. The effect of CA* on the PP matrix was studied and this study
was expanded to evaluate the effects of CA* and/or MH on the PP matrix. The developed
material shows higher thermal stability than both the PP and PP/MH material.

- A combination of qualitative and quantitative methodologies was used to characterize
the flame-retardancy of the developed materials. A correlation was found between the
availability of carbon in the combustion products and the flammability resistance of the
materials.

- An investigation of non-isothermal crystallization studies of PP materials was ex-
plored, detailing the effects of CA* and MH on the nucleation and crystal growth of PP
matrices.
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- An analysis of the mechanical properties of PP materials with CA* and MH was
completed. The degree of crystallinity of the materials was also calculated.
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Appendix A

Thermal Stability

Mg(OH)2 → MgO+ H2O (A.1)

On basis of 1 mole decomposition of MH:

Molecular weight of MH = 58.319 g·mol−1

No. of moles of MH = Mass of MH/58.319

Mass of MH =58.319 g

Mass of H2O= 18g

Mass loss =18/58

=30.08 % water loss in the decomposition of MH
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Figure A.1: TGA and DTGA curves for PP composites for selected heating rate (5,10,20,
and 30) oC·min−1 . a. PP, b. 60PP*/40CA, and c. 80PP*/20MH.
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Figure A.2: TGA and DTGA curves for PP composites for selected heating rate (5, 10,
20, and 30) oC·min−1. a. 70PP*/30MH, b. 80(60PP*/40CA*)/20MH, and c. 70(60PP*/
40CA*/30MH
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Figure A.3: KAS method fitted lines for the calculation of Ea. a. 90PP*/ 10MH, b.
80PP*/20MH, c. 80PP*/20CA*, d. 70PP*/30CA*, e. 60PP*/ 40CA)/10MH, and f.
80(60PP*/40CA*)/20MH
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Table A.1: Calculation of Ea for PP by KAS method

Neat PP
Equation y = a + b*x
Residual Sum of Squares 0.03849 0.016 0.00986 0.00383 0.00336
Adj. R-Square 0.94363 0.97545 0.98477 0.99408 0.99531
Conversion
Level

Value
Standard
Error

Intercept 1.78074 1.48287
10%

Slope -6.05941 0.84667
Intercept 0.39058 0.86082

30%
Slope -5.7025 0.52018

Intercept -0.03266 0.65386
50%

Slope -5.69433 0.40786
Intercept -0.28278 0.39941

70%
Slope -5.75118 0.25596

Intercept 1.32619 0.4236
90%

Slope -7.07804 0.2804

Table A.2: Calculation of Ea for PP*/10MH by KAS method

PP/10MH
Equation y = a + b*x
Weight No Weighting
Residual Sum of Squares 0.00667 0.01132 9.55E-04 0.00532 0.01414
Pearson’s r -0.99659 -0.99395 -0.99957 -0.99784 -0.99468
Adj. R-Square 0.98978 0.98191 0.9987 0.99353 0.98409
Conversion Level Value Standard Error

Intercept 0.95358 0.57724
10%

Slope -5.72619 0.33544
Intercept -0.61557 0.66921

30%
Slope -5.37028 0.41958
Intercept 2.07972 0.23734

50%
Slope -7.42995 0.15477
Intercept 5.17542 0.67881

70%
Slope -9.77346 0.45501
Intercept 8.48276 1.3152

90%
Slope -12.33816 0.90318
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Table A.3: Calculation of Ea for 80PP*/20MH by KAS method

PP/20MH
Equation y = a + b*x
Weight No Weighting
Residual Sum of Squares 0.00667 0.01132 9.55E-04 0.00532 0.01414
Adj. R-Square 0.98978 0.98191 0.9987 0.99353 0.98409
Conversion Level Value Standard Error

Intercept 0.95358 0.57724
10%

Slope -5.72619 0.33544
Intercept -0.61557 0.66921

30%
Slope -5.37028 0.41958

Intercept 2.07972 0.23734
50%

Slope -7.42995 0.15477
Intercept 5.17542 0.67881

70%
Slope -9.77346 0.45501

Intercept 8.48276 1.3152
90%

Slope -12.33816 0.90318

Table A.4: Calculation of Ea for 70PP*/30MH by KAS method

PP/30MH
Equation y = a + b*x
Residual Sum of Squares 0.08225 0.06107 0.0296 0.035 0.01651
Adj. R-Square 0.88756 0.92954 0.96763 0.96217 0.9817
Conversion Level Value Standard Error

Intercept 2.11521 2.24863
10%

Slope -6.77362 1.36345
Intercept 7.21839 2.5974

30%
Slope -10.84513 1.70252

Intercept 10.40199 2.08081
50%

Slope -13.32717 1.3995
Intercept 10.90731 2.31724

70%
Slope -13.92182 1.58344

Intercept 9.23329 1.47256
90%

Slope -12.95631 1.01813
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Table A.5: Calculation of Ea for 80PP*/20CA* by KAS method

PP/20CA
Equation y = a + b*x
Residual Sum of Squares 0.08969 0.05664 0.0367 0.03822 0.05482
Adj. R-Square 0.85939 0.9086 0.94282 0.94526 0.93385
Conversion Level Value Standard Error

Intercept 0.88591 2.15312
10%

Slope -5.07417 1.15396
Intercept -0.12155 1.57051

30%
Slope -4.98724 0.89828

Intercept 0.17446 1.28842
50%

Slope -5.42932 0.76428
Intercept 1.37273 1.43963

70%
Slope -6.39759 0.88042

Intercept 5.75553 2.27398
90%

Slope -9.50394 1.44345

Table A.6: Calculation of Ea for 70PP*/30CA* by KAS method

PP/30CA
Equation y = a + b*x
Residual Sum of Squares 0.03252 0.00467 3.31E-04 0.05218 0.0786
Adj. R-Square 0.9524 0.99276 0.99951 0.93736 0.91823
Conversion Level Value Standard Error

Intercept 2.91349 1.46717
10%

Slope -6.09435 0.78015
Intercept 0.98061 0.48346

30%
Slope -5.61608 0.27649

Intercept 1.44197 0.13303
50%

Slope -6.2204 0.07929
Intercept 6.40828 2.29248

70%
Slope -9.59851 1.4169

Intercept 14.74704 4.07503
90%

Slope -15.4192 2.61792
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Table A.7: Calculation of Ea for 60PP*/40CA* by KAS method

PP/40CA
Equation y = a + b*x
Residual Sum of Squares 7.72E-04 9.07E-04 0.00119 0.04154 0.47112
Adj. R-Square 0.99868 0.99838 0.99817 0.95132 0.60861
Conversion Level Value Standard Error

Intercept -0.01303 0.18207
10%

Slope -4.79614 0.10049
Intercept -1.58126 0.17334

30%
Slope -4.4687 0.10405

Intercept -0.00212 0.22769
50%

Slope -5.82097 0.14395
Intercept 6.60186 2.06644

70%
Slope -10.5434 1.36538

Intercept 137.7391 61.8625
90%

Slope -101.99 42.85055

Table A.8: Calculation of Ea for 90(60PP*/40CA*)/10MH by KAS method

(PP/40CA)/10MH
Equation y = a + b*x
Residual Sum of Squares 0.0518 0.01664 0.00575 2.75E-04
Adj. R-Square 0.92468 0.97626 0.99302 0.99968
Conversion level Value Standard Error

Intercept 1.68836 1.71594
10%

Slope -6.07936 0.98843
Intercept 0.97204 0.92006

30%
Slope -6.63726 0.59519

Intercept 5.19349 0.70675
50%

Slope -9.8627 0.47677
Intercept 6.85257 0.16886

70%
Slope -11.39921 0.1175
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Table A.9: Calculation of Ea for 80(60PP*/40CA*)/20MH by KAS method

(PP/40CA)/20MH
Equation y = a + b*x
Residual Sum of Squares 0.06305 0.03294 0.05582 0.07282
Adj. R-Square 0.89942 0.96358 0.94093 0.92419
Conversion level Value Standard Error

Intercept -0.06476 1.66696
10%

Slope -5.0528 0.95784
Intercept 9.92933 2.15091

30%
Slope -12.74621 1.42171

Intercept 12.32645 3.11972
50%

Slope -14.88938 2.1316
Intercept 13.07938 3.69171

70%
Slope -15.86578 2.58832
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Appendix B

Fire Properties

Figure B.1: Material classifications according to the vertical burning test
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Table B.1: t-Tests for (COY) property of PP and its composites estimated by the cone
calorimeter

CO PP PP/20MH CO PP PP/40CA
Mean 0.034 0.022 Mean 0.03 0.02
Variance 0.000 0.000 Variance 0.00 0.00
Observations 3.000 3.000 Observations 3.00 3.00
Hypothesized Mean
Difference

0.000
Hypothesized Mean
Difference

0.00

df 2.000 df 2.00
t Stat 3.550 t Stat 2.81
P(T<=t) one-tail 0.040 P(T<=t) one-tail 0.05
t Critical one-tail 2.920 t Critical one-tail 2.92
P(T<=t) two-tail 0.070 P(T<=t) two-tail 0.11
t Critical two-tail 4.300 t Critical two-tail 4.30

CO PP PP/30MH CO PP (PP/40CA)80
Mean 0.034 0.024 Mean 0.0337 0.0199
Variance 0.000 0.000 Variance 3.03E-05 7.03E-07
Observations 3.000 3.000 Observations 3 3
Hypothesized Mean
Difference

0.000
Hypothesized Mean
Difference

0

df 2.000 df 2
t Stat 3.180 t Stat 4.29
P(T<=t) one-tail 0.040 P(T<=t) one-tail 0.03
t Critical one-tail 2.920 t Critical one-tail 2.92
P(T<=t) two-tail 0.090 P(T<=t) two-tail 0.05
t Critical two-tail 4.300 t Critical two-tail 4.3

CO PP (PP40CA)70/30MH
Mean 0.034 0.02
Variance 3.03E-05 1.58E-06
Observations 3 3
Hypothesized Mean
Difference

0

df 2
t Stat 4.07
P(T<=t) one-tail 0.03
t Critical one-tail 2.92
P(T<=t) two-tail 0.06
t Critical two-tail 4.3
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Table B.2: t-Tests for (CO2Y) property of PP and its composites estimated by the cone
calorimeter

CO2Y PP PP/40CA* CO2Y PP PP/20MH
Mean 2.5 2.1 Mean 2.5 2.3

Variance 0 0 Variance 0 0
Observations 3 3 Observations 3 3

Hypothesized Mean Difference 0
Hypothesized Mean

Difference
0

df 4 df 4
t Stat 16.6 t Stat 8.3

P(T<=t) one-tail 0 P(T<=t) one-tail 0
t Critical one-tail 2.1 t Critical one-tail 2.1
P(T<=t) two-tail 0 P(T<=t) two-tail 0
t Critical two-tail 2.8 t Critical two-tail 2.8

CO2Y PP PP/30MH CO2Y PP PP/CA*20MH
Mean 2.5 2.2 Mean 2.5 1.9

Variance 0 0 Variance 0 0
Observations 3 3 Observations 3 3

Hypothesized Mean
Difference

0
Hypothesized Mean

Difference
0

df 2 df 3
t Stat 18.5 t Stat 30.5

P(T<=t) one-tail 0 P(T<=t) one-tail 0
t Critical one-tail 2.9 t Critical one-tail 2.4
P(T<=t) two-tail 0 P(T<=t) two-tail 0
t Critical two-tail 4.3 t Critical two-tail 3.2

CO2Y PP (PP/40CA*)70/30MH
Mean 2.51 1.84

Variance 0 0
Observations 3 3

Hypothesized Mean
Difference

0

df 4
t Stat 24.61

P(T<=t) one-tail 0
t Critical one-tail 2.13
P(T<=t) two-tail 0
t Critical two-tail 2.78
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Table B.3: t-Tests for (HRR) property of PP and its composites estimated by the cone
calorimeter

HRR PP PP/40CA HRR PP PP/20MH
Mean 1451 1236.3 Mean 1451 974.8

Variance 5913 1807.1 Variance 5913 1273.3
Observations 3 3 Observations 3 3

Hypothesized Mean
Difference

0
Hypothesized Mean

Difference
0

df 3 df 3
t Stat 4.2 t Stat 9.7

P(T<=t) one-tail 0 P(T<=t) one-tail 0
t Critical one-tail 2.4 t Critical one-tail 2.4
P(T<=t) two-tail 0 P(T<=t) two-tail 0
t Critical two-tail 3.2 t Critical two-tail 3.2

HRR PP (PP/40CA)20MH HRR PP PP/30MH
Mean 1451 367.8 Mean 1451 556.1

Variance 5913 197.2 Variance 5913 57.1
Observations 3 3 Observations 3 3

Hypothesized Mean
Difference

0
Hypothesized Mean

Difference
0

df 2 df 2
t Stat 24 t Stat 20.1

P(T<=t) one-tail 0 P(T<=t) one-tail 0
t Critical one-tail 2.9 t Critical one-tail 2.9
P(T<=t) two-tail 0 P(T<=t) two-tail 0
t Critical two-tail 4.3 t Critical two-tail 4.3

HRR PP (PP/CA*)/30MH
Mean 1451 304.2

Variance 5913 210.3
Observations 3 3

Hypothesized Mean
Difference

0

df 2
t Stat 25.4

P(T<=t) one-tail 0
t Critical one-tail 2.9
P(T<=t) two-tail 0
t Critical two-tail 4.3
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Table B.4: t-Tests for (THR) property of PP and its composites estimated by the cone
calorimeter

THR PP PP/40CA THR PP PP/20MH
Mean 171.1 158.2 Mean 171.1 157.4

Variance 96 95.5 Variance 96 86.3
Observations 3 3 Observations 3 3

Hypothesized Mean
Difference

0
Hypothesized Mean

Difference
0

df 4 df 4
t Stat 1.6 t Stat 1.8

P(T<=t) one-tail 0.1 P(T<=t) one-tail 0.1
t Critical one-tail 2.1 t Critical one-tail 2.1
P(T<=t) two-tail 0.2 P(T<=t) two-tail 0.2
t Critical two-tail 2.8 t Critical two-tail 2.8

THR PP (PP40CA)80/20MH THR PP PP/30MH
Mean 171.1 129.6 Mean 171.1 145.9

Variance 96 35.9 Variance 96 26.9
Observations 3 3 Observations 3 3

Hypothesized Mean
Difference

0
Hypothesized Mean

Difference
0

df 3 df 3
t Stat 6.3 t Stat 3.9

P(T<=t) one-tail 0 P(T<=t) one-tail 0
t Critical one-tail 2.4 t Critical one-tail 2.4
P(T<=t) two-tail 0 P(T<=t) two-tail 0
t Critical two-tail 3.2 t Critical two-tail 3.2

THR PP (PP/CA)70/30MH
Mean 171.1 118.6

Variance 96 93.6
Observations 3 3

Hypothesized Mean
Difference

0

df 4
t Stat 6.6

P(T<=t) one-tail 0
t Critical one-tail 2.1
P(T<=t) two-tail 0
t Critical two-tail 2.8
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Table B.5: The carbon availability calculation in the combustion products

Carbon availability in the combustion products:
For example, PP:
Fuel+O2→ CO2+H2O Equation
Fuel+O2→CO+H2O+Soot Equation
Chemical Composition C3H6

Initial PP sample weight (CCT test sample) (g) 38
Weight fraction of carbon in the PP 0.857
Carbon available in the PP(g) 32.57
COY-Cone Calorimeter test 0.04
CO2Y-Cone-Calorimeter test 2.54
Mass CO 1.3
Mass CO2 82.727
Weight fraction of Carbon in CO 0.428
Weight fraction of Carbon in CO2 0.272
Weight of carbon in CO 0.55
Weight of carbon in CO2 22.5
Remaining Carbon (soot)(g) 9.5
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Figure B.2: Cone calorimeter results for PP composite with 20 wt.% MH content
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Appendix C

Mechanical Properties
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Table C.1: t-Tests for (Tensile Test) property of PP and its composites

Tensile Neat PP PP/40CA* Tensile Neat PP PP/20MH
Mean 34.17 20.63 Mean 34.17 30.25
Variance 7.67 9.5 Variance 7.67 0.34
Observations 5 5 Observations 5 5
Hypothesized Mean

Difference
0

Hypothesized Mean
Difference

0

df 8 df 4
t Stat 7.3 t Stat 3.09
P(T<=t) one-tail 4.17 P(T<=t) one-tail 0.02
t Critical one-tail 1.85 t Critical one-tail 2.13
P(T<=t) two-tail 8.35E-05 P(T<=t) two-tail 0.04
t Critical two-tail 2.3 t Critical two-tail 2.77

Tensile Neat PP PP/30MH Tensile Neat PP PP/40MH
Mean 34.17 29.98 Mean 34.17 27.62
Variance 7.67 6.97 Variance 7.67 13.54
Observations 5 5 Observations 5 5
Hypothesized Mean

Difference
0

Hypothesized Mean
Difference

0

df 8 df 7
t Stat 2.44 t Stat 3.17
P(T<=t) one-tail 0.02 P(T<=t) one-tail 0.01
t Critical one-tail 1.85 t Critical one-tail 1.89
P(T<=t) two-tail 0.04 P(T<=t) two-tail 0.01
t Critical two-tail 2.3 t Critical two-tail 2.36

Tensile Neat PP (PP/40CA)\20MH
Mean 34.17 24.32
Variance 7.67 0.71
Observations 5 5
Hypothesized Mean

Difference
0

df 5
t Stat 7.59
P(T<=t) one-tail 0
t Critical one-tail 2.01
P(T<=t) two-tail 0
t Critical two-tail 2.57
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Table C.2: t-Tests for (Impact Test) property of PP and its composites

Impact Test Neat PP PP/ 40CA Impact Test Neat PP PP/20MH
Mean 12.184 8.52 Mean 12.18 2.71

Variance 11.82663 1.03425 Variance 11.82 0.14
Observations 5 5 Observations 5 5

Hypothesized Mean
Difference

0
Hypothesized Mean

Difference
0

df 5 df 4
t Stat 2.28 t Stat 6.12

P(T<=t) one-tail 0.035 P(T<=t) one-tail 0
t Critical one-tail 2.015 t Critical one-tail 2.13
P(T<=t) two-tail 0.071 P(T<=t) two-tail 0
t Critical two-tail 2.57 t Critical two-tail 2.77

Neat PP (PP/CA)\/20MH Neat PP (PP/CA)/30MH
Mean 12.18 2.77 Mean 12.18 2.73

Variance 11.82 0.04 Variance 11.82 0.046
Observations 5 5 Observations 5 5

Hypothesized Mean
Difference

0
Hypothesized Mean

Difference
0

df 4 df 4
t Stat 6.1 t Stat 6.12

P(T<=t) one-tail 0 P(T<=t) one-tail 0.00179
t Critical one-tail 2.13 t Critical one-tail 2.13
P(T<=t) two-tail 0 P(T<=t) two-tail 0.0035
t Critical two-tail 2.77 t Critical two-tail 2.776
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Figure C.1: Example illustrating the estimation of the degree of crystallinity from XRD
pattern
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Figure C.2: Matlab code for estimating and plotting the development of relative crys-
tallinity of PP materials
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nesium Hydroxide on Flame Retardant Properties and Thermal Behavior of Polypropylene-
Based Composites. In CSChE 2017 Conference, Edmonton. Canadian Society of Chemical
Engineering.
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