APPLICATION OF CELLULOSE NANOCRYSTALS AND ZINC OXIDE AS A GREEN

FIRE RETARDANT SYSTEM IN HIGH DENSITY POLYETHYLENE

A Thesis
Submitted to the Graduate Faculty
of the
North Dakota State University
of Agriculture and Applied Science

By

Ghazal Vahidi

In Partial Fulfillment of the Requirements
for the Degree of
MASTER OF SCIENCE

Major Program:
Mechanical Engineering

May 2019

Fargo, North Dakota



North Dakota State University
Graduate School

Title

Application of Cellulose Nanocrystals and Zinc Oxide as a Green Fire-
Retardant System in High Density Polyethylene

By

Ghazal Vahidi

The Supervisory Committee certifies that this disquisition complies with North Dakota

State University’s regulations and meets the accepted standards for the degree of

MASTER OF SCIENCE

SUPERVISORY COMMITTEE:

Dr. Dilpreet Bajwa

Chair

Dr. Long Jiang

Dr. Nicole Stark

Approved:

7/1/2019 Dr. Chad Ulven

Date Department Chair



ABSTRACT

Polymeric materials are widely used in diverse applications. However, a major weakness
in majority of the thermoplastic polymers is their lack of ability to resist fire. Most of the chemicals
and additives currently used to improve fire retardancy have deleterious effects on the
environment. This research focuses on developing an environmentally safe and effective fire-
retardant system for high density polyethylene (HDPE), using cellulose nanocrystals (CNCs) and
zinc oxide (ZnO). The effect of CNCs coated with nano ZnO has been investigated for improving
the fire resistance properties of the HDPE. Improved dispersion of CNCs into HDPE matrix was
achieved by employing maleic anhydride as a coupling agent. It was found that addition of CNCs-
ZnO can introduce a reasonable level of flame retardancy in HDPE matrix in addition to improving

the maximum tensile strength and elongation at break.
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CHAPTER 1. INTRODUCTION
1.1. Polymer nanocomposites

Polymer nanocomposites, tailored material with enhanced characteristics, have attracted a
lot of interests as a vital alternative for traditional metallic materials over the recent decades.
Polymer nanocomposites are polymer matrices containing homogenously dispersed nano-sized
reinforcing fillers (1-100 nm at least in one dimension) [1, 2]. They broadly involve science,
engineering, and technology and are used in various industrial sectors especially in automotive,
building products, and aerospace sector [3]. Thermoplastics such as polyolefins and polyamides
are among the most representative choices as a matrix in polymer nanocomposite owing to their
ease of processing, recyclability, good mechanical properties, and cost-effective manufacturing
methods [4]

Despite the vast potential of thermoplastic nanocomposites, compatibility, environmental
impacts, and high flammability have limited their applications in safety-oriented segments. High
susceptibility to combustion under fire, thermal degradation and decomposition, and release of
toxic gases under combustion are considered as the major weaknesses of these polymeric materials
[5].

1.2. Fire hazard

Fire hazard is a general term that is a combination of different factors, including
ignitability, amount of heat release, ease of extinction, weight-loss, flame spread, smoke index,
and toxicity [6]. Modern life is surrounded by a wide variety of readily combustible materials such
as cellulosic materials and man-made polymers [7]. Synthetic polymers alone may not be a fire
hazard, but they are factors that contribute to ignition and the rapid spread of fire in vehicles,

residential buildings, and other facilities [8].



According to the USA Fire Administration annual report [9] during 2017 in the US alone
there were more than 1 million residential fires, injuring 14,000 people and killing more than 3,000
people along with billions of dollars financial loss.

1.3. Flame retardants

In order to meet fire safety requirements and diminish fire hazards, different solutions have
been developed. For polymers in particular, various chemical and physical strategies have been
evolved to prevent burning, or at least slow it down [10]. Recently, flame retardants (FRs) have
been widely recognized as fire safety tools capable of lowering the number of fire injuries and
deaths. Thus, adding flame retardants to polymers, fibers, and papers has become more prevalent
to protect the final product from burning [11].

Therefore, it is clear that flame retardants are an important part of polymer composite
formulations, especially for applications where the polymer has a significant chance of being
exposed to an ignition source such as in electronic and electrical applications, where polymers are
easily ignitable like in plastic bottles, or with building and transportation materials where the rapid
spread of fire may cause issues during evacuation [12].

1.4. Commercial flame retardants

Halogenated and phosphorous flame retardants are well-known in various fire retardancy
applications that can augment fire performance of the polymers under combustion. However, it is
worth noting that widely used halogenated FRs contain chemicals that are hazardous to human
health and are environmentally deleterious [13] because they are considered as persistent organic

pollutants, which are hard to break and oxidize in the environment [11].



1.5. Green fire retardants

To improve the fire retardancy of the polymer composites and to ensure human health
safety and eco-friendliness, a renewed interest is emerging for the development of sustainable and
safe solutions of FRs in polymeric composites. The most common FRs falling in this definition are
saccharide-based products, bio-based aromatic products, minerals, and proteins. When added in
polymers, bio-based fire retardants such as lignin and cellulose are able to generate an insulating
char layer on the surface of the polymers during their thermal decomposition. This barrier layer
can reduce the amount of smoke release and oxygen flow as a result of its condensed phase action.
Mineral flame retardants, such as aluminum trihydroxide (ATH) and zinc oxide, are very efficient
in decreasing the fire hazard and they are widely used in commercial applications due to the fact
that they do minimal when it comes to harming the human body or the ecosystem [10] .
1.6. Zinc oxide

Among different mineral FRs, zinc oxide (ZnO) is known to be one of the most promising
options due to the low cost, high surface reactivity, large number of active sites, and non-toxicity.
ZnO particles can reduce the thermal impact in polymers because of their high heat capacity [14,
15]. Nano-sized ZnO can be synthesized through simple, fast, and cost effective laboratory
methods [16]. Due to the high excitation bonding energy along with the large width of band, these
nanoparticles have lots of potential applications. Current applications of ZnO are mostly in
inflammatory, wound healing, and antioxidant properties [17, 18]. Smaller size and larger specific
area of nano-sized ZnO over micro-sized options can result in stronger interfacial interactions

while compounding with other components [19].



1.7. Cellulose nanocrystals

Cellulose is one of the most abundant organic materials in the world that has attracted a lot
of interests in the recent years due to its sustainability and also its potential to be a rich feedstock
for extracting various chemicals and high value products. Cellulose is a condensation linear
homopolymer composed of B-1,4-linked glucopyranose units (Figure 1.1). Cellulose in fiber form
can be found in the cell wall of various plants. These fibers can turn into nano-sized products in
different sizes and shapes by using various methods such as acid hydrolysis, which attack the
amorphous regions of the cellulose fibers while crystalline regions remain intact. This results in
production of cellulose nanocrystals (CNCs).

CNCs are considered as promising nanofillers in polymeric matrices because of their high
crystallinity, high aspect ratio, and resulting superior mechanical and thermal properties [20, 21].
However, CNCs alone are not able to improve the thermal stability of the polymers [10]. Even
though the charring effect of CNCs can significantly reduce the weight-loss of the polymers during
combustion [10], additional fire retardants is still essential to improve the fire performance of

polymer nanocomposites.

OH OH OH

o OH OH

HO O |HO 0 0
HO / o (0] 2 i 2 OH
O
HO

0 HO 5 HO 0

OH OH OH
OH OH h OH

Figure 1.1. The chemical structure of the cellulose molecule.




1.8. ZnO-CNC:s flame retardant system

Zinc oxide can be deposited on CNCs surface due to similar polarities in their nature.
Incorporating ZnO-coated CNCs in the polymer matrix can lead to higher thermal stability and
fire retardancy of the polymer nanocomposites through uniform dispersion of ZnO coated CNCs
in the polymer [22]. Strong interfacial interaction between ZnO coated CNCs and polymer matrix
as well as uniform dispersion of nanofillers is highly desirable in order to obtain superior
mechanical and thermal properties of the composite. Hydrophilic nature of cellulose nanocrystals
due to the presence of numerous hydroxyl groups on their surface limits their uniform dispersion
through hydrophobic polymers [23]. Therefore, various methods have been presented for chemical
modification of CNCs surface [24, 25]. However, large scale industrial production of cellulose
nanocomposites typically avoids laboratory procedures and time consuming methods and involves
direct mixing approaches such as melt extrusion [23].
1.9. High Density Polyethylene

High Density Polyethylene (HDPE) is one of the most commonly used thermoplastic
polymers that is produced from the monomer ethylene in an addition polymerization process
(Figure 1.2). Low cost, high strength to density ratio, and recyclability make this polymer an
attractive candidate for a diverse range of applications. However, high flammability and fast flame
spread rate have become of the main concerns while employing polyethylene polymer in safety
oriented applications [26]. Reinforcement of HDPE with nano-sized materials have been a field of
interest to achieve higher mechanical and thermal properties [1]. Although, highly hydrophobic

nature of HDPE has prevented nanoparticles to disperse uniformly as mentioned before.
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Figure 1.2. Chemical structure of HDPE.
1.10. Compatibilizers and coupling agents
Since direct mixing of nanofillers in a polymer matrix was more commercially viable, a lot
of research is dedicated to find proper compatibilizers in order to enhance the interfacial attractions
[27]. Maleic anhydride (MA) is one of the most promising options. It helps to enhance the
interactions between CNCs and HDPE via an esterification reaction and hydrogen bonding of MA
functional groups (-COOH and - C=0) and cellulose hydroxyl groups (-OH) [28]. MA modified

HDPE is normally prepared by free radical grafting of the MA on HDPE backbone in the presence

of peroxide initiator either in solution or melt [29] (Figure 1.3).

m

Figure 1.3. Maleic anhydride grafted on polyethylene polymer.
Polyethylene oxide (PEO) is among common dispersion agents that also can be employed
to increase the adhesion between the fillers and the polymer. Physical attachment of PEO to the

polymer backbone can happen by decreasing the surface tension through non-chemically bonded

and dipole-dipole interactions [20].



HO H
O n
Figure 1.4. Chemical structure of PEO.
1.11. Summary

In this study, ZnO coated CNCs were introduced to the HDPE matrix via high-shear melt-
compounding technique through extrusion. Interfacial bonding between ZnO coated CNCs and
HDPE matrix was enhanced through employing the MA coupling agent or PEO homopolymer.
Since flammability of the HDPE has restricted its high value applications, it is essential to explore
a safe, green, and effective fire retardant system to improve the thermal stability of the HDPE.
Moreover, this research has attempted to propose a fast, safe, inexpensive, and chemical-free
composite fabrication method to improve the fire retardancy of thermoplastic composite materials
and satisfy the commercial viability and the large-scale production possibility of the resultant
composites.

1.12. Research objectives

Goal of research: To develop a safe and green fire retardant system for HDPE using CNCs
and nano-sized ZnO.

The purpose of this research is to improve fire performance and mechanical properties of
high-density polyethylene (HDPE) through uniform dispersion of zinc oxide (ZnO) coated
cellulous nanocrystals (CNCs). Three different methods have been investigated to improve the
interfacial bonding between the HDPE and CNCs-ZnO particles: template approach through

solvent exchange, physical modification of CNCs with polyethylene oxide (PEO), and direct



feeding of HDPE and maleic anhydride (MA) coupling agent with ZnO-coated CNCs via melt-

extrusion.

Research objectives and hypothesis of this thesis are as follows;

1.

The first objective is to synthesize nano-sized ZnO particles and to coat them on CNCs’
surface, hypothesizing that using a simple laboratory method will result in successful
production of nano-sized ZnO.

The second objective is to incorporate ZnO coated CNCs in an HDPE matrix through
physical or mechanical methods, hypothesizing that using these methods will assist
uniform dispersion of the nanofillers in the HDPE matrix.

The third objective is to evaluate the fire performance and mechanical properties of the
polymer nanocomposites, hypothesizing that incorporation of nanosized fillers will

improve HDPE mechanical and thermal performance.



CHAPTER 2. LITERATURE REVIEW ON FLAME RETARDANCY!

2.1. Thermal limitations of the polymers

Polymers are large organic molecular chains comprising of a series of repeating monomers
that have expressively contributed to the quality of daily life. Natural occurring polymers such as
cellulose, rubber, and wool abound in the nature, while synthetic polymers were introduced into
the market in the 1800s. Generally, polymers are found in an extensive range of applications
including automotive industry, food packaging, textiles, and biomedical devices, due to their light
weight, corrosion resistant structure, and unique behavior [30, 31]. Beside these advantages, the
specific structure of the polymers limits their applications when they are exposed to heat [32];
most thermoplastic polymers undergo significant thermal degradation [33], which has a substantial
effect on their service life and limit their applications in different fields. In particular, polymers
need to be qualified for long-term service in inhospitable environments. Understanding the
principal elements of fire and polymer thermal degradation process will benefit developing
methods to boost fire performance and thermal stability of polymers.
2.2. Fire triangle

The life cycle of a flame is a fundamental step in understanding polymer pyrolysis. There
are three crucial elements that a fire needs to be ignited: fuel, heat, and oxidizing agent (generally
oxygen) [34]. Combustible polymers, which can act as fuel, will catch on fire in the presence of
heat and oxygen. At elevated temperatures higher than polymers’ decomposition temperature,

chemical bonds start to break in the molecular level and free radicals with lower molecular weights

! The materials of this chapter were co-authored by Ghazal Vahidi, Dilpreet S. Bajwa, and
Jamileh Shojaeiarani. Ghazal Vahidi wrote this chapter in consultation with Dilpreet S. Bajwa and
Jamileh Shojaeiarani. Ghazal Vahidi was the primary collector of the material of this chapter, and
also drafted and revised all versions of this chapter. Dilpreet S. Bajwa also served as proofreader
and supervised findings of this work.
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will be formed to create mostly combustible gases. In the presence of sufficient oxygen and energy

sources, combustion of polymers will initiate. This process can become self-sustaining if it

produces enough energy and risen flames can easily propagate [35].

% Heat Transfer
to Fuel

Heat Transfer //
to Air

Fuel and Air
Mixing

Gas Phase

co co,

Decomposition area

Condensed Phase

Figure 2.1. Schematic of Emmon’s fire triangle and polymer pyrolysis.

2.3. Flame retardancy mechanisms

According to their specific mechanisms, fire retardants interrupt polymer pyrolysis process

in one or more steps. Three of the most common flame retardancy mechanisms are listed as below

[35, 36].

1. Gas phase inhibition mechanism; the FRs that act in this stage, react with the polymer

under combustion in the gas phase. These free radical scavengers bond with the existent

hydroxyl or oxygen agents at the molecular level and extinguish the combustion.

Halogenated and phosphorous FRs are common in this category.

2. Cooling mechanism; some of the halogen-free components such as hydrated minerals

make up a class of FRs that decompose in an endothermic reaction when exposed to

fire. They release water molecules that cool down the combustion environment of

polymers.

3. Solid phase char formation mechanism; there are two types of FRs that act in this stage.

FRs with charring effect (e.g. Silicon or carbon family FRs [37]) or FRs which cross-
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link to the polymer matrix in elevated temperatures and create a barrier layer that
hinders the heat transfer and release of additional gasses. Intumescent FRs such as
melamine compounds and phosphorous compounds are from this category. They react
to form a porous carbonaceous 3D-char layer that insulate the polymer surface and slow

down the pyrolysis [38, 39].

2.4. Traditional flame retardants
2.4.1. Halogenated materials

As discussed before, halogenated flame retardants interrupt in the gas phase stage by
producing free radicals in a continuous stream. High energy OH" and H" radicals that are generated
during the combustion of the polymer (R*) react with halogen radicals (X"), which are released

from halogenated hydrocarbon (RX) as in equations (2.1-2.4) [40].

RX - R* + X* 2.1)
RH+X*->R"+H (2.2)
HX + H* - X* + H, (2.3)

HX + OH* -» X* + H,0 (2.4)

Type of the halogen in halogenated FRs is the key that determines their effectiveness.
Bromine and chlorine based halogenated FRs bond with polymers’ carbon atoms in low bond
energies [40]. As a result, they can take part in the combustion process easily following the
mechanism discussed earlier.

However, more thermally stable types of FRs such as fluorine compounds are not very
common when it comes to polymer fire retardancy. This is due to the reason that they won’t release
halogen radicals in the same range or below the decomposition temperatures of most of the

polymers since they are more thermally stable [41]. lodine-based compounds are also not very
11



common in plastics because they have weak thermal stability and they release halogen radicals
usually in processing temperature range of polymers [35, 40, 41]. The most commonly used
halogenated FRs [13, 42] are listed in Table 2.1.

Table 2.1. Common halogenated FRs, chemical structure and additional information.

Halogenated FR Code Chemical formula Additional info.
Tetrabromobisphenol A TBBPA HaG CHs Most common
Br Br halogenated FR,
reactive FR in epoxy
HO OH .
resins
Br Br
Polybromodiphenylether | PBDE Br Br Contains 10 bromine
Brﬁo Br atoms, FR additives in
styrene polymers,
Br BrBr Br polyolefins, polyesters
B B and nylons.
Hexabromocyclododecane | HBCD B cycloaliphatic
Br
halogenated FR,
Br expanded or compact
PS and textiles
Br Br
Br
Tetrabromophthalic TBPA Br o FR additive in
anhydride Br unsaturated polyesters,
0 base material for other
Br FRs
Br O

2.4.2. Phosphorous materials

Halogen-free phosphorous-based FRs are recognized as the most available alternate for
halogen-containing components. These FR additives can be assigned to the polymer chains during
polymerization and take place in combustion process in gas and/or solid phase among cooling
effect. These compounds include a wide range of products: phosphates and red phosphates,

phosphines and phosphine oxides, phosphonates and phosphonium compounds. Dehydration and



char formation are two major mechanisms of act for these components, especially in combustion
of the oxygen-containing polymers e.g. cellulose, polyamides, etc. [43, 44].

Most of the phosphorus-based FRs can provoke dehydration of polymer chain ends and
char formation by liberating moisture during phosphoric acid condensation into pyrophosphate
and water (during thermal decomposition). This inherent flame-retardant mechanism can be
carried as that in Figure 2.2 for epoxy resin composite [45]. It is worth mentioning that delivering
water can also cause dilution of the oxidizing gas phase. However, condensation and dehydration
can induce stress corrosion cracking in some applications. Moreover, some studies have indicated
that phosphorous-based FRs act as neurotoxicants (substances capable of causing adverse effects
in the central and peripheral nervous system, and in sense organs) after they break in the

environment [41].

. . Carbon containing pyrolysis gas
' - 4: ® PO, PO free radicals
O ? ® Nilrogen containing pyrolysis

P(H) microcapsule gas
Phosphorus-rich pyrclysis
fragments

Figure 2.2. Flame retardancy mechanism of phosphorous FR in epoxy resin [45].
2.5. Nanosized fire retardants
With the advent of nanotechnology in the past few decades, the prospects of polymer-based
nanocomposites in the application of flame retardant have progressed rapidly. Although nanofillers
do not show excellent fire retardance [46], incorporation of a low amount of nanofillers in

nanocomposites inherently tend to provide drastic improvement in thermal stability and flame

13



retardancy [47], smoke release amount [48], peak heat release rate (PHRR) and the speed at which
flames spread throughout the nanocomposites [46].

The main mechanism of fire retardancy for nanocomposites, which happens in the
condensed phase, depends on different factors such as structure, chemical composition of the
nanofillers [49], and nanofiller dispersion [50]. In general, the presence of nanofillers in polymer
matrix can alter the overall response of nanocomposites in the exposure to flame.

A list of the most common employed nanofillers in nanocomposites with the aim of fire
retardancy is summarized in Table 2.2. Fire retardancy mechanism and selected works reported by
the literature were discussed for some of the nano flame retardants in the following paragraphs.

Table 2.2. List of common nano flame retardants in polymer composites.

Nanofiller Nanofiller Polymer matrix | Reference
loading
Nanoclay 5, 10, and 15 wt. | polyurethane
o [51]
Graphene 2 wt% polyurethane [52]
Carbon nanotube 5-40 wt% polyketone [53]
Metal oxides ZnO> nanowires | 10-40 wt% polypropylene [54]
SnO,- MnO;, 2 wt% Epoxy [55]
Zinc borate 30 wt% polypropylene [56]
Zinc oxide 1 wt% polypropylene- | [57]
ethylene-
propylene-diene
monomer
Cellulose nanocrystals (treated) 10 wt% Polylactic acid [58]

2.5.1. Nanoclays

Nanoclays are ubiquitous nanofillers and isolated from naturally occurring clays through
energetic stirring, followed by centrifugation and freeze-drying, centrifugation and cross-flow
filtration, and ultracentrifugation. Nanoclays are composed of staked mineral silicate layers,

forming complex clay crystallites. Three main mechanisms have been reported for fire retardancy
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in composite materials containing clay particles, including migration [59], barrier [60], and
paramagnetic mechanisms [61].

In the combustion process of the composites containing clay particles, the formed bubbles
during polymer degradation push the clay nanoparticles from interior layers to the surface of the
composites. The clay migration into the outer surface is mainly attributed to the difference in
surface free energy between polymer and polymer-clay blend, the temperature and viscosity
gradient during directional heating, and the formation of rising gasses as combustion process [62].
Aggregation of the clay particles, due to the degradation of the organic treatment on the clay
interlayers, makes the clay particles more hydrophilic and less compatible. This, in turn, would
result in formation of a clay-rich barrier that reduce the rate of weight-loss in composite
combustion [59].

Barrier mechanism, which occurs in condensed phase, suggests that the formation of char
layer prevents the mass transport of the degradation products to the surface of the degrading
polymer and acts as a thermal barrier. This, in turn, would limit further exposure to the heat and
oxygen and hinder burning process [63].

Paramagnetic radical trapping mechanism is another suggested mechanism in providing
fire retardancy through incorporating nanoclay into different polymers. This mechanism proposes
that structural metals in clay particles such as iron, can trap the formed radicals during polymer
combustion and reduce the degradation rate [61].

Nanoclays are widely used as flame retardant additives in polymer nanocomposites, owing
to their incombustible properties. Contributions of nanoclays can result in superior fire retardancy
in polymer matrices through noticeable improvements in peak heat release rate, time to ignition,

and fire growth index [64]. Ahmed et al. observed a protective char layer on the surface of
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polystyrene upon the incorporation of nanoclay that resulted higher fire retardancy and the lesser
emission of smoke, CO, and CO2 compared to the virgin polystyrene [49]. Achieving nano-
dispersion of the clay in the polymer matrices is an essential parameter, affecting the fire
retardancy of polymer-clay nanocomposites. Lu ef al. reported different methods in improving the
nano dispersion of clay in LLDPE-PA6 blends. They observed that the blends with clay localized
in the LLDPE phase, rather than PA6 phase, exhibited better flame retardancy [65].
2.5.2. Metal oxides

Metallic nanoparticles have received considerable attention for their applications as flame
retardants. They exhibit different reactions against fire regarding their structure; some metallic
nanoparticles utilize hydrated minerals and release water molecules as they decompose and
provide an endothermic reaction. In this turn, the cooling effect would increase the self-extinguish
ability in nanocomposites. Aluminum tri-hydroxide (ATH) and magnesium hydroxide (MH) are
two non-halogen fire retardant additives that undergo endothermic reaction and interfere with the

combustion process as the exposure to the heat [66].

H
2A1(0H); —> AL,O, + 3H,0 (2.5)
Heat
Mg(OH), — MgO + H,0 (2.6)

The noticeable increase in limiting oxygen index (LOI) as a result of yielding a barrier on
the surface of FR materials is another factor that can lower the heat flux provided by flame and the
higher the non-flammability in nanocomposites.

The formation of char is another mechanism in some fire retardant materials such as
alumina trihydrate (ATH) that delay ignition and development of a fire [67]. Phosphates are used

as additives due to their ability of char formation.
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In addition, at an elevated temperature, some metal containing fire retardants decompose
to release water, which leads to the cooling of the substrate below the flash point. Water formation,
in turn, favors the dilution of combustible gases, reduces the oxygen effect, and decreases the rate
of the spread of the flame. Xi ef al. reported a flame-retardant behavior in polyurethane foams due
to the endothermic decomposition and water release reaction from ATH. They also reported that
the water released from ATH reacted with the decomposition products and formed polyphosphate
and increased the barrier effect of the char layer to heat and flame [68]. However, contradictory
results were reported for the release of ammonia and water owing to the incorporation of ATH in
polymer matrices, which led to an earlier degradation of EVA [69] and poly(1,4-butanediol
succinate) (PBS) [70] due to hot water hydrolysis.
2.5.2.1. Zinc oxide

Zinc oxide (ZnO) is one of the most popular photocatalyst metallic compounds because of
its advantages such as cost efficiency, numerous active sites, high surface reactivity and low
environmental impacts. In fact, it is listed as safe by the US food and drug administration given
that zinc is an essential trace element [16]. ZnO particles have high thermal conductivity as well
as great heat capacity. Therefore, associating them into polymeric compounds will result in
absorbing the heat transmitted from the surroundings and retarding the direct thermal impact to
the polymer backbone. In other terms, they act as an inhibitor to slow down the flame spread rate
[11, 71].

With recent advancements in nanotechnology, nano-sized zinc oxides are among emerging
high value inorganic products with significant features (such as high catalyst effect, effective
antibacterial properties, high UV absorption, and chemical and physical stability) that have many

applications as solar cells, sensors, semiconductors, and transparent electrodes [72].
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It is common to use high concentration of inorganic mineral fillers such as AI(OH); up to
20 wt% to modify flame retardancy of polyvinyl chloride (PVC) [73]. However, it is reported that
addition of only 0.635 wt% of ZnO and 9 wt% of AI(OH)3 combination into PVC can significantly
increase its LOI value (up to 30%) [74].

ZnO-intumescent flame retardant (IFR) system has been reported to be effective in flame
retardancy property of the polypropylene-ethylene-propylene-diene monomer (PP-EPDM)
polymer blend [57]. Addition of the 1 wt% ZnO and 29 wt% IFR showed the best fire performance
as that formulation exhibited an LOI value of 35.6% compared to 17% LOI of original PP-EPDM
blend. Furthermore, a heat release peak (pHRR) appeared for the formulation containing ZnO,
reflecting the better barrier effect of the char layer compared to the original polymer blend and
also formulations containing just IFR. Uniformly dispersed ZnO particles assist the IFR to have a
more homogenous and compact char layer. Moreover, great heat capacity of them would result in
absorbing the heat transferred from the combustion and creation of a more effective char layer
[57].

2.5.3. Bio based products

In addition to inorganic fire retardants, certain plants have developed defense mechanism
against fire invasions. Bio based compounds in these plants owe their intrinsic fire retardancy
advantages to their molecular structure, which creates a thermally stable char layer when they are
exposed to fire. Char formation mechanisms initiate when the water stored in the wood starts to be
liberated during the thermal decomposition of wood components (lignin, cellulose, etc.) and
encourage the formation of an insulator layer for the underlying wood [10, 75].

Biomass is the largest resource for bio-based materials, and up to 75% of that is composed

of saccharide-based products, while the rest is mostly energy storage components (e.g. starch),
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proteins, and vegetable oils. A massive range of chemicals and biofuels are produced based on
these biomass derivatives, and they owe their commercial attraction to their fast growth and
reasonable pricing. Furthermore, their inherent ability of char formation and the resulting fire
retardancy make them interesting for FR applications [76].
2.5.3.1. Cellulose nanofibers

Cellulose is the most abundant organic polymer. It is found in cell wall of plants as well as
in fungi, bacteria and algae, and it has numerous glucose units with many degrees of
polymerization based on its extraction method. Figure 2.3 represents a cellulose fiber organization
[10, 77]. During its thermal decomposition, cellulose can produce an insulating char layer under
certain conditions, depending on its extraction method and surface treatment. The amount of char
and its thermal stability depends on the degradation condition and existing components in the
combustion environment, considering the fact that char formation mechanism is very complicated

in cellulosic materials. [78, 79].
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Figure 2.3. Representation of a cellulose fiber showing its organization.

Figure 2.4 represents a simplified model of cellulose pyrolysis. In low temperatures,
degradation will lead to the formation of anhydrocellulose. As temperature goes up, the remaining
cellulose will unzip into tar and anhydrocellulose will produce char and gas. Since cellulose is
widely used in various industries, its fire performance is essential to eliminate its fire hazard. There
has been much research carried out to improve cellulose’s fire retardancy by applying chemical
surface modifications or incorporating other fire retardants (e.g. phosphorous FRs) to improve its

inherent char formation behavior [77, 80].

k3
Anhydrocellulose ——» Char + Gas
Cellulose

A Tar

Figure 2.4. Kinetic model for cellulose pyrolysis by Broido [81]. ki, k2, and k3 represent different
kinetic energies existed for each step of the model.

Cellulosic nanomaterials, such as cellulose nanocrystals (CNCs) and cellulose nanofibers

(CNFs), are generally used as nanofillers for various polymers in order to tailor their physical
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and/or mechanical properties. They typically have a diameter between 5 nm to 500 nm and most
of them are commercially available or can be extracted via well-known methods (e.g. acid
hydrolysis) [20, 21]. Recently, flame retardancy potential of these nanofillers has attracted a lot of
interests. There are numerous reports on flame retardancy performance of surface-modified
cellulose nanocrystals or cellulose nanoparticles hybrid systems with other fire retardants [82-84].

10 wt.% of cellulose nanocrystals extracted with phosphoric acid hydrolysis has proven to
increase the thermal stability of polylactic acid (PLA) by formation of a protective char layer [58].
Phosphoric acid has a well-known fire retardancy property [45]. Moreover, CNCs have a highly
crystalline structure with well-packed chains and hard-to-break inter-chain hydrogen bonding
which protect them from melting in high temperatures. Therefore, the incorporation of phosphoric
acid treated CNCs in PLA matrix would enhance the thermal stability of the polymer by formation
of the char layer and hindering the heat energy.

Cellulose nanofibrils-clay nanopaper composite has been reported as an effective flame
retardant coating for wood [85]. The hybrid system was prepared as a “break and mortar” structure,
where CNFs represent the mortar and clay nanopapers represent the brick. The thermal shielding
provided by this system caused an 81% decrease in heat flux of the wood as reported by cone
calorimetry test [85]. The char layer formed by this hybrid acted as an oxygen barrier insulating
layer and increased the oxygen diffusion length. Additionally, CNF volatiles diffusion was
hindered by clay char layer, resulting in formation of micro voids and further decline in thermal
conductivity.

2.6. Characterization methods of flammability
Flame retardancy process can be characterized either in gas phase, by investigating the

present pyrolysis species, or in solid phase, by studying the morphology and composition of the
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char layer. There are numerous macro and micro fire characterization methods. The following
paragraphs will discuss most commonly used laboratory test methods.
2.6.1. Limiting oxygen index (LOI)

This test is one of the primary methods that has been used for so many years to investigate
the relative flammability of materials [86]. Since air consists of about 21% oxygen by volume, any
material with an LOI less than 21% can burn easily in the air. In addition, a material with an LOI
greater than 21% can reduce the flame after removal of igniting source [87].

LOI represents the minimum concentration of oxygen percentage in the oxygen-nitrogen
mixture that maintains the flame combustion of the material for 3 min or consumes a length of 5
cm of the sample (based on ASTM D2863) as expressed in equation (2.7). According to the
standard, specimens with dimension of 80 mm % 10 mm x 4 mm are placed vertically at the center

of a glass chimney and the top of the sample is ignited with a burner.

|

o= 1%l
—[0,] 4 [Ny]

x 100 2.7)

This test is very useful in the laboratory scale characterization of fire retardancy because it
requires a cost-effective setup and small sample size. However, due to the high oxygen index
simulation and small scale input heat, it is not very suitable for real extent fire performance [37].
2.6.2. UL-94

The UL-94 tests have been considered as flammability tests of plastics for parts in devices
and appliances by Underwriters Laboratories based on the IEC 60695-11-10 standard. The most
popular UL-94 test is UL94 vertical test which have been used as a method for determination of
ignitability and flame spread rate of plastic materials. The flame resource is controlled to have a
blue flame with 20 mm height and a constant power of 50 W. Top of the flame is located in a 10

mm distance from the bottom of the specimen. The bottom of the specimen is exposed to the flame
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for 10 s and then the burner is removed. After-flame time t, is the time required for the flame to be
extinguished. The bottom of the specimen is exposed to the flame for another 10 s after the first
extinction. The time required for the flame to extinguish is noted as the after-flame time t,, and the
time required for the fire to disappear is reported as the afterglow time t;. Five replications should
be tested for each sample formulation [41, 88]. The sample is classified as VO, V1 or V2 according
to the criteria listed in Table 2.3.

Table 2.3. Classification of materials for the UL94 Vertical Burn test.
Classification | Requirements
UL-94 VO t; and t2 less than 10 s for each specimen
t; + t2 less than 50 s for the five specimens
t> + t3 less than 30 s for each specimen
No after-flame or afterglow. No burning drops

UL-94 V1 t; and t> less than 30 s for each specimen

t; + t2 less than 250 s for the five specimens

t> + t3 less than 60 s for each specimen

No after-flame or afterglow up. No burning drops
UL-94 V2 t; and to less than 30 s for each specimen

t; + t2 less than 250 s for the five specimens

t> + t3 less than 60 s for each specimen

No after-flame or afterglow. Burning drops allowed

2.6.3. Cone calorimetry

This test is one the most important fire characterization methods for polymeric materials
in bench scale and it is based on ASTM E 1354 and ISO 5660 standards. It measures the reducing
oxygen concentration in the combustion gases of a specimen subjected to a given heat flux. After
exposing the sample to a conical radiant electrical heater, the combustion is triggered by an electric
spark. Variety of data such as heat release rate (HRR) as a function of time, peak of heat release
rate (pHRR), total heat release rate (THR), effective heat of combustion (EHC), time to ignition
(TTI), mass loss rate (MLR), and average specific extinction area (ASEA) can be reported by this

test [88-90].
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2.6.4. Thermogravimetric analysis

Thermo-gravimetric analysis (TGA) measures the changes in physical and chemical
properties of materials (e.g. weight) as a function of temperature, based on ASTM E1131 and ISO
11358 standard. To analyze thermal properties of the materials, weight-loss at onset temperature
(Tonset) and percentage of the weight that remains at the end of the heating process will be obtained
by TGA. Martials that have higher Tonset, produce less fuel for the combustion and, therefore, have
better flame retardancy properties. Also, char is considered as not readily combustible and provides
an insulator barrier for underlying materials [91].
2.6.5. Summary

A relatively broad range of flame retardants including commercial non-organic FRs along
with currently under development bio-based and mineral FRs have been discussed. It was
attempted to highlight the recent efforts of researchers in the field of the fire suppression in plastics,
considering the fact that polymeric materials are emerging in everyday life at an exponential rate.
Since some of the traditional halogenated FRs are in the process of being banned due to their
deleterious effect to human health and environment, discussing the functionality of green bio-
based alternatives is of the significant importance. It is worth to mention that the complexities in
the fire-retardant systems of different polymers and lack of systematic studies on various
parameters (materials, mechanisms, methodologies, and techniques) in fire analysis have mostly
led to qualitative observations.

It has been confirmed that the flammability of polymeric materials is a matter of
convolution for which no sole solution can be found; especially considering the wide variety of

polymer matrices. However, advancements of fire characterization techniques and a better
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understanding of flammability phenomena have facilitated the selection of the most promising

additives for fabrication of safe and fire resistant polymers.
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CHAPTER 3. MATERIALS AND METHODS?

In this research, the polymer nanocomposite samples as well as the nano-sized zinc oxide
were manufactured using three separate methods. Standard testing methodology used to
characterize different mechanical and thermal properties of the polymer and polymer
nanocomposites.

Three methods have been developed to improve the uniform dispersion of polar
nanoparticles in apolar HDPE matrix and boost their interfacial bonding. To truly create a
nanocomposite that performs better compared to its virgin polymer, it is important to achieve a
uniform distribution of nanoparticles by eliminating agglomerations.

In this work, nanocomposites term refers to the polymer composite contacting up to 10
wt% CNCs and ZnO nanofillers.

3.1. Design of experiment
3.1.1. Synthesis of the nano-sized zinc oxide
3.1.1.1. Materials

Sodium hydroxide and Zinc acetate dehydrate were purchased from MilliporeSigma,
Burlington, MA. Analytical grade methanol (99.8%) was supplied by Thermo Scientific,

Waltham, MA.

2 The materials of this chapter were co-authored by Ghazal Vahidi, Dilpreet S. Bajwa,
Jamileh Shojaeiarani, and Nicole M. Stark. Ghazal Vahidi conceived and carried out the
experiments. Ghazal Vahidi wrote this chapter in consultation with Dilpreet S. Bajwa, Jamileh
Shojaeiarani, and Nicole M. Stark. Ghazal Vahidi was the primary developer of the methods that
are advanced here. Ghazal Vahidi also drafted and revised all versions of this chapter. Dilpreet S.
Bajwa also served as proofreader and supervised the proposed methods of this chapter.
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3.1.1.2. Procedure

Zinc oxide nanoparticles were prepared following the procedure has been described in
literature [16, 92]. Briefly, 13.17 g sodium hydroxide powder was dissolved in 300 ml methanol.
Solution was heated to 50°C along with the continuous stirring for 1 hour. Then 9.6 g zinc acetate
dehydrate, as the source of ZnO, was dissolved in 300 ml methanol by continuous stirring. The
mixture was heated to 50°C while vigorously stirring for 30 minutes. The formation of zinc oxide
nano-sol started by adding zinc acetate solution to sodium hydroxide solution drop-wised under
continuous stirring for 30 minutes. Mixture was then heated to 50°C for 30 minutes and then stirred
continuously for 2 hours in room temperature to crate the ZnO white sol gel (450 g sol gel, 9wt%).

ZnO sol gel was dried under a fume hood to achieve a fluffy powder (Figure 3.1).

Figure 3.1. Zinc oxidedin a) sol gel form before drying and b) powder form after drying under the
hood.

3.1.2. Synthesis of nanocomposites, Method 1: Template approach via solvent exchange
3.1.2.1. Materials
High density polyethylene (HDPE Marlex-9006, MFI: 6 g/10 min, density: 0.953 g/cm?)

was purchased from Chevron Philips chemicals, The Woodlands, TX. Cellulose nanocrystals
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(CNCs, dimensions of 150 nm length and 7 nm width) were supplied by US forest product lab,
Madison, WI. Acetone and toluene were provided by MilliporeSigma, Burlington, MA.
3.1.2.2. Procedure

CNCs with different concentrations were dispersed in water (5-10 wt%). To assist CNCs
dispersion in water, sonification and homogenization were employed for 5 minutes, one at a time.
Then, acetone was gently added on top of the aqueous dispersions in order to avoid rapid mixing.
The organic layer formed on top of the aqueous dispersions was exchanged two times daily (850
mL each time). HDPE with different concentrations was dissolved in toluene (1-15 wt%) in 100°C.

Cellulose nanocrystal organogels were impregnated with different concentrations of
HDPE-toluene solution. Impregnation happened in a round-bottom flask at 80C°C in an oil bath
with a reflux condenser, without stirring for 18 h to ensure complete equilibration (Figure 3.2).
Then, Samples were dried under the hood. A significant phase separation of polar nanoparticles
and apolar matrix was observed and composite synthesis was unsuccessful. Therefore, no further

steps had taken, and next design of experiment was developed.

Figure 3.2. Solvent exchange process in the reflux condenser.
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3.1.3. Synthesis of nanocomposites, Method 2: Physical attachment of PEO on CNCs
3.1.3.1. Materials

High density polyethylene (HDPE Marlex-9006, MFI: 6 g/10min, density: 0.953 g/cm?)
was purchased from Chevron Philips chemicals, The Woodlands, TX. Cellulose nanocrystals
(CNCs, dimensions of 150 nm length and 7 nm width) were supplied by US forest product lab,
Madison, WI. Polyethylene oxide (PEO, Mn=10° g mol') was purchased from Sigma-Aldrich
chemicals, St. Louis, MO.
3.1.3.2. Procedure

ZnO coated CNCs were obtained by adding ZnO sol gel to CNCs aqueous suspension (5
wt%) followed by homogenization and sonification for 5 minutes, respectively (50:50 weight ratio,
CNCs:ZnO). PEO was used to enhance the interfacial bonding between the polar CNCs and the
HDPE with highly hydrophobic nature. PEO was dissolved in distilled water (2 wt%) using
magnetic stirring to obtain the aqueous polymer solution. PEO- modified CNCs were prepared by
adding polymer solution to ZnO coated CNCs aqueous suspension (25:25:50 weight ratio, CNCs:
ZnO: PEO). The mixture was dried under the fume hood and then was grinded in a cryogenic
grinder with liquid nitrogen to obtain a fluffy powder (Figure 3.3). This step was necessary for a
uniform dispersion of modified CNCs in the HDPE matrix. To eliminate any residual solvent, the

samples were dried in an oven at 60°C temperature.
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Figure 3.3. PEO-modified ZnO coated CNCs a) solution form, b) powdeform after cryogenic
grinder.

Polymer nanocomposites were prepared by diluting the HDPE with PEO-modified ZnO
coated CNCs (CNCs content ranging from 0 to 3% based on HDPE content) in a twin-screw
extruder (Krauss-Maffei Co., Florence, KY, USA). The screw speed was 160 rpm and
temperatures were set to 160°C to 175°C (feed throat to die). Composites were extruded in
filaments with 2 mm diameter and then chopped into small pieces with 2 mm length. Chopped
nanocomposite were fed into a mini injection molding machine (Mini-Jector 45-OH, USA) to
achieve samples in the standard dog-bone and flexural shapes. Table 3.1, summarizes the
compositions of nanocomposite materials and the corresponding codes in this work.

Table 3.1. PEO treatment formulations.

Material formulation HDPE (wt%) | CNCs (wt%) Zn0O (wt%) | PEO (wt%)
HDPE-0.75CNCs-0.75Zn0O | 97 0.75 0.75 1.5
HDPE-1.5CNCs-1.5ZnO 92.5 1.5 1.5 4.5
HDPE-3CNCs-3Zn0O 70 3 3 24

3.1.4. Synthesis of nanocomposites, Method 3: Direct feeding with coupling agent

3.1.4.1. Materials

High density polyethylene (HDPE Marlex-9006, MFI: 6 g/10min, density: 0.953 g/cm?)

was purchased from Chevron Philips chemicals, The woodland, TX. Powder HDPE (PHDPE,
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RMs341-U(/UG), MFI: 3 g/10min, density: 0.941 g/cm?) was purchased from NOVA Chemicals
SURPASS, Painesville, OH. Cellulose nanocrystals (CNCs, dimensions of 150 nm length and 7
nm width) were supplied by US forest product lab, Madison, WI. Maleic anhydride (MA, C4H>03,
puriss >99.0% (NT), My=98.06 g/mol) and dibenzoyl peroxide as initiator (Ci4Hi0O04, 75%
remainder water, M=242.23 g/mol) were purchased from Sigma-Aldrich chemicals St. Louis, MI
and Acros organics, Morris, NJ, respectively.
3.1.4.2. Procedure

CNCs and ZnO film were attained following previous fashion in 3.1.3.2. (50:50 weight
ratio, CNCs: ZnO). The suspension was dried under a fume hood and the resulting films then were
ground in a mortar and pestle to achieve a fine powder. Additionally, powder CNCs and powder
ZnO were used directly to investigate the effect of making film in different properties of polymer

nanocomposites (Figure 3.4). To eliminate moisture or any residual solvent, the samples were

dried in an oven at 60°C temperature.

\\ o
Figure 3.4. a) CNCs powder b) ZnO powder ¢) CNCs-ZnO film before grinding.

Two types of HDPE polymer were used in this method to be diluted by nano particles. In
the first approach, HDPE pellets were fed to a twin-screw extruder directly with maleic anhydride
(MA, 3 wt%), CNCs, and ZnO either in film or powder form (1.5-5 wt%, respectively). For the

second approach, maleic anhydride grafted polyethylene (MAPE) was synthesized through in situ
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polymerization. HDPE pellets with 3wt% of MA and 0.5wt% of dibenzoyl peroxide were fed to
the extruder. The resulting MAPE polymer then was extruded again with nano fillers either in film
or powder form (1.5-5 wt%, respectively). Additionally, to study the effect of polymer grain size
in uniform dispersion of nanofillers, two extra batches were prepared using powder HDPE
(PHDPE). PHDPE was fed to the extruder with 3% MA and CNCs and ZnO in powder form (3-5
wt%, respectively).

Prior to feeding the materials into the twin-screw extruder (Krauss-Maffei Co., Florence,
KY, USA), all materials were mixed thoroughly with an overhead stirrer to assist the particles to
distribute uniformly (Figure 3.5). The extruder’s screw speed was 160 rpm and temperatures were
set to 160°C to 175°C (feeding throat to die). Extrudates were collected in filament form with 2
mm diameter and then chopped into small pieces with 2 mm length. Chopped nanocomposites
were fed into a mini injection molding machine (Mini-Jector 45-OH, USA) to achieve samples in
standard dog-bone and flexural shapes. The final composition and codification of the samples are

shown in Table 3.2, Table 3.3, Table 3.4, and Table 3.5.
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Table 3.2. Direct feeding formulations, CNCs-ZnO — HDPE-MA (separately used).

Material formulation HDPE | P-CNCs | P-ZnO MA
(Wt%) | (Wt%) (Wt%) (Wt%)
HDPE-MA-P-1.5CNCs-1.5Zn0O | 94 1.5 1.5 3
HDPE-MA-P-3CNCs-3ZnO 91 3 3 3
HDPE-MA-P-5CNCs-5ZnO 87 5 5 3
HDPE | F-CNCs | F-ZnO MA
(Wt%) | (Wt%) (Wt%) (Wt%)
HDPE-MA-F-1.5CNCs-1.5Zn0O | 94 1.5 1.5 3
HDPE-MA-F-3CNCs-3ZnO 91 3 3 3
HDPE-MA-F-5CNCs-5ZnO 87 5 5 3

P: Powder of CNCs and ZnO separately, F: Films of ZnO coated CNCs

Table 3.3. Direct feeding formulations, CNCs-ZnO — MAPE1 (without initiator).

Material formulation HDPE | P-CNCs | P-ZnO MA
(Wt%) (Wt%) (Wt%) (Wt%)
MAPE1-P-1.5CNCs-1.5ZnO 94 1.5 1.5 3
MAPE1-P-3CNCs-3ZnO 91 3 3 3
MAPE1-P-5CNCs-5ZnO 87 5 5 3
HDPE | F-CNCs | F-ZnO MA
(Wt%) (Wt%) (Wt%) (Wt%)
MAPE1-F-1.5CNCs-1.5ZnO 94 1.5 1.5 3
MAPE1-F-3CNCs-3ZnO 91 3 3 3
MAPE1-F-5CNCs-5ZnO 87 5 5 3

P: Powder of CNCs and ZnO separately, F: Films of ZnO coated CNCs
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Table 3.4. Direct feeding formulations, CNCs-ZnO — MAPE2 (with initiator).
HDPE | P-CNCs | P-ZnO | MA Initiator
(Wt%) | (Wt%) (Wt%) | (Wt%) | (wt%)

Material formulation

MAPE2-1.5CNCs-1.5ZnO-P 93.5 1.5 1.5 3 0.5
MAPE2-3CNCs-3ZnO-P 90.5 3 3 3 0.5
MAPE2-5CNCs-5ZnO-P 86.5 5 5 3 0.5

HDPE | F-CNCs | F-ZnO | MA Initiator
(Wt%) (Wt%) (Wt%) | (Wt%) (Wt%)

MAPE2-1.5CNCs-1.5ZnO-F 93.5 1.5 1.5 3 0.5
MAPE2-3CNCs-3ZnO-F 90.5 3 3 3 0.5
MAPE2-5CNCs-5ZnO-F 86.5 5 5 3 0.5

P: Powder of CNCs and ZnO separately, F: Films of ZnO coated CNCs

Table 3.5. Direct feeding formulations, CNC-ZnO— PHDPE-MA (powder HDPE).
PHDPE | P-CNCs | P-ZnO MA
(Wt%) (Wt%) (Wt%) (Wt%)
PHDPE-MA-3CNCs-3ZnO-P | 91 3 3 3
PHDPE-MA-5CNCs-5ZnO-P | 87 5 5 3

P: Powder of CNCs and ZnO separately

Material formulation

Figure 3.5. a) Twin-screw extruder b) Mini-Jector injection molding machine.
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3.2. Nanocomposite characterization methods

Several tests were conducted to evaluate the performance of the nanocomposites compared
to the virgin polymer to study the effect of incorporating CNCs and ZnO as nanofillers.
3.2.1. Fourier transform infrared (FTIR) spectroscopy

FTIR measurements of nanocomposite samples was carried out to monitor the modification
of CNCs as well as the effect of MA as a coupling agent in nanocomposite samples with an
absorbance mode in the range of 650 and 4000 cm!. A Thermo Nicolet 8700 spectrometer
(Thermo Fisher, Waltman, MA, USA) equipped with an attenuated total reflectance (ATR)
sampling accessory was used to record the spectra.

3.2.2. Fractured surface morphology

The morphology of HDPE and nanocomposites was studied using scanning electron
microscopy (SEM). The impact-fractured surface was investigated using SEM (JEOL Inc.,
Peabody, MA, USA) working with an accelerating voltage of 20 kV at magnifications of 90X,
300X, and 1000X. The samples were sputter-coated with a layer of gold before SEM examination
to avoid specimen excessive charging.

3.2.3. Melt flow index (MFI)

Tinius Olsen melt flow indexer (Model MP1200, Tinius Olsen, Horsham, PA) according
to ASTM D1238 standard (D. ASTM, 2004) was used to evaluate melt flow index of composite
pellet samples compared to the virgin polymer (Figure 3.6). HDPE, PHDPE, MAPE1, and MAP2
polymer pellets along with some CNCs-ZnO contained formulations were evaluated in order to
measure the changes in MFI of HDPE due to the use of coupling agent and nanofiber loading. A

fixed weight of 7 g at the melting temperature of 180°C was consistent for all of the samples.
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Figure 3.6. Melt flow indexer.

3.2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry experiment was conducted using a TA Instrument Q200
calorimeter (New Castle, DE, USA). A heating scan from 40 to 200°C at a heating rate of
10°C.min"!, followed by a cooling process up to 25°C was applied. Hermetic Aluminum pans were
used holding the sample. The weight of each sample was approximately 7-10 mg.

3.2.5. Mechanical properties (Tensile Test)

ASTM D638-14 is a standard test method for determining the tensile properties of the
plastics. Mechanical characteristics of injection molded polymer and composite samples including
ultimate tensile strength, strain at maximum tensile strength, and modulus of elasticity can be
found from the tensile test. An Instron universal testing machine (Model 5567, MA, and USA)
was used in room temperature (25°C) to investigate the mechanical properties of the composite
samples compared to the original polymer (Figure 3.7). Instron machine was equipped with 2 KN
load cell and 5 mm/min crosshead speed. Test was repeated for at least five specimens of each

formulations.
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Figure 3.7. Tensile testing apparatus and the loaded sample.

3.2.6. Dynamic mechanical analysis (DMA)

A dynamic mechanical analyzer (TA Instruments, DMA Q800, DE, USA) was used to
investigate the viscoelastic behavior of nanocomposites. DMA was equipped with a dual cantilever
clamp according to the ASTM D5026 to study viscoelastic behavior of the nanocomposite (Figure
3.8). Temperature was in the range of 40 to 120°C at a heating rate of 1°C.min"!. The samples were
prepared to run the DMA test with approximately 59 mm length, 13 mm width, and 3 mm

thickness. Test was repeated for two specimens of each formulations.
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Figure 3.8. Three-pbint loading configuration of a flexural sample in DMA test.

3.2.7. Rheological properties

The flow properties (rheological properties) such as complex viscosity and shear moduli
of the formulations were measured using a Rheometer AR 2000 (TA Instruments, New Castle,
DE, USA). The rheological properties of HDPE and nanocomposites were measured in an
oscillatory mode in frequency sweep test setup. The sample weighing 0.5 g was placed between
two parallel plates with 25 mm diameter and a gap of 1 mm at 180 "C.

3.2.8. Thermogravimetric analysis (TGA)

Thermal stability of the samples was studied through thermogravimetric analysis and the
corresponding derivative curves (DTG). Thermogravimetric analyses were carried out using a
PerkinElmer thermogravimetric analyzer Pyris 1 in nitrogen (sample gas, flow rate 60 ml/min
balance gas, flow rate 40 ml/m) (Figure 3.9). The weight of each sample would approximately be

10 mg. The temperature range was set from 25 °C to 600 °C with the heating rate of 10 °C/min.
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Figure 3.9. Thermogravimetric analyzer.

3.2.9. Horizontal burn test

ASTM D635 is a standard test method for determining the rate of burning and/or extent
and time of burning of plastics in a horizontal position. It was used to evaluate the fire performance
of the composite samples as shown in Figure 3.10. The specimens were prepared to be
approximately 59 mm long, 13 mm wide, and 3 mm thick.

To calculate the weight-loss percentage in one minute, nanocomposites were placed in the
burn test setup that was adjacent to a flame source. The flame source was removed after 30
seconds, and composites continued to burn. The fire was extinguished after one minute and the
remaining part of the samples were weighed. The weight-loss was calculated based on the

difference of initial and final weights of the specimens.

. W]_ - WZ
Weight — loss (%) = —— x 100 3.1)
1
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In equation (3.1), W1 and W> are the weight of the composite samples before and after the
fire test, respectively.

In the second setup, the flame source was removed after 30 seconds and the flame spread
through a 40 mm marked distance on the samples while time was being recorded. The flame spread

rate (mm/s) was calculated in the second test based the time recorded during the test.

40mm (3.2)
t

mm
Flame spread rate ( . ) =

In equation (3.2), t is the required time for the flame to spread over 40 mm of the samples.

The test was repeated for three specimens of each formulation.

3.2.10. Statistical analysis
The mean values and standard deviations of the mechanical properties of the samples were
statistically analyzed by ANOVA and Tukey's test (a=0.05). The data was analyzed using Minitab

software version 17 (Minitab Inc., State College, PA, USA).
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CHAPTER 4. RESULTS AND DISCUSSION?
4.1. PEO physical attachment method

In PEO physical attachment method, CNCs were modified with PEO to enhance their
interfacial bonding with HDPE matrix.
4.1.1. Fourier transform infrared (FTIR)

The FTIR spectra of the virgin HDPE and composite samples are shown in Figure 4.1. The
changes in the peak intensity in FTIR is associated with the changes in the number of functional
groups or new chemical bonding between the existing components, whereas a shift in peak position
usually means the hybridization state or electron distribution.

Analysis revealed no substantial change in chemical bonding between components.
However, one new peak (1110 cm™'wave number) was observed in composite samples with 3%
CNCs and 3% ZnO and 24% PEO. This peak can be assigned to C-O-C stretching between PEO
and CNCs. The OH groups on CNCs can play the role of proton donors and the C-O-C group on
PEO is a proton acceptor and hydrogen bonding can be established between the CNCs and PEO

[93].

> The materials of this thesis were co-authored by Ghazal Vahidi, Dilpreet S. Bajwa,
Jamileh Shojaeiarani, and Nicole M. Stark. Ghazal Vahidi conceived and carried out the tests and
analyzed the observed results. Ghazal Vahidi wrote this chapter in consultation with Dilpreet S.
Bajwa, Jamileh Shojaeiarani, and Nicole M. Stark. Dilpreet S. Bajwa also served as proofreader
and supervised findings of this work. Ghazal Vahidi was the primary developer of the conclusions
that are advanced here. Ghazal Vahidi also drafted and revised all versions of this chapter.
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Figure 4.1. FTIR spectra of PEO modified ZnO-coated CNCs in HDPE matrix in the absorbance
mode.

4.1.2. Differential scanning calorimetry (DSC)

Figure 4.2 illustrates the DSC thermograms of virgin HDPE and composites. Glass
transition of HDPE happens in very low temperatures [94] and therefore, there is no sign of glass
transition peak in this thermogram. All the composite samples possessed melting endotherms with
similar melting temperatures same as virgin HDPE, which was around 130°C. This observation
confirmed the presence of single homogeneous phase through the heating process for almost all
the formulations. However, the formulation with the highest concentrations of CNCs, ZnO and
PEO (HDPE-24PEO-3CNCs-3Zn0O) exhibited a 2°C decrease in the melting point. This
observation can be attributed to the increased chain mobility in the HDPE matrix as a result of
chain shortening effect of CNCs-ZnO agglomerations; large clusters of CNCs and ZnO
nanoparticles can as impurities causing the binding and shortening of the polymer chain [95]. A

small melting peak around 65°C was observed in HDPE-4.5PEO-1.5CNCs-1.5 ZnO formulation,
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and pure PEO melting peak is around 65°C as reported in the literature [96, 97]. Therefore, this

peak can be assigned to the presence of PEO in a non-homogenous blend with other components

of the composite in this specific formulation.
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Figure 4.2. Representative DSC curves for PEO treatment during the second heating scan of
composite pellets.

4.1.3. Mechanical properties (Tensile Test)

The effect of CNCs-ZnO loadings on the tensile properties of the nanocomposite are
summarized in Table 4.1. No significant change was observed in mechanical properties of HDPE
composites. Elongation at maximum tensile strength experienced an increase while increasing the
amount of nanofillers. In highest concentration of the CNCs-ZnO-PEO, Elongation at max tensile
strength was 30% higher than the virgin polymer. This could be assigned to the plasticity of PEO
more than the role of nanofillers [98]. Moreover, there was no change in Young’s modulus and

maximum tensile strength values compared to the original polymers.
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Table 4.1. Tensile properties of composite samples in PEO treatment.
Material formulation Young's modulus Maximum tensile Elongation at max
(MPa) strength (MPa) tensile strength (%)
HDPE 537+36° 2242.3° 12+1.00°
HDPE-PEO-0.75CNCs-0.75Zn0O | 559+53° 22+1.3% 14.6+0.55°
HDPE-PEO-1.5CNCs-1.5ZnO 527+28° 22+1.5% 15.1+0.35°
HDPE-PEO-3CNCs-3ZnO 531+44° 24+1.3% 15.4+0.60°

*Same superscript letters within the same column are not significantly different.
4.1.4. Dynamic mechanical analysis (DMA)

The storage and loss moduli of nanocomposites at elevated temperatures was evaluated
through DMA test in compared to the virgin HDPE. Figure 4.3 and Figure 4.4 show the plots of
storage and loss modulus vs temperature for virgin HDPE and the nanocomposites with different
CNCs and ZnO loadings. Nanocomposite formulation possessed higher storage modulus
compared to the virgin HDPE except for HDPE-1.5PEO-0.75CNCs-0.75ZnO formulation with
lowest concentration of the PEO and the nanofillers. Same trend was observed for the loss
modulus. This observation can be contributed to the improved dispersion of nanofillers in high

percentages of PEO [99].
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Figure 4.3. DMA curves for PEO treatment, Storage modulus vs. temperature.
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Figure 4.4. DMA curves for PEO treatment, Loss modulus vs. temperature.
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4.2. Direct feeding with coupling agent method

In this method, MA was used as a coupling agent to enhance the uniform distribution of
CNCs-ZnO nanoparticles in polymer matrix through direct feeding using an extruder.
4.2.1. Fourier transform infrared (FTIR) spectroscopy

The Fourier transform infrared (FTIR) absorption spectra were recorded for the
determination of the new peaks as a sign of chemical bonding between the MA coupling agent
with HDPE and CNCs-ZnO fillers (Figure 4.5). The C=0 peak, specific to PE and MA chemical
bonding, is found in the 1742 cm™! wavenumber, which exists in the all formulations that contain
MA. This observation suggested the successful interactions of HDPE with the coupling agent
[100]; new bands at 1718 cm™ to 1790 cm™! wavenumbers belong to symmetric and asymmetric
stretching of the carbonyl group (C=0) of MA [101]. In MAPE2 formulations spectra, a new peak
at 1100 cm™ was observed which is assigned to C-O bond in ether and alcohol functional groups
or benzoic acid compound; this can be a sign of dibenzoyl peroxide decomposition producing

either ether or benzoic acid groups [102, 103]. The 3350 cm! peak existed in MAPE2 formulations
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is a sign of O-H band between HDPE backbone and peroxide molecule, which initiate the MA
grafting process [104].

The FTIR spectra of the all the formulations with CNCs exhibited a broad band over 3100
to 3500 cm!, which can be attributed to the O-H stretching vibrations. The intensity of the peak
was weaker in the MAPE1 and HDPE-MA compared to the MAPE2 formulation indicating that
MA incorporation into CNCs was stronger in the first two formulations. By contrast, MAPE2
formulations had a peak intensity similar to the neat CNCs [105]. As shown in Figure 4.5, the band
with the 2920 cm™! wavenumber can be contributed to the C-H stretching vibrations existing in
HDPE [106]. Additionally, The peaks with 1250 cm! wavenumber exhibited the bending
vibrations of CH; saccharide structure in CNCs [107].

Finally, the new peak created by the successful grafting of ZnO on CNCs at 810 cm'! is
related to the out of plane deformations of carboxyl groups in CNCs [108], and this new peak was
shifted and weakened compared to the FTIR spectra of the neat CNCs from literature [106, 109,

110].
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Figure 4.5. FTIR spectra of HDPE, MAPE1, MAPE2, PHDPE and their nanocomposites in
absorbance mode.

4.2.2. Fractured surface morphology

The impact-fractured surface of the HDPE-MA, MAPE2, and PHDPE-MA
nanocomposites are illustrated in Figure 4.6, Figure 4.7, and Figure 4.8, respectively. In the HDPE-
MA nanocomposites, the formulations with 3 and 5 wt% nanofillers in powder form exhibited a
rough surface with irregular patterns, indicating a higher toughness energy required for the
fracture. On the other hand, in the formulations with 3 and 5 wt% nanofillers in film form, the
fractured surface was laminated and smoother, suggesting a more brittle nature [111]. Meanwhile,
the presence of CNCs-ZnO aggregates was more predominant in the film formulations, as one can
see white chunks with some cavities around them, indicating relatively poor interactions between
the HDPE and nanofillers in film form (Figure 4.6) [109]. Compared to HDPE-MA formulations,

the occurrence of CNCs-ZnO aggregates in the MAPE2 nanocomposites were more prevalent in
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both powder and film forms, as depicted in Figure 4.7. Generally, formulations with nanofillers in
film form had more CNCs-ZnO clusters compared to the formulations with nanofillers in powder
form. It is worth noting that the fractured surface in MAPE2 formulations was rougher and had
more irregular patterns compared to the other formulations, suggesting a more ductile and less stiff
nature.

As shown in Figure 4.8, there is relatively fewer traces of CNCs-ZnO aggregations in
PHDPE, which can be attributed to the better dispersion of powder nanofillers in the powder HDPE
matrix. Furthermore, the presence of the ZnO white layer surrounding the CNCs in the
formulations with nanofillers in film form demonstrated that ZnO successfully coated the surface

of the CNCs.
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Flgure 4.6. SEM mlcrographs of HDPE MA nanocomp051tes 1) HDPE MA-3CNCs-3ZnO-P, 2)
HDPE-MA-3CNCs-3ZnO-F, 3) HDPE-MA-5CNCs-5ZnO-P, 4) HDPE-MA-5CNCs-5ZnO-F at three
magnifications a) 90X, b) 300X, ¢) 1000X
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Figure 4.8. SEM micrographs of PHDPE-MA nanocomposites 1) PHDPE-MA-3CNCs-3ZnO-P, 2)
PHDPE-MA-5CNCs-3ZnO-P at three magnifications a) 90X, b) 300X, ¢) 1000X
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4.2.3. Melt flow index (MFI)

Melt flow index (MF]I) is an indicator of the ease of flow for polymeric materials and is
related to the molecular weight. Application of MA as a coupling agent in HDPE caused a 10%
decline in MFI compared to the virgin polymer as represented in Figure 4.9. Since MA has a
conjugated structure with a carbon double bond (C=C) and two carboxylate groups, which means
it can be grafted onto the polyolefins’ backbone while slightly increasing the degree of crosslinking
for the polymer [112]. Cross-linking phenomena increases the molecular weight of the polymers,
and this can result in a decrease in ability to flow [113]. Moreover, when an initiator is added to
the coupling agent, the degree of reactivity of the C=C bond and the polymer increases
significantly, which results in an even more cross-linked structure for the polymer [114]. A 35%
decline in MFI of MAPE2 compared to HDPE-MA was observed, most likely due to this highly

cross-linked structure.
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Figure 4.9. Comparison of the melt flow index of virgin HDPE vs. HDPE-MA and MAPE2.
Addition of MA increased viscosity and adding initiator increased it even further.

A slight increase in MFI was recorded after adding CNCs and ZnO nanofillers to both
HDPE-MA and P-HDPE polymers (Figure 4.10 and Figure 4.11). This could be a result of
increased fiber-matrix interaction, which can be accomplished via a more uniform dispersion of
nanofillers in the polymer. In contrast, fiber-fiber interactions decrease the fluidity of the
composite samples while increasing the viscosity and flow resistance [115]. Because these two

factors work against one another, increment in MFI was relatively smooth.
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Figure 4.10. Comparison of the melt flow index of HDPE-MA vs. different nanofiller loadings.
Addition of nanofillers decreased viscosity.
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Figure 4.11. Comparison of the melt flow index of PHDPE vs. different nanofiller loadings.
Addition of nanofillers decreased viscosity.

Incorporation of the nanofillers in MAPE2 composite samples resulted in 30% increase in
MFI compared to MAPE2 polymer (Figure 4.12). This result can be an indicator of a chain scission
reaction after adding the nanofillers in the highly cross-linked polymer more than fiber matrix
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interactions. Chain scission reaction happens in polymers as a result of the oxygen attacking the
polymer chain and abstracting a hydrogen atom from HDPE backbone. This will lead to a decrease
in the molecular weight of the HDPE and formation of the carbonyl end groups [116-118]. Melt
extrusion of the HDPE formulations will initiate the chain breakage. The addition of nanofillers
will further impact the chain scission and increase the flowability. Furthermore, presence of the
initiator in MAPE2 formulations assisted the oxidation during the MFI test, resulting an increase
in the chain scission and subsequently, a decrease in viscosity [119]. This phenomena was more
predominant in these formulations and overpowered the fiber-fiber interactions that usually
increase the viscosity [120].

7

6

MFI (g/10 min)
N w IS (9]

—

MAPE2 (HDPE+MA-+initiator) MAPE2+3CNCs-3ZnO (F&P) MAPE2+5CNCs-5ZnO (F&P)

Figure 4.12. Comparison of the melt flow index of MAPE2 vs. different nanofiller loadings.
Addition of nanofillers increased MFI.

P: Powder of CNCs and ZnO separately, F: Films of ZnO coated CNCs
4.2.4. Mechanical properties (Tensile test)

The mechanical properties of the samples were evaluated through tensile test and the results
are summarized in Table 4.2. HDPE-MA composites showed relatively constant values for all

three mechanical properties (Young’s modulus, maximum tensile strength, and elongation at
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maximum tensile strength) compared to the virgin polymer. Same trend was also observed in
PHDPE-MA composites.

As a benchmark, mechanical properties of MAPE1 and MAPE2 were evaluated against the
virgin HDPE. Results showed no significant changes in the maximum tensile strength and the
elongation at maximum tensile strength, indicating that any changes in these properties of the
composites can be assigned to the role of nanofillers. However, Young’s moduli of MAPE2 and
MAPEI1 were higher than the virgin polymer. This can be assigned to the crosslinking effect of
MA, which resulted in a higher chain entanglement density and a stiffer network structure [121].

In formulations where MAPE was used as the polymer instead of direct feeding of HDPE
with MA and nanofillers, a considerable increase was noted in elongation at maximum tensile
strength and tensile strength with increasing the amount of fillers. This increase was up to 33% for
maximum tensile strength and up to 22.5%, for percentage of the strain at maximum tensile
strength. Several studies have suggested that agglomerations of the nanosized impurities in a neat
polymer can increase its mechanical strength by binding between the polymer chains [122-124].
In MAPE formulations, poorly dispersed nanofillers in the polymer matrix may act as a cluster of
impurities and result in an increase in maximum tensile strength. Meanwhile, for MAPE2
formulations Young’s modulus showed a decline up to 20%. This result could be attributed to the
poor interactions between the nanofillers and the matrix, considering the fact that MAPE2 polymer
exhibited a higher young modulus than the virgin HDPE [125, 126]. The decline in the values for
nanocomposites suggested the polymer chain scission reaction and weak interfacial bonding
between the nanofillers and the matrix.

These observations were confirmed in following paragraphs with DMA test results where

addition of the nanofillers in MAPE2 matrix have caused a reduction in the stiffness of the
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composite samples. Generally, samples with lower stiffness have higher toughness energy and
higher percentage of the strain [127, 128].

Table 4.2. Tensile properties of composite samples and polymers in direct feeding method.

Formulation Maximum tensile | Young's modulus | Elongation at max
ormuiations stress (MPa) (MPa) tensile strength (%)
Virgin HDPE 2242.3° 537+36° 12+1.0°
MAPE1 18+1.3* 570£15% 13+0.6
MAPE2 19+0.8* 585+10° 14+0.9°
Virgin PHDPE 16+0.5° 437+£26° 11+0.9¢
HDPE-MA-3CNCs-3ZnO-P 2142.6° 568+47° 13+1.0°
HDPE-MA-5CNCs-5ZnO-P 20£1.5° 572+50° 13+0.3°
HDPE-MA-3CNCs-3ZnO-F 19+1.7° 575+31° 13+£2.0°
HDPE-MA-5CNCs-5ZnO-F 2142.0° 571455° 12+0.6°
MAPE1-1.5CNCs-1.5ZnO-P 24+0.8° 434+54° 15+0.7¢
MAPE1-3CNCs-3ZnO-P 24£1.7° 460+42° 15+0.7¢
MAPE1-5CNCs-5ZnO-P 25+1.0° 521439° 14+0.7°
MAPE1-1.5CNCs-1.5ZnO-F 26+1.1° 431+70° 16+1.4°
MAPE1-3CNCs-3ZnO-F 25£1.0° 513+24° 15£1.0%®
MAPE1-5CNCs-5ZnO-F 2342.0° 509+27° 13+0.5°
MAPE2-1.5CNCs-1.5ZnO-P 19£1.6 383+55¢ 14+0.7°
MAPE2-3CNCs-3ZnO-P 17+£1.5® 46662 13+£1.0°
MAPE2-5CNCs-5ZnO-P 18£1.0° 45150 15£1.2¢
MAPE2-1.5CNCs-1.5ZnO-F 25+0.2° 438+55" 16+0.7°
MAPE2-3CNCs-3ZnO-F 25+0.5° 503+48° 1540.2°
MAPE2-5CNCs-5ZnO-F 27+0.9° 559+18° 1540.3¢
PHDPE-MA-3CNCs-3ZnO-P 17+0.37° 442+22° 12+0.7¢
PHDPE-MA-5CNCs-3ZnO-P 17+0.5¢ 486+24 13+0.4%

*Same superscript letters within the same column are not significantly different.
4.2.5. Dynamic mechanical analysis (DMA)

The DMA test studies the viscoelastic properties of the nanocomposite samples subjected
to a periodic loading in various temperature ranges. Interactions between the nanofillers and
polymer chains can result in a different viscoelastic behavior compared to the virgin polymer. The
storage modulus of the polymer is associated with its elastic behaviors (Young’s modulus), while
the loss modulus is related to the viscous behaviors of the polymer and the energy dissipated
because of the chain mobility. Tan § is the ratio of the loss modulus to the storage modulus and

represents the contribution of either of those behaviors in the viscoelastic materials [129]. For
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comparison, the storage modulus of all samples at two different temperatures, loss modulus at
50°C, and tan J peak intensity are shown in Table 4.3.

Table 4.3. Dynamic mechanical properties of HDPE and nanocomposites obtained from DMA.

Loss
Formulations Storage modulus (MPa) modulus Tan ) peak

(MPa) intensity

50 (°C) 100 (°C) 50 (°C)

Virgin HDPE 759 178 118 0.32
MAPE2 778 220 122 0.32
Virgin PHDPE 590 150 100 0.27
HDPE-MA-3CNCs-3ZnO-P 791 228 130 0.28
HDPE-MA-5CNCs-5ZnO-P 771 223 140 0.29
HDPE-MA-3CNCs-3ZnO-F 866 248 126 0.30
HDPE-MA-5CNCs-5ZnO-F 860 210 140 0.32
MAPE2-3CNCs-3ZnO-P 766 228 100 0.29
MAPE2-5CNCs-5ZnO-P 794 247 115 0.31
MAPE2-3CNCs-3ZnO-F 650 184 113 0.31
MAPE2-5CNCs-5ZnO-F 717 211 125 0.32
PHDPE-MA-3CNCs-3ZnO-P | 526 130 90 0.29
PHDPE-MA-5CNCs-3ZnO-P | 549 139 92 0.29

Figure 4.13 illustrates that storage modulus of the HDPE-MA formulations were higher
compared to the virgin HDPE. This trend was consistent even at high temperatures. This can be
attributed to the enhanced interactions and modified stress and load transfers between fibers and
matrix and reinforcing effect of the CNCs [93, 130]. As the percentage of nanofillers increased,
the moduli started to decrease as a result of weaker interactions and agglomerations of the CNCs-
ZnO in HDPE [131]. The small decline in tan 6 values as increasing the concentration of nanofillers
was most likely due to the increased interactions between the polymer chains and CNCs-ZnO,

promoting some restrictions in the amorphous chains’ mobility [132].
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Figure 4.13. Representative storage modulus vs. temperature curves for HDPE-MA and
nanocomposites.

As shown in Figure 4.14, the incorporation of nanofillers in MAPE2 slightly reduced the
values of the storage modulus compared to the neat MAPE2, especially for the formulations that
CNCs-ZnO wused as film. This was an indicator of the decrease in the stiffness of the
nanocomposites. It also correlates with the results obtained from tensile testing, where a small
decrease in Young’s modulus was observed in the same formulations. A slight reduction in peak
intensity indicates the immobilization of polymer chains in the presence of the nanofillers and
reduced dissipation energy. It is worth mentioning that a higher storage modulus of MAPE2
compared to neat HDPE could be contributed to the chain mobility restrictions of the polymer due

to the interactions with MA molecule [133].

58



= MAPE2
1000 MAPE2-3CNCs-3ZnO-F
= == MAPE2-3CNCs-3ZnO-P
MAPE2-5CNCs-5ZnO-F
—— MAPE2-5CNCs-5ZnO-P

Storage Modulus (MPa)
N
S
(=

400
200
0
40 50 60 70 80 90 100 110
Temperature (°C)
Figure 4.14. Representative storage modulus vs. temperature curves for MAPE2 and
nanocomposites.

In the case of PHDPE-MA nanocomposites (Figure 4.15), a slight decrease in the storage
modulus and increase in tan 6 was observed compared to the virgin PHDPE. This observation
suggests weaker interactions between nanofillers and polymer, and also more energy dissipation
potential because of the higher tan d in nanocomposite samples.

It is noticeable that the DMA test results are generally in good correlation with the tensile
testing results. Formulations with higher storage modulus exhibited higher Young’s modulus in
the tensile test, indicating stronger fiber and matrix interactions. Having the correlation between

both the mechanical test results proved the uniformity of the samples within a formulation.
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Figure 4.15. Representative storage modulus vs. temperature curves for PHDPE-MA and
nanocomposites.

4.2.6. Rheological properties

The dynamic oscillatory shear measurements were carried out at 180°C to study the
rheological properties and dynamic shearing response of the HDPE-MA, MAPE2, PHDPE-MA,
and their different formulations of the nanocomposites. Representative complex viscosity (n*)
curves for different formulations are shown in Figure 4.16. The addition of nanofillers into HDPE
increased the complex viscosity, indicating a higher melt strength in the nanocomposites compared
to the virgin polymer. This behavior can be attributed to both the interactions between the matrix
and nanofillers and also the formation of the network-like structures, which is most likely due to
the MA cross-linking effect [134]; a network structure shows greater resistance to the applied
stress. At higher concentrations of nanofillers, overall higher values for the complex viscosity was
observed. The presence of nanofillers and their increased interactions with the matrix restricted

the polymer chains’ mobility in the molten state, and this in turn resulted in higher viscosity for

the nanocomposite compared to the virgin polymer [135].
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It’s worth mentioning that the polymer chain structure significantly governs the rheological
properties and melt strength of the polymers. By increasing the operating frequency, n* values
started to decline for all the formulations submitting a non-Newtonian behavior that is called shear
thinning effect in molten state [136]. A similar trend was observed for complex viscosity of the
PHDPE-MA nanocomposites; frequency dependent n* values represented an increase in higher
nanofillers loading signifying an improved fiber-matrix interaction. Conversely, the addition of
ZnO-CNCs into MAPE2 decreased the complex viscosity values. This behavior can be ascribed
to the poor fiber-matrix interactions in these formulations. Highly cross-linked structure of
MAPE?2 exhibited a higher viscosity compared to the formulations with the nanofillers, which
addition of the nanofillers caused a chain scission reaction in the matrix and decreased the viscosity
[137]. The short polymer chains produced during the chain scission reaction are more mobile and
therefore, they can flow more easily [119]. It is concluded that the presence of the peroxide in
these formulations caused oxidation and degradation of the CNCs and subsequently, the chain

scission of the HDPE.
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Figure 4.16. Complex viscosity for a) HDPE-MA and nanocomposites b) MAPE2 and
nanocomposites ¢) Powder HDPE and nanocomposites.

Rheological behaviors of HDPE and its different formulations was also studied through
shear moduli as a function of angular frequency at 180°C. Figure 4.17 depicts storage and loss

modulus values for HDPE-MA compared to its nanocomposites. Both storage and loss modulus
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exhibited an improvement upon addition of nanofillers to the virgin HDPE, suggesting the
formation of relatively good interactions between the matrix and the nanofillers and resulting stress
transfers from matrix to the fibers. At higher nanofiller loadings, higher storage and loss modulus
were observed, most likely due to the enhancements in chain entanglements of the polymers [120].

On the contrary, addition of the nanofillers in MAPE2 polymer resulted in a reduction in
both storage and loss moduli (Figure 4.18). This observation could be attributed to the fewer
interactions between the nanofibers and the matrix in these formulations and lower viscosity as
expected from the previous results. These formulations showed the similar pattern in DMA and
tensile test as they were not as stiff as virgin MAPE2 and had lower Young’s modulus.

Both storage and loss moduli increased in PHDPE-MA formulations with addition of the
nanofillers (Figure 4.19), indicating the stronger interactions. Similar to HDPE-MA formulations,
highest value for storage and loss modulus happened in the highest concentrations of the CNCs-
Zn0, submitting the improved load transfer between the matrix and nanofibers.

An increasing trend was observed for storage and loss moduli by increasing the angular
frequency for all three types of the formulations; this was due to the fact that at lower frequencies,
entangled chains can relax over a larger period of time resulting in lower moduli. On the other
hand, entangled chains don’t have enough time to relax back at higher frequencies, and this would
result in an increase in the moduli [ 138]. Furthermore, general values for loss modulus was higher
than storage modulus for all formulations signifying an overall viscous behavior of the polymer

nanocomposites.
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Figure 4.17. a) Storage modulus for HDPE- MA and its nanocomposites b) Loss modulus for
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64



a] cxxx5d “‘62
10000 xxx""x:xQQ..’ AA‘AA
~ x X
é‘i x x % X s . $ - ¢ ¢ $
g 1000 x* " og88 3
= °%9 x MAPE2
S 100 0 s+ MAPE2-3CNCs-3Zn0O-P
o MAPE2-3CNCs-3ZnO-F
& ® MAPE2-5CNCs-5ZnO-P
a 10 ¢ MAPE2-5CNCs-5ZnO-F
1
0.1 1 10 100
Frequency (Rad.s™)
100000
xxX
10000 XX¥¥E .
& xxxxx§§¥§§§
e xXX2Tge s
£ 1000 7053 o
g x MAPE2
= 100 » MAPE2-3CNCs-3ZnO-P
2 MAPE2-3CNCs-3ZnO-F
3 L + MAPE2-5CNCs-5ZnO-P
+ MAPE2-5CNCs-5ZnO-F
1
0.1 1 10 100

Frequency (Rad.s™!)

Figure 4.18. a) Storage modulus for MAPE2 and its nanocomposites b) Loss modulus for
MAPE2 and its nanocomposites.
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Figure 4.19. a) Storage modulus for PHDPE and its nanocomposites b) Loss modulus for

PHDPE and its nanocomposites.

4.2.7. Thermogravimetric analysis (TGA)

Thermal stability of samples was studied through weight-loss (TGA) and the corresponding

derivative curves (DTG). Thermal properties of the polymer nanocomposites including initial

decomposition temperature (Tonset), peak decomposition (Tpeax),

temperatures (Tendset) are summarized in Table 4.4.
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Considering the weight-loss profiles for virgin HDPE, MAPE1, MAPE2, and PHDPE-MA
nanocomposites, thermal decomposition of all samples was in typical one-step degradation pattern.

The thermal properties of HDPE composites were characterized against control samples.
Virgin HDPE with 3 wt% CNCs, HDPE-MA with 3 wt% CNCs, and HDPE-MA with 3 wt% ZnO
composite formulations were evaluated through TGA. It was observed that HDPE-MA-3 wt%
ZnO formulation had a 10°C increase in Tonset compared to the virgin polymer, and the weight-loss
was around 95.7%. This could be attributed to the heat dissipation and absorption role of ZnO
nanoparticles [11]. The other two control formulations with 3 wt% CNCs experienced a decrease
up to 20°C in Tonset compared to the virgin HDPE. Tendset in HDPE-MA-3wt% CNCs formulation
had an 11°C increase, whereas in virgin HDPE with3 wt% CNCs composite the increase was up
to 5°C. This observation suggested that the presence of MA assisted the dispersion of CNCs in the
HDPE matrix and resulted in a higher thermal stability due to the CNCs char formation and
improving the fire retardancy due to barrier mechanism [10]. Tpeax Was also the highest (10°C
increase) in this formulation compared to all the control samples, confirming the improved
dispersion of the CNCs. Moreover, weight-loss was 96.5 % in HDPE-MA-3CNCs, whereas in
virgin HDPE-3CNCs weight-loss was almost similar to the value for the virgin HDPE.

Overall for nanocomposite formulations, the total mass loss values were lower than the
virgin HDPE. However, in nanocomposites that HDPE and MA were directly used, all thermal
characteristics shifted to higher values, indicating higher thermal stability for nanocomposite
compared to HDPE (Figure 4.20). Tonset and Tengset of the virgin HDPE were 421°C and 495°C,
respectively. Tonset and Tendset 0f the neat CNCs are 253°C and 302°C, respectively, as it has been
shown by Shojaeiarani et al [24]. However, in HDPE-MA composites, Tonset and Tendset increased

up to 20°C and 30°C for the formulation with 3 wt% CNCs and 3 wt% ZnO in powder form. This
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is related to the uniform distribution of nanofillers in the polymer, which boosted thermal stability
of composites in this group of formulations [139], especially in the lower percentages of
nanofillers.

Nano ZnO particles absorb the heat transmitted from the surroundings and reduce the
thermal impact on the polymers [14]. In the meantime, charring effect of the CNCs protect the
polymer from combustion by creating a barrier char layer [19]. The synergetic effect of CNCs and
ZnO in the HDPE matrix boosted their flame retardancy mechanism and resulted in higher thermal
stability for the nanocomposites compared to both virgin polymer and neat CNCs. Another
important observation in these formulations was a 15°C increase in the Tpeak compared to the virgin
polymer in the formulation with 5wt% CNCs and 5wt% ZnO in powder form. Minimum weight-
loss happened in the highest concentration of nanofillers because of the increased char residue,
which inhibits the inner layer degradation.

Same trend was observed in PHDPE-MA nanocomposites; composite samples showed a
significant increase in thermal properties by increasing the percentage of the nanofillers, indicating
the uniform dispersion of CNCs and ZnO in HDPE matrix (Figure 4.23). Tonset Was modified by
50°C and Tendset had a shift of 30°C compared to the virgin polymer. Moreover, maximum weight-
loss happened at 485°C for virgin PHDPE, whereas in composites with 5 % loading of CNCs-ZnO
maximum weight-loss was in 497°C.

In MAPE1 and MAPE2 composites, generally both Tonset and Tendset €xperienced a
decrease. This observation can be an indicator of poor interfacial bonding between the nano fillers
and the matrix [140] (Figure 4.21and Figure 4.22). HDPE polymer in these formulations was pre-
extruded to manufacture MAPE1 and MAPE2; this induced thermal history could result in polymer

chains degradation and lower the thermal stability in terms of Tonsetand Tendaset. Moreover, presence
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of 0.5 wt% dibenzoyl peroxide (initiator) in MAPE2 composites caused oxidization and
degradation of the CNCs and ZnO and negated their flame retardancy effect. Weight-loss
decreased in some of the formulations in higher loadings of CNCs, indicating the charring effect
of nanofillers.

Table 4.4. Thermal properties of HDPE, PHDPE, and their nanocomposites.

Formulations Tonset (OC) Tendset (OC) Tpeak ( C) ;ZISGSI%EZS
Virgin HDPE 421.2 494.6 485.4 99.8
Virgin PHDPE 417.5 494.9 485.0 99.0
Virgin HDPE-3CNCs 401.2 502.2 490.1 99.3
HDPE-MA-3CNCs 400.7 510.3 496.0 96.5
HDPE-MA-3ZnO 430.2 501.5 487.5 95.7
MAPE2-1.5CNCs-1.5ZnO-P | 404.3 458.0 442.5 98.7
MAPE2-3CNCs-3ZnO-P 416.2 466.3 445.1 95.8
MAPE2-5CNCs-5ZnO-P 415.0 461.3 444.6 94.7
MAPE2-1.5CNCs-1.5ZnO-F | 410.9 461.7 444.0 98.8
MAPE2-3CNCs-3ZnO-F 406.2 460.1 443.0 98.8
MAPE2-5CNCs-5ZnO-F 407.1 464.2 444.5 97.7
MAPEI-1.5CNCs-1.5ZnO-P | 422.5 466.5 441.0 99.1
MAPE1-3CNCs-3ZnO-P 404.3 458.9 442.4 97.1
MAPEI-5CNCs-5ZnO-P 403.7 457.5 444.5 93.5
MAPEI-1.5CNCs-1.5ZnO-F | 406.2 460.2 443.0 99.3
MAPE1-3CNCs-3ZnO-F 405.4 458.1 440.6 98.7
MAPE1-5CNCs-5ZnO-F 404.5 462.4 442.4 97.5
HDPE-MA-3CNCs-3ZnO-P 440.6 5124 492.3 97.9
HDPE-MA-5CNCs-5ZnO-P 400.2 499.6 500.0 94.6
HDPE-MA-3CNCs-3ZnO-F 430.0 527.3 475.2 98.8
HDPE-MA-5CNCs-5ZnO-F 427.2 510.2 496.9 94.2
PHDPE-MA-3CNCs-3ZnO-P | 466.9 514.7 486.8 94.0
PHDPE-MA-5CNCs-3ZnO-P | 447.2 527.4 497.2 91.0
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Figure 4.20. TGA and DTG curves for HDPE-MA composites.
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4.2.8. Horizontal burn test
Horizontal burn test was conducted on the samples based on the ASTM D-635 standard.
HDPE-MA composites with higher thermal stability in the TGA test displayed a relatively better

performance in the fire test as shown in the following (Table 4.5 to Table 4.8). Weight-loss of the
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HDPE-MA composites with 3wt% CNCs and 3 wt% ZnO in powder form decreased up to 34%
compared to the virgin HDPE, which represents more thermal durability under combustion. Flame
retardancy mechanism of CNCs and ZnO is the condensed phase char formation; the barrier
charcoal layer inhibits the inner layers from burning excessively by diminishing the oxygen supply
[14]. Also, up to 35% reduction was recorded in the flame spread rate (FSR) of the nanocomposite
specimens with 3wt% CNCs-3wt% ZnO and 5wt% CNCs-5wt% ZnO in powder form. Lower FSR
indicates the slower flame propagation throughout the samples and the resultant superior fire
retardancy. This outcome highlighted that the presence of green fire retardants in the polymer
matrix strengthened its fire resistance to a certain degree. Generally, nanofillers in the powder form
showed better fire performance than nanofillers in the film form. This could be attributed to the
improved distribution of the nanofillers in the polymer matrix and the resultant synergistic effect.

PHDPE-MA composites also had a decline up to 23% for both FSR and weight-loss in
nanocomposites with Swt% CNCs-5wt% ZnO compared to the virgin PHDPE. Increase in the
concentration of the nanofillers resulted in improved fire retardancy. This observation could be
assigned to improved interactions between composite component.

In MAPE]1 formulations, a 37% decline in the weight-loss and 26% decline in the FSR was
recorded. Minimum weight-loss happened in the maximum percentage of the CNCs and ZnO
because of their charring effect. Nanocomposites with 3wt% CNCs-3wt% ZnO in film form
exhibited the slowest FSR. Overall, poor dispersion of nanofillers in the HDPE matrix in these
formulations would weaken the fire performance by degrading the CNCs during the processing
steps. CNCs in powder form were believed to be more prone to this degradation compared to the
film ones, and this could be the reason for better performance in film formulations for MAPE2

composites.
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The performance of MAPE2 nanocomposites in the fire test was weaker that the other
formulations. Minimum weight-loss happened in the formulation with 1.5wt% CNCs-1.5wt% ZnO
in powder form. The decline in weight-loss can be attributed to the charring and shielding effect
of the CNCs-ZnO, which were randomly distributed throughout the samples. FSR was decreased
up to 11% in the formulation with 1.5wt% CNCs-1.5wt% ZnO in film form. In these composites,
the oxidation caused by the presence of the peroxide can further reduce the fire performance.

Generally, HDPE-MA nanocomposites showed the best performance in the burn test
among all the formulations. Overall, the dripping of the nanocomposite samples was significantly
lower in volume compared to the virgin polymer, which can be assigned to the decrease in the
weight-loss for composite formulations due to the formation of the barrier char layer. Moreover,
dripping in the virgin polymer was fast and in a continuous manner, whereas dripping was much
slower, non-continues and intermittent in the nanocomposites, especially HDPE-MA formulations.
This physical observation was most likely due to the slower flame propagation rate in these
samples and improved heat absorption as a result of flame retardancy effect of CNCs and ZnO
nanoparticles. Virgin HDPE samples burned showing a blue flame with an orange tip and a
paraffin-like smell. However composite samples containing CNCs and ZnO produced a smoke
with a black soot and a sweet odor. None of the samples showed self-extinguish properties and

they all continued to burn after removing the flame resource.

75



Table 4.5. Fire characteristic of composite samples with HDPE-MA from horizontal burn test.

WL (%) in 1

% change in

% change in

Sample code min WL% FSR (mm/s) FSR
Virgin HDPE 30.00 - 0.35 -
HDPE + 3ZnO 29.00 3.33 0.33 5.71
HDPE + 3CNCs 27.00 10.00 0.35 0.00
HDPE-MA-3CNCs-3ZnO-P | 19.50 35.00 0.23 34.29
HDPE-MA-5CNCs-5ZnO-P | 20.00 33.33 0.23 34.29
HDPE-MA-3CNCs-3ZnO-F | 21.00 30.00 0.27 22.86
HDPE-MA-5CNCs-5ZnO-F | 19.00 35.00 0.25 28.57

WL: weight-loss, FSR: flame spread rate

Table 4.6. Fire characteristic of composite samples with MAPE] from horizontal burn test.

WL (%) in 1

% change in

% change in

Sample code min WL% FSR (mm/s) FSR
MAPE1-1.5CNCs-1.5ZnO-P | 27.00 10.00 0.35 0.00
MAPE1-3CNCs-3ZnO-P 21.00 30.00 0.35 0.00
MAPE1-5CNCs-5ZnO-P 20.00 33.33 0.27 22.86
MAPE1-1.5CNCs-1.5ZnO-F | 21.00 30.00 0.26 25.71
MAPE1-3CNCs-3ZnO-F 25.00 16.67 0.25 28.57
MAPE1-5CNCs-5ZnO-F 19.00 36.67 0.30 14.29

WL: weight-loss, FSR: flame spread rate

Table 4.7. Fire characteristic of composite samples with MAPE2 from horizontal burn test.

WL (%) in 1

% change in

% change in

Sample code min WL% FSR (mm/s) FSR
MAPE2-1.5CNCs-1.5ZnO-P | 18.00 40.00 0.35 0.00
MAPE2-3CNCs-3ZnO-P 20.00 33.33 0.34 2.85
MAPE2-5CNCs-5ZnO-P 21.00 30.00 0.34 2.85
MAPE2-1.5CNCs-1.5ZnO-F | 20.00 33.33 0.31 11.42
MAPE2-3CNCs-3ZnO-F 22.00 26.67 0.35 0.00
MAPE2-5CNCs-5ZnO-F 23.00 23.33 0.34 2.85

WL: weight-loss, FSR: flame spread rate

Table 4.8. Fire characteristic of composite sam

ples with PHDPE-MA from horizontal burn test.

WL (%) in 1

% change in

% change in

Sample code min WL% FSR (mm/s) FSR
Virgin PHDPE 30.00 - 0.39 -
PHDPE-MA-3CNCs-3ZnO-P | 24.00 20.00 0.32 17.95
PHDPE-MA-5CNCs-5ZnO-P | 23.00 23.33 0.30 23.07

WL: weight-loss, FSR: flame spread rate
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CHAPTER 5. CONCLUSION AND FUTURE WORK

Designing a safe fire retardant system to prevent commodity polymers from combustion or
at least lower their burning rate has been a field of interest recently. HDPE is one of the most
popular commodity polymers because of its low cost, good mechanical behaviors, low
permeability, and many other advantages. However, its low stability in high temperatures and
susceptibility to combustion have limited its applications. This research has focused on developing
an environmentally friendly fire retardant system for HDPE using scalable manufacturing
techniques. In this study, HDPE composites were prepared by blending the cellulose nanocrystals
and ZnO nanoparticles with HDPE using two different methods. PEO was used in the first method
as a dispersion agent to enhance the interfacial bonding between the composite components.
Unfortunately, PEO treatment did not improve the mechanical and physical properties since
CNCs-ZnO nanofillers were not dispersed uniformly in the polymer matrix.

In the second method, MA was employed as a coupling agent to increase the uniform
dispersion of nanofillers in the polymer matrix. HDPE-MA with different loadings of CNCs-ZnO
showed a good mechanical performance, which was consistent or even better than the virgin
HDPE. A relatively same trend was observed for PHDPE-MA nanocomposites. On the other hand,
MAPEI and MAPE2 caused a slight decrease in Young’s modulus and did not perform as well as
HDPE-MA formulations. HDPE-MA nanocomposites showed superior thermal properties
compared to the virgin polymer. The fire spread rate of these HDPE-MA formulations was much
slower that the virgin HDPE. PHDPE nanocomposites followed similar trends in terms of both
thermal and fire performances. On the other hand, MAPE1 and MAPE2 exhibited lower thermal

stability and relatively similar fire performance compared to the virgin polymer.
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In addition to the tests conducted in this thesis, there are other tests that could be done to
evaluate the fire performance of the nanocomposites, such as cone calorimetry test. Lu et al.
reported the fire retardancy performance of HDPE composites in terms of peak and total heat
release rate, using cone calorimetry [141]. To validate the fire test results in this research, cone
calorimetry test is being conducted by U.S. Forest Products Lab, Madison WI. Moreover, studying
the polymer molecular properties used in the nanocomposites may lead to a deeper understanding
of their behaviors in the MFI, Rheology, and DMA tests [120].

Furthermore, there are some interesting works in the literature on the effect of other metal
oxides instead of ZnO, such as Al(OH)s and boron on HDPE fire retardancy [142-144]. These
metal oxides are reported to be also effective in augmenting the fire performance of HDPE
composites especially in combination with other fire retardant systems. Bio-based fire retardants
such as nanoclays, phloroglucinol, chitosan, DNA, proteins, and lignin can build a synergistic
effect with CNCs and further enhance their shielding effect of char formation, as it has been
reported by Costes et al. [10]. There are other methods of grafting MA on the HDPE backbone
that can be used as an alternative, such as ball-milling, which have been proven to yield high
grafting degrees [145]. Ball-milling process yields a fine powder and is considered to be an
efficient mixing process in solid phase at low temperature; this in turn would improve the coupling
effect of MA between HDPE and CNCs. Moreover, using a lower amount of peroxide (0.2 wt%
or less) as an initiator in MAPE nanocomposites may inhibit the oxidation and degradation of the
CNCs and subsequently, result in higher thermal stability.

Although these tests and materials may yield additional insights, this thesis has shown that,
overall, HDPE-MA and PHDPE-MA nanocomposites likely have shown better thermal stability

with a similar or better mechanical performance as the virgin HDPE. The proposed composite
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fabrication method was fast, safe, and cost-effective with a minimum use of chemicals, and

therefore could be scalable for commercial production.
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