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Abstract

Cellulose nanocrystal (CNC), a nano-scale structure with unique properties such as high
crystallinity, Young’s modulus, and strength, is dominantly extracted from lignocellulosic
materials and primarily dispersed in aqueous suspension, which cannot meet the requirement of
large-scale industrial production of CNC-based composites manufactured by melt compounding
process. This research aims to use CNC after spray-drying (SDCNC) to develop high-performance
homopolymer polypropylene (HPP) composites with a thermal compounding process. Two
specific objectives are to: 1) develop composites with different loading levels of SDCNC particles
(5, 10, 15, 20, 30, 40, and 50 wt.%) and characterize the effect of various loadings of SDCNC on
composite properties to identify the percolation threshold of SDCNC particles in the matrix and 2)
understand the effect of the compatibilizer of maleic anhydride polypropylene (MAPP) at 3, 5 and
7 wt.% on composite mechanical and thermal properties near the SDCNC percolation threshold.

The SDCNC particle reinforced HPP composites (CNC/HPP) with different SDCNC
loading levels were prepared through a masterbatch concept. The mechanical behaviors, including
tensile, flexural, and impact properties, as well as morphological and thermal properties of the
composites, were investigated. Compared to the neat HPP, the tensile and flexural moduli of
elasticity (MOE) of the composites significantly increased with increasing SDCNC loading levels.

The impact strength of CNC/HPP composites was significantly improved due to the establishment
i



of mechanical interlocking networks between the SDCNC particles and the HPP matrix. The
SDCNC percolation threshold in the HPP matrix was identified between 30 — 40 wt.%. The
crystallization behaviors of HPP in the CNC/HPP composites were also changed with the presence
of the SDCNC particles due to their nucleation function. The crystallization peak temperatures
increased with the increasing loadings of SDCNC particles at 20 and 30 wt.%. They remained
constant when the SDCNC particle loading levels (40 and 50 wt.%) were higher than the
percolation threshold because the nucleation function of the SDCNC particles saturated at the
percolation threshold.

The effect of MAPP on the mechanical and thermal behaviors of the SDCNC particle
reinforced HPP composites near the SDCNC percolation threshold was assessed. The introduction
of MAPP significantly enhanced the mechanical properties of the composites due to the improved
interfacial adhesion between the particles and the matrix. The crystallization behaviors of HPP
were also altered in the CNC/MAPP/HPP composites compared to the CNC/HPP composites due
to the coverage of the SDCNC particle surface with MAPP through a chemical reaction. In addition,
adding MAPP in the composites with an SDCNC loading level higher than the percolation

threshold may change the dispersion and distribution of the particles in the matrix.
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Chapter 1 Introduction

1.1 Cellulose Nanocrystals

Cellulose, one of the basic structural components in wood, is the most abundant natural
polymer with about 10'°-10! tons of total annual production. ! It is the main component in the
wood and plants' cell wall and provides their strength and rigidity. The chemical structure of
cellulose is shown in Figure 1-1A. It has a long linear chain structure comprised of D-
anhydroglucopyranose units (AGU), which are covalently linked to each other by B-1,4-glycosidic
bonds. 2 The degree of polymerization (DP) of cellulose (the number of repeating cellobiose units
in the molecular chain) is usually used to represent the chain length, which is different in the range
from several hundred to many thousands for various species and different treatments of cellulose
materials. * In general, the DP can be as high as 10,000 in wood cellulose and 15,000 in native
cotton plant cellulose. After acid treatment and hydrolysis processes, the DP value is decreased to
several hundred because of the decomposition or degradation of cellulose. 3

There are three hydroxy (OH) groups per AGU placed at C-2 (secondary), C-3 (secondary),
and C-6 (primary) positions. In addition, the order of the reactive ability of the three OH groups in

each AGU is C6-OH, C2-OH, C3-OH from strong to weak. *® These abundant OH groups located



on cellulose structural surfaces make cellulose have broad chemical reaction and modification

capacities.

(A)

non-reducing end f-glucopyranoside

i OH--
HO Q=

Cellobiose unit

Figure 1-1 (A) Chemical structure of cellulose. ® (B) Intra- and intermolecular hydrogen bonding
networks of cellulose. ®

As shown in Figure 1-1B, the AGUs in cellulose can form intramolecular hydrogen bonds
with the adjacent AGUs in the same molecular chain. Simultaneously, intermolecular hydrogen
bonds can also be developed with the neighboring chains, establishing extensive hydrogen bonding
networks. ® The intramolecular hydrogen bonds impart the stiffness of cellulose chain and the
intermolecular hydrogen bonds provide the ability for cellulose to form a sheet structure. The linear
and organized system of cellulose and the high-density OH groups are responsible for developing
the high crystalline structure, which plays an essential role in the mechanical properties of cellulose
fiber.

The recent advancement of nanotechnology has developed many novel applications for
cellulose nanomaterials — nanocellulose. "% Nanocellulose produced by mechanical or chemical

treatments of conventional cellulose fiber is a nature cellulose fiber in nano-scale with at least one



dimension in less than 100 nanometers. ® Many sources have been explored to manufacture
nanocellulose: wood, 1112 agricultural by-product, 31* and animals, *° bacterial. * Nanocellulose
has unique properties, such as abundance in nature, biodegradable, high strength, high stiffness,
high surface area, etc.. 1718

In general, nanocellulose can be classified into three different categories: cellulose
nanocrystal (CNC), cellulose nanofibril (CNF), and bacterial cellulose (BC). CNC, also defined as
nanocellulose whisker, 1° is a needlelike or rode-like, highly crystalline, short structural material
with a typical particle size ranging from about 4-70 nm in diameter and 100-500 nm in length. %
It is extracted by acid hydrolysis of cellulosic materials. CNF, different from CNC in structure, is
a long thread-like bundle of molecules. The diameters of CNF are in the range 3 - 100 nm, but the
length is difficult to be determined because of the complex entanglement and the extended network
of flexible fibers. 2 CNF consists of crystalline structures and a relatively large portion of
amorphous regions when compared with CNC. It is extracted by mechanical disintegration. 2* BC
is nearly pure cellulose because of the absence of lignin, hemicellulose, and extractives. It has a
finer network structure, resulting in higher mechanical properties than plant-based cellulose fibers.
BC can be synthesized into nano-sized fibrils by a genus of bacteria Gluconacetobacter xylinum
Aceto using glucose as a substrate. 22

In this project, our research focuses on CNC. CNC is commonly isolated from cellulosic
fiber materials by the liberation of crystalline regions when treated by acid hydrolysis. 24 Acid

penetrates the amorphous regions of cellulose fiber, and chemical reaction begins with the
3



cleavage of chemical bonds between polysaccharides on the surface of the fibril. The glycosidic
bonds that are more easily accessible are hydrolyzed. The amorphous regions are to be removed
and disintegrated because they are more readily hydrolyzed under the acid treatment compared
with the crystalline regions. Consequently, needlelike cellulose sections with high crystalline
structures are generated. 242

CNC is a biodegradable natural material with many unique properties, including nano-scale
particle size, low density, high specific surface area, high aspect ratio, outstanding mechanical
properties, and numerous surface hydroxyl groups. 2® The excellent mechanical properties,
especially the high Young’s modulus, attract intensive research effort in developing high-
performance composites. 2’ The values of Young’s modulus of native crystalline cellulose, which
have been evaluated both theoretically and experimentally, are in the range of 56-220 GPa with an
average of 130 GPa. In addition, the tensile strength of CNC can reach up to 10 GPa. Tashiro and
co-workers calculated the three-dimensional elastic constants, Young’s modulus, for cellulose
crystalline in native form, and the theoretical value along the chain axis was evaluated to 167.5
GPa. 28 Recently, Quesada et al. reported the modulus value is about 200-350 GPa for native
cellulose’s crystalline section by using a high pressure X-ray diffraction and Raman spectroscopy
techniques, respectively. 2° This distinct feature of high stiffness and strength makes CNC an ideal

candidate for reinforcing thermoplastic composites.



1.2 The Application of Cellulose Nanocrystal in Thermoplastic Composites

The applications of nanocellulose have been developed in many fields, including polymer
composites, 2% biomedical utilization for drug delivery and tissues regenerations, 31*2 automotive,

% and wood-based productions. ** Among these diverse applications,

3 food packaging,
nanocellulose used as a reinforcement in thermoplastic polymer composites has been received
considerable attention. Boldizar et al. first reported the utilization of nanocellulose at different
loadings as a reinforcing agent for hybrid thermoplastic matrices containing polypropylene, high-
density polyethylene and polystyrene. ¢ Recently, several reviews have summarized in detail to
the application of nanocellulose as reinforcements in polymer composites, 17:2327:33,37.38

Herein, CNC used to reinforce thermoplastic polymers will be discussed in depth and in a
wide range. CNC possesses higher reinforcing potential compared with other natural and synthetic
fillers in reinforced polymer composites. The mechanical properties of different reinforcements
commonly used are shown in Table 1-1. 23%#2 It can be seen that CNC possesses higher tensile
strength and Young’s modulus than that of conventional natural fibers and some synthetic fillers,
such as glass fiber. In addition, Young’s modulus of CNC is similar to that of steel wire. However,

the CNC is relatively lighter than steel wire based on the comparison of density, which indicates

that CNC performs better in lightweight materials as a reinforcing filler.



Table 1-1. Mechanical properties of different reinforcement materials.

Material Density Tensile strength Young’s module Elongation at break
(g cm?) (MPa) (GPa) (%)
CNC 1.6 7500-7700 110-220 -
Kenaf 14 223-930 14.5-53 1.5-2.7
Flax 1.4-15 343-2000 27.6-103 1.2-3.3
Jute 1.3-15 320-800 8-78 1-1.8
Sisal 1.33-15 363-700 9-38 2-7
Cotton 1.5-1.6 287-800 5.5-12.6 3-10
Hemp 1.4-15 1270-900 23.5-90 1-3.5
Coir 1.15-1.46 95-230 2.8-6 15-51.5
Bamboo 0.6-1.1 140-800 11-32 2.5-3.7
Kevlar 1.4 3800 124-130 3.6
Steel wire 7.8 4100 210 15
Carbon fiber 1.7 4000 235 1.4-1.8
Glass fiber 2.5 3500 72 2.5-3.4
n;::i”es 1.0 11000-63000 270-950 12

Moreover, CNC also has advantages compared to synthetic fillers regarding environmental

benefits. CNC is isolated from abundant renewable sources while synthetic fillers are commonly

synthesized from limited abiotic sources. CNC can be biodegraded by organisms while synthetic

fillers are persistent and nondegradable. Furthermore, the considerable difference in energy

requirement during manufacturing process between CNC (500-2300 kWht) and other synthetic

nanomaterial, e.g., carbon nanotubes (278,000-250,200,000 kWht) poses an advantageous cost

for CNC (1-5 $ g'*) compared with carbon nanotubes (single wall carbon nanotubes: 80-280 $ g%;

multi wall carbon nanotubes: 8-15$ g*). 3



On the other hand, CNC is a high crystalline structure that imparts a good reinforcing
ability to the particle. The rigid individual CNC particle with a higher degree of crystallinity, which
has a lower amount of amorphous structural defects in the cellulose chain, results in higher thermal
stability and greater mechanical strength. 446 The reinforcing capability of CNC particle is not
only determined by the high crystallinity of the structure, but also by its aspect ratio as shown in
Figure 1-2. 4" Bras et al. found a correlation between the stiffness of CNC film and the aspect ratio
of CNC and indicated that the tensile modulus of the films increased with increasing aspect ratio
of the CNC particles, which was possibly ascribed to the stronger hydrogen bonding interactions
between fillers. *® Besides, CNC with high aspect ratio possesses abundant active hydroxyl groups
on its surface. These hydroxyl groups can make CNC high potential to form a rigid percolating
network in composites by forming strong interfacial adhesion, such as hydrogen bonds and
chemical bonds. The rigid percolating network can further contribute to improve the composites’
mechanical properties. “>° The formation of the percolation network is usually affected by the
homogeneous dispersion of the nanocellulose filler in the matrix. 49°!

It is worthy of note that a dramatic improvement of the mechanical properties of
composites can be achieved by adding a low quantity of CNC particles in thermoplastic matrices.
A detailed summary is shown in Table 1-2. Various composites processing methods, including
solvent casting and melt compounding, have been employed to prepare CNC-based composites. >2
Melt compounding is environmentally friendly, flexible, cost-effective, and compatible with the

industrial process. Because of this, it is broadly accepted in manufacturing thermoplastic
7



composites. >3- The type of thermoplastic polymers that can be utilized as the polymer matrices
in CNC-based composites is restricted because the process temperature in the melt compounding
process should be controlled under around 260 °C where the CNC starts to thermally degrade. °7
PP, with a melting point of 160-166 °C, is appropriate polymer matrix for developing CNC-based
composites fabricated by melt compounding process. It has many benefits, such as light weight
with a density of 0.9 g cm™, good chemical resistance, excellent mechanical and physical
properties, and more flexible processing techniques. °®>° The filled PP composites with the

presence of CNC possessed high mechanical properties compared with neat PP (Table 1-2).



Reinforcing potentials of NCs

l
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Figure 1-2. Schematic overview of the reinforcing effect of nanocellulose (NC) in polymer systems with different scenarios. *’



Table 1-2. Mechanical properties of different thermoplastic composites reinforced with CNC.

Matrix Cl\l&:’tc.%zt)ent CNC source Tena(l(c)e/os)tiength Younéi’/z)l?fdme Process Ref.
PP 5-15 MCC 28-81 (-21)-19 Solution casting 60
PP 5 - - 60 Melt compounding 53
aPP 6 Tunicin 21-30 1425- 4525 Solution casting 61
PP 2-5 - 7 35 Melt compounding 54

LDPE 5-15 Cotton 23-63 16-33  Soltion casting & melt 62

compounding
LDPE/TPS 1 - 45 30 Melt compounding 55
PS 1-7 MCC 20-170 - Electrospinning 63
PLA 1 Cotton 21 27 Solution casting 64
PLA 5 MCC 90 35 Melt compounding 56
PVA 5-15 Wood/cotton 131-174 232-341 Solution casting 65
PVA 15 Ramie 34-82 - Electrospinning 66
PVA 2-10 sugareane 1 179 10.4-156.5 Solution casting 67
bagasse

* % is relative to values of pure polymer samples.
MCC: microcrystalline cellulose; PP: polypropylene; aPP: atactic polypropylene; LDPE: low density polyethylene; TPS: thermoplastic
starch; PS: polystyrene; PLA: polylactic acid; PVA: polyvinyl alcohol.
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1.3 Problem Statement

Despite the numerous attractive characteristics of CNC there are several limitations when
including CNC in an industrial scale composite production process. One challenge is associated
with the aqueous suspension format of CNC, which is energy inefficient and cost-prohibitive for
a large-scale industrial production. 8 Drying CNC while maintaining the original dimensions for
expanding its application on an industrial scale is necessary. Various drying techniques, including
oven drying, freeze drying, spray drying, and supercritical drying, have been explored to produce
dry CNC. ®°

Peng and co-workers examined these four drying methods and proposed that the spray
drying method is most suitable for the generation of dried CNC as fillers in manufacturing
composites via melt compounding process. ° With the current availability of SDCNC in a pilot
scale in CelluForce, " research on the reinforcing impact of SDCNC in thermoplastic composites
is necessary. The morphology of SDCNC particles showed spheric and mushroom cap (or donut)
shapes (Figure 1-3). "* The unique morphology of SDCNC can potentially have a specific impact
on composite properties. One assumption we are testing in this proposal is that the mechanical
interlocking between SDCNC and thermoplastic can significantly improve the composite
mechanical properties. The mushroom cap or donut shape of SDCNC particles has pores on the
surface structure (Figure 1-3). The melt polymer matrix can fill these pores. After cooling down,

the mechanical interlocking between SDCNC particles and polymer matrix can be established and
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help increase the forces needed to separate the interface. Therefore, it is appropriate to hypothesize
that the morphology of SDCNC plays a crucial role in reinforcing thermoplastic composites.
Another limitation in the development of SDCNC reinforced polymer composites is the
inherent incompatibility between the hydrophilic nature of SDCNC and the hydrophobic
thermoplastic polymer matrix. The incompatibility restricts the even dispersion/distribution of
SDCNC particles in hydrophobic matrix and results in the weak interfacial adhesion between
SDCNC and polymer matrix. The poor dispersion and adhesion have a negative impact on the final
composite’s properties. 2”3 The poor dispersion is caused by the irreversible agglomeration of
cellulose owing to the formation of hydrogen bonds by the interaction between hydroxy groups
located on surface. " In order to enhance the compatibility between cellulose and hydrophobic
polymer matrix, surface modification by physical and chemical methods is generally applied to
cellulose. The abundance of hydroxyl groups on the surface of cellulose provides a potential for
various chemical modifications, including esterification (reaction with acetic anhydride),
etherification (introducing silane coupling agent), oxidation (TEMPO), and grafted polymer of
maleic anhydride grafted PP (MAPP). ™ These various surface modification strategies are to
decrease cellulose’s surface energy which is the main reason for the incompatibility. *” The lower
surface energy of cellulose helps to reduce intermolecular affinity between cellulose particles,
decreasing agglomeration. Among these methods, maleic anhydride grafted polyolefin has been

proposed to be an efficient way of modifying the cellulose-filled polyolefin composites. 77678
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MAPP is the most common compatibilizer in improving the interfacial bonding in cellulose-filled
PP composites. ’” Qiu et al. reported a positive effect of MAPP on the interfacial adhesion between
cellulose and PP by eliminating the large voids at the interface of cellulose and PP. Meanwhile,
adding MAPP to filled
composites can increase the
tensile strength from 23.7 to
33.7 MPa. ® Both the
thermos-oxidative stability of
PP/cellulose composites and
the nucleating effect of

cellulose fibers for the

SDCNC (Peng, Han, and Gardner 2012b).

crystallization of PP were

increased with the presence of MAPP. &

1.4 Objectives and Methodologies

The overall goal of this research is subdivided into two specific objectives: 1) develop
composites with different loading levels of SDCNC particles and characterize the effect of loading
levels of SDCNC on composite mechanical and thermal properties and then identify the
percolation network or distribution of SDCNC particles in HPP matrix and 2) understand the effect

of the compatibilizer of maleic anhydride polypropylene (MAPP) on composite mechanical and
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thermal properties near the SDCNC percolation. Additionally, the effect of SDCNC percolation
on the mechanical and thermal properties of filled HPP composites was investigated.

This thesis consists of two sections presented in the following Chapters 2-3. Chapter 2
mainly concentrates on the fabrication of HPP composites with different SDCNC loading levels
(5, 10, 15, and 30 wt. %) using an internal mixer and injection molding equipment. The effect of
different loadings of SDCNC on HPP composites mechanical properties, including tensile, flexural,
and impact, morphological, and thermal properties was investigated. The water resistance behavior
of HPP composites with varying SDCNC concentrations was also studied. Chapter 3 further
research on the effect of SDCNC loading levels (20, 30, 40, and 50 wt.%) on HPP composites
performance and identify the percolation network or internal structure of SDCNC particles in HPP
composites. The impact of SDCNC percolation threshold on the mechanical properties,
crystallization and melting behaviors of HPP composites were performed. The effect of the
addition of MAPP on the percolation network or distribution of SDCNC particles in HPP
composites was evaluated. The changes in mechanical, crystallization and melting properties of
resulting composites near the SDCNC percolation threshold were discussed after adding MAPP.
Chapter 4 finally makes a conclusion based on the information obtained from the previous two
Chapters and discusses potential future work to develop more ideal HPP composites with optimal

performance.
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Chapter 2 Material Properties of Spray-dried Cellulose Nanocrystal Reinforced

Homopolymer Polypropylene Composites

2.1 Abstract

Spray-dried cellulose nanocrystal (SDCNC) particles have attracted intense interest as
reinforcements in polymer composites because of their unique physical and mechanical properties.
This work aims to develop homopolymer polypropylene (HPP) composites with different loading
levels of SDCNC particles (5, 10, 15, and 30 wt.%) to understand their impact on composite
mechanical, morphological, and thermal properties. The SDCNC-reinforced HPP composites were
manufactured using a C.W. Brabender bowl internal mixer with a masterbatch concept and an
injection molding process. The mechanical, morphological, and thermal properties of the
composites were investigated. Compared to pure HPP, the tensile and flexural modulus of
elasticity (MOE) of composites with 30 wt. % SDCNC significantly increased by up to 67% and
49%. The impact strength of the composites with the absence of a compatibilizer significantly
increased by up to 19%, which was attributed to the mechanical interlocking network established
between SDCNC particles and HPP. Additionally, increasing SDCNC loading in the composites
led to higher crystallization peak temperatures and increased the degree of crystallinity (especially
at 30 wt. % SDCNC content), indicating that the SDCNC particles can act as heterogeneous
nucleating agents during the crystallization process. The thermal stability of the composite was

slightly improved upon SDCNC introduction.
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2.2 Introduction

Cellulose nanocrystals (CNCs), a type of nanomaterial extracted from lignocellulosic-
based feedstocks, have a rod-like structure with diameters of 5 - 10 nm and lengths ranging from
a few hundred nanometers to a few micrometers. 1 CNCs can be extracted from diverse
lignocellulosic biomass sources by different mineral and organic acids hydrolysis methods and
TEMPO-mediated oxidation, which determine the unique characteristics of CNCs. 23 After acid
treatment, most of the amorphous regions of cellulose are removed, resulting in CNCs containing
only a small amount of defects with a high degree of crystallinity, which makes CNCs possess
remarkable mechanical properties. The modulus of elasticity and tensile strength of CNC are about
130 GPa and up to 10 GPa, respectively, which are significantly higher than those of natural fibers,
such as kenaf, flax, cotton, and bamboo. #° Additionally, CNCs have the benefits of high surface
area, low density, non-toxicity, biodegradability, and renewability compared with synthetic fibers,
such as glass fibers. ® These characteristics of CNCs make it a promising candidate for reinforcing
polymer composite materials.

Thermoplastic polymer composites reinforced by CNCs have attracted tremendous
attention and improvements in the properties of many polar and nonpolar polymer matrices have
been realized. "2 Polypropylene (PP) is the most widely used thermoplastic for commodity
materials because of its favorable characteristics, including light weight, flexible processing
techniques, and recyclability. **°> Compared to other commodity plastics, such as polyethylene,

the higher melting point, chemical resistance, stiffness and rigidity, and heat resistance of PP make
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it a popular choice as a matrix. 1° It was observed that adding CNCs to PP enhanced the mechanical
and thermal properties when different process methods were used >1"-1°, Bahar et al. 1° successfully
prepared PP composites reinforced by CNCs at concentrations ranging from 5 to 15 wt.% via a
solution casting process. They found that the tensile strength and Young’s modulus of filled PP
composites increased by about 81% and 19%, respectively. Sojoudiasli et al. 1" developed CNCs-
reinforced PP composites by the melt compounding technique and observed that when compared
with neat PP, tensile modulus of elasticty and strength of the composites with 2 wt.% CNCs was
improved by about 30 % and 16 %, respectively. Both the solution casting and melt compounding
methods are successful for developing composites with desirable performance. However, in order
to meet the large-scale manufacturing that needs a cost- and energy-effective process, this study
used the melt compounding approach because it is solvent-free and more flexible than solution
casting when manufacturing nonpolar polymer matrix composites.

In practice, drying CNCs is a pre-requisite for melt compounding with polymers because
CNCs are commonly obtained in the form of an aqueous suspension once other impurities and
amorphous cellulose are removed from acid treatment solution. Various drying methods such as
oven, freeze, spray, and supercritical drying have been evaluated. 2! The spray drying method
has been suggested as the most appropriate technique for producing dried CNCs as fillers in
composite manufacturing through a melt compounding process because of its simple process,
rapidity, efficiency, low cost, and scalablity compared to other drying methods. 2223 Notably, the

morphologies of CNCs particles were changed from needle-like to donut-shaped or mushroom cap
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structures after being subjected to spray drying. Changes in particle size from the nanoscale to the
microscale was also demonstrated. 24 It is well-known that nanosized CNCs and freeze-dried CNCs
exhibit great reinforcing ability in polymer composites. 227 The potential capability of spray-dried
CNCs (SDCNCs) in improving the mechanical properties of polymer composites deserves to be
explored.

CNCs can also be a promising toughening agent to improve polymer composite impact
resistance that is one of the important mechanical characteristics determining the ability of a
material to withstand fracture or failure under a load or impact. 121328 This reinforcibility of CNCs
particles can promote to addess the issue that the application of PP in structural applications where
impact resistance is critical, such as in construction materials, automotive parts, or sporting
equipment, is limited because of the low impact resistance of PP. A study reported that SDCNC
particles increased the impact strength of PP composite from 21.96 to 24.2 J m™ without any
compatibilizer in the system. 2° However, the literature by Agarwal et al. 2° did not provide a clear
explanation regarding the enhancement mechanism in impact resistance after incorporating
SDCNC particles with the PP matrix, and did not study the effect of SDCNC particles at different
loading levels on this performance. Herein, this work will pay close attention to the potential
mechanism of the effect of SDCNC particles on the impact strength of PP composites.
Simultaneously, the influence of CNCs in suspension format and dry format (freeze-, oven-, and
spray freeze-dried CNCs) on crystallization behavior of polymer composites has been extensively

studied, indicating that CNCs can act as a nucleating agent in polymer composites, forming a
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transcrystalline layer around CNCs. 3% This research will investigate the effect of SDCNC
particles on PP composites’ crystallization behavior, which plays a significant role in determining
the physical and mechanical behaviors of polymeric composites. In summary, it is essential to
figure out the potential reinforcing ability of SDCNC particles in PP composite. Comprehending
the fundenmental mechanism of the enhanced impact strength is vital for guiding to design and
develop materials with tailored properties, expanding the opportunities of PP composites with
improved properties.

The current work aims to understand the reinforcing effect of the irregularly shaped
SDCNC particles with micrometer sizes on the behavior of PP composites. A melt compounding
process was used to manufacture SDCNC-reinforced homopolymer polypropylene (HPP)
composites with a masterbatch concept, which is an effective approach to achieve good dispersion
of reinforcement in a polymer matrix. Meanwhile, the influence of SDCNC particles at different
loading levels ranging from 5 to 30 wt.% on the composite properties was also examined. The
research results indicated that SDCNC particles had a remarkable capability to improve the
mechanical properties of PP composite with the absence of any compatibilizer. A possible
mechanism explaining this enhancement was proposed. The thermal behaviors of SDCNC-
reinforced PP composites were also discussed regarding crystallization characteristics and

thermostability.
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2.3 Materials and Methods

2.3.1 Materials

A commercial grade HPP with a density of 0.9 g cm™ used as the matrix in this study was
provided by ExxonMobil Chemical Company (ExxonMobil ™ PP1264E1, Houston, TX). The
SDCNC:s in the form of powder was supplied by CelluForce (Montreal, Canada). As reported by
the supplier, the bulk density of SDCNC powder is 0.7 g cm™, and the crystalline fraction and
specific surface area are 0.88 (by XRD) and 400 m? g, respectively. In addition, the CNC powder
has a sulfur content of 0.86 - 0.89 wt.%. The SDCNC powder was stored in a sealed container in
the freezer before use.
2.3.2 SDCNC characterization

The particle size distribution of the SDCNCs was determined according to the process
published in previous work. 3 The analysis was performed using a Mastersizer 2000 particle size
analyzer (Malvern Instruments, Malvern, UK) with the Sirocco 2000 dry dispersion unit. The
measurement was conducted at four-bar air pressure and 20 % feeder capacity. Three replicates
were measured. The morphologies of SDCNC particles were examined using a Zeiss Evo 50VP
scanning electron microscope (Oberkochen, Germany) operated at an accelerating voltage of 20
kV. The SDCNC particles were uniformly deposited on a conductive carbon tape, followed by
sputter coating with gold for 60 s using a Q150R ES sputter coater (Hatfield, PA, USA) prior to

the SEM characterization.
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2.3.3 Preparation of CNC/HPP Composites

The HPP/SDCNC composites were prepared using a concept of masterbatch, which is an
effective method to help the uniform dispersion of particles into polymer matrix. 363 The
masterbatch with a high concentration of SDCNC particles (30 wt.% based on the weight of
composites, the sum of the weights of SDCNC and HPP) was prepared in the first step. Then the
masterbatch was diluted by adding fresh HPP pellets to reach the designed loading level of SDCNC.
The resultant filled HPP composites are denoted as 5CNC, 10CNC, 15CNC, and 30CNC,
representing the composites containing 5, 10, 15, and 30 wt.% SDCNC particles in HPP composite,
respectively.

All masterbatch and final composites were prepared using a C.W. Brabender bowl mixer
(CWB-2128, Hackensack, NJ, USA) with a maximum capacity of 200 grams operated at 200 C
with the two roller blades rotating counterclockwise at 60 RPM. For masterbatch composites
manufacturing, the SDCNC particles were oven dried at 105 <C overnight to eliminate the potential
moisture before melt compounding. HPP pellets were melted initially for 5 minutes in the mixer
chamber. The SDCNC particles were then added slowly to the mixer. The mixture of SDCNC and
HPP was then continued for another 5 minutes to obtain well-dispersed composites with stabilized
mixing torque measured from the internal batch mixer. The composites were then removed from
the mixer and solidified, followed by grinding into a pellet format using a low-speed granulator
(Shini Plastic Technologies Inc., Willoughby, OH, USA) with a sieve size of 3 mm. For the final

composite manufacturing, the masterbatch pellets were dry blended with fresh HPP pellets before
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feeding to the internal mixer. The blended mixture was then mixed for 5 minutes. All composites
containing SDCNC particles were dried overnight in an oven before each thermal processing at
105 <C. Pure HPP was manufactured using the same melt compounding procedure as the control
sample.

The final composite pellets from each formulation were dried at 105 <C overnight and then
injection molded (Proto-Ject 150HP, Manning Innovations Inc., Halls, TN, USA) into standard
specimens with specific dimensions for tensile, impact, and flexure tests according to the ASTM
standards D638 (Type 1V), D256, D790, respectively. The injection molding machine was
operated at barrel and nozzle temperatures of 200 <C. The impact and flexural samples were
injection molded at 44 MPa and the tensile samples were injection molded at 53 MPa. The samples
were kept in the mold for 10 seconds to pack during the injection molding process. The injection
molded samples were then put into Ziploc bags and stored in desiccators at room temperature for
at least 48 hours to avoid absorbing moisture before testing.

2.3.4 Composite mechanical property measurements

All mechanical property measurements were performed at 23 2 <C with a relative
humidity of 50 5 %. Tensile tests were conducted according to ASTM D638 (Type IV) using a
Mark-10 ESM750s motorized test machine (Copiague, NY, USA) with a 2,500-N load cell. An
Epsilon extensometer SN E109112 (Jackson, WY, USA) was used to determine the strain of the
test composites as the samples were stretched. The testing speed and nominal strain rate at the start

of the test were 5 mm min* and 0.1 mm (mm min). Tensile strength (stress at yield point), tensile
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strain (percentage elongation at yield), and tensile modulus of elasticity (MOE) were calculated
from seven replicates and reported for neat HPP and all HPP/SDCNC composites. Flexural tests
(three-point bending tests) were carried out according to ASTM D790-A using a Mark-10
ESM750s motorized test machine (Copiague, NY, USA) attached with a 500-N load cell. A
support span length of 50 mm was employed. The speed of crosshead motion was 1.34 mm min‘*
for all specimens. Five replicates were tested for each sample. Flexural strength and MOE for all
samples were reported. The impact strength of all samples was evaluated according to ASTM
D256 using an XJUD Digital Charpy lzod Impact Testing Machine (Deli Group CO. Ltd., Ningbo,
China). All specimens were notched by a manual Instron CEAST notcher (Norwood, MA, USA)
prior to impact tests according to the ASTM D256. Ten replicates were tested to calculate the
average values of impact strengths in kg m for all samples.

The mechanical properties, including tensile, flexural, and impact properties, were
statistically analyzed with a 0.05 significance level using one-way ANOVA process. The fracture
surfaces of impact-tested specimens were sputter-coated for examination using a Zeiss Evo 50VP
scanning electron microscope (Oberkochen, Germany) operated at an accelerating voltage of 20
kV. Sputter coating was performed using a Q150R ES sputter coater (Hatfield, PA, USA) with
gold for 60 s.

2.3.5 Water absorption tests
Water absorption tests were conducted using the impact fractured specimens to study the

water resistance of the composites. The measurements were performed according to ASTM D570.

23



Initially, all specimens were dried at 105 <C in an oven to a constant weight. The initial sample
weight and dimensions (thickness and width) were recorded to the nearest 0.0001 g using an
electronic weighing balance (VWR-64B2, VWR, USA) and to the nearest of 0.001 mm using a
digital micrometer (293-340-30, Mitutoyo, Japan). The thickness and width measurements were
averaged from at least three points for each sample. The specimens were then immersed in
containers filled with deionized water maintained at a room temperature of 23 =2 <C. The
specimens were removed from the container daily for the first week, and then at one or two-week
intervals, and extra water on the sample surface was wiped with tissue paper. The sample weight
and dimensions were then immediately recorded. After each measurement, the specimens were
immersed in the same containers. Five specimens were tested for each sample. The percentages of

water gain, thickness swell, and width swell were calculated using the following equations:

Wi—Wo

Water gain (%) = — X 100 1)
0
Thickness swell (%) = “==* x 100 )
0
Width swell (%) = % X 100 (3)
0

Where Wo, To, and wp are the initial weight, thickness, and width of the specimens after
oven-dried, Ws, Tt, and wt are the weight, thickness, and width of specimens after immersion for
different times, respectively.

2.3.6 Thermal properties
The crystallization and melting behaviors of all the composites were investigated using a

DSC-250 differential scanning calorimeter (TA Instruments, DE, USA) under an N. atmosphere
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with a flow rate of 50 ml mint. Samples of about 10-15 mg were sealed in a Tzero pan. The DSC
measurement was carried out by heating the specimen from 40 <C to 200 <C, then maintaining it
at 200 <C for 2 min to remove any previous thermal history. The specimen was then cooled to
40 <T at 10 T min! to investigate their crystallization behaviors. Finally, the melting behaviors
were characterized by reheating the specimen to 200 < at 10 < min™*. Each sample was measured
in triplicate. The TRIOS (TA Instruments, DE, USA) software was used to analyze all the data.
The degree of crystallinity Xc (%) was calculated by the following equation:

AHp

_2m__ 100% (4)
PP

AHTCr'l wy

X (%) =

Where AH,, is the measured melting enthalpy, AHY, is the melting enthalpy of 100%
HPP (205 J mol ™), 3 and wypp is the weight fraction of HPP in the composite.

The thermostability of all the samples was characterized by thermogravimetric analysis
(TGA) using a TGA-550 analyzer (TA Instruments, DE, USA). The measurement was carried out
under nitrogen with flow rates of 60 ml min™ and 40 ml min? for sample and balance purge,
respectively. All samples (8-16 mg) were heated from 40 <C to 600 <T with a heating rate of 10 C
mint. Three replicates were tested for each sample. The TRIOS (TA Instruments, DE, USA)
software was used to analyze the TGA and DTG (derivative thermogravimetric curve that is a plot

of the rate of mass change with respect to temperature) curves.

2.3.7 Melt flow index (MFI)
The MFI measurements of pure HPP and HPP/SDCNC composites were performed using

an MFI testing instrument (Techtongda, Markham, ON, Canada) in accordance with ASTM D1238.
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The pellet samples of about 7 g obtained from the granulator were compacted and preheated for 4
min in the barrel. The MFI measurement was carried out at 200 <C with a constant load of 2.16 kg
to keep SDCNC from thermal degradation during the measurement. Six replicates were collected

and weighed for each sample.

2.4 Results and Discussion

2.4.1 The SDCNC particle characteristics

The volume-based particle size distribution of the SDCNC particles is shown in Figure
2-1A and a single peak with particle sizes ranging from 0.90 to 90 um was obtained. The results
indicated that the particle size at 10, 50, and 90 percentiles was 5.54 +0.14, 17.83 +=0.13, and
38.72 £0.17 um, i.e., 50% of the particles have a size smaller than 17.83 um. The morphologies
of SDCNC particles were characterized by SEM at different magnifications. The SDCNC particles
possess irregular shapes with a broad range of sizes, as shown in Figure 2-1B. Some SDCNC
particles are twisted or folded, forming large dense agglomerates with sizes of up to 40 pm. The
SDCNC particles exhibit a mushroom cap or donut shape, similar to previous results. * The
wrinkled profiles and cracks on the surface of SDCNC particles are also observed from the
micrographs at high magnifications, as identified by the white arrows in Figure 2-1C-E. The
irregular features of SDCNC particles are attributed to the influence of three fundamental forces,
including hydrogen bonding, van der Waals forces, and capillary forces, experienced during the
spray drying process. 2° These forces are responsible for governing individual CNC particles

together, adhering to each other, and influencing the overall structure of dried particles.
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Figure 2-1 The particle size distribution of SDCNC particles (A) and the morphologies of SDCNC
particles (B-E, , B: 1000X; C: 5000X; D and E: 8000X).
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2.4.2 Mechanical Properties of the Composites

The mechanical performance of all composites was characterized, including tensile,
flexural, and impact properties, according to the ASTM D638, D790, and D256, respectively. The
statistical analysis results of all the composites’ mechanical properties are summarized in Table
2-1.

The tensile properties were measured to determine the influence of different loadings of
SDCNC particles on tensile MOE, strength, and strain. The properties of pure HPP and CNC/HPP
composites are summarized in Table 2-1. The appearance of neat HPP was translucent, while the
color of the composites became browner with the incremental loading levels of SDCNC in the
composites. The color change may be ascribed to the presence of sulfate groups of the SDCNC
particles in the composites, which are susceptible to thermal degradation at high temperatures in
the thermal compounding and injection molding processes. *° All the composites exhibit the same
tendency under the tensile load, and the representative tensile stress-strain curves were recorded
from the starting point to the yield point in the tensile test, as represented in Figure 2-2. Elastic
deformation occurs initially within a small strain range with the highest deformation rate. The
MOE is calculated based on the slope of this linear section of the stress-strain curve (zoom-in
portion of the curve). Then, the stress-strain curve follows a viscoelastic deformation, where the
deformation rate decreases, and the stress reaches a maximum value at the yield point.

The tensile strength of pure HPP is 30.2 +0.2 MPa, and the composite of 5CNC maintains

the tensile strength at a similar level (30.4 =0.4 MPa). However, a significant reduction in tensile
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strength of CNC/HPP composites at higher SDCNC loadings is observed (Table 2-1), although
SDCNC particles possess a higher theoretical tensile strength (7.5-7.7 GPa) than HPP. ® The tensile
strength decreased to 29.1 +0.2, 26.9 0.3 and 22 +0.7 MPa for the 10CNC, 15CNC, and 30CNC
composites, which were 4, 11, and 27 % lower than that of neat HPP, respectively. This reduction
is possibly attributable to the inherent incompatibility between hydrophilic SDCNC and
hydrophobic HPP and the remarkably different surface energies of SDCNC (60.7 mJ m) and HPP
(around 30 mJ m2). %42 The incompatibility and varying surface energies result in the weak or no
interfacial bonding between the two phases and the separated interface (as seen in the Figure 2-4,
discussed in the following impact results section), which further lead to a lower stress transfer

efficiency from the HPP matrix to the SDCNC particles under the applied tensile force.
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Figure 2-2 The representative tensile stress-strain curves of all the composites.

On the other hand, the tensile MOE of CNC/HPP composites progressively increases with

increasing the SDCNC content (Table 2-1). The values of tensile MOE increased from 1.34 £0.03
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GPa (HPP) to 1.66 +0.02, 1.76 £0.05, 1.86 +0.02, and 2.24 +0.16 GPa for the composites of
5CNC, 10CNC, 15CNC, and 30CNC, which are approximately 23, 31, 38, and 67% higher than
that of pure HPP. The increase of MOE is caused by the higher stiffness of SDCNC (around 100-
130 GPa) embedded in a lower MOE HPP matrix. ** Incorporating SDCNC particles at high
loadings in composites can decrease the plastic deformability of a polymer matrix while increasing
the elastic response. 2

Meanwhile, the tensile strain at yield gradually decreased from 10.3 +0.6% (HPP) to 8.5
+0.3,7.5+0.4, 7.1 £0.3, and 4.0 £0.2% for filled composites, which decreased by 18, 27, 31,
and 62% relative to pure HPP (Table 2-1). This indicated a reduced ductility or more brittleness
of HPP/SDCNC composites compared with neat HPP. The decrease of strain at yield for
composites containing SDCNC can be explained not only by the poor interfacial adhesion between
SDCNC and the HPP matrix in the absence of compatibilizer (Figure 2-4), but also by the
decreased polymer molecular chain movement restricted by the SDCNC particles under the tensile
load.

The flexural properties, including flexural strength and MOE, of the pure HPP and
HPP/SDCNC composites are shown in Table 2-1. The representative flexural stress-strain curves
are shown in Figure 2-3. Flexural strength is determined as the stress at the yield point for S0CNC
and the stresses at 5% strain for pure HPP, 5CNC, 10CNC, and 15CNC composites since these
composites did not yield or break within the 5% strain limit (Figure 2-3). The flexural MOE and

strength of pure HPP are 1.32 +0.02 GPa and 40.7 0.5 MPa, respectively. With the addition of
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SDCNC particles into HPP, a similar trend to tensile MOE was observed for flexural MOE. Adding
SDCNC particles in the HPP matrix significantly increased the flexural MOE because of the
addition of SDCNC particles with a higher stiffness in HPP composites (Table 2-1). The values of
flexural MOE for composites 10CNC, 15CNC, and 30CNC are 1.50 £0.02, 1.66 £0.07, and 1.96
+0.02 GPa, representing an increase of 14, 26, and 49% when compared to the neat HPP. The
highest flexural strength is observed in the case of the 15CNC composite (44.2 +0.7 MPa), which
is an enhancement of 8% as compared to pure HPP. There is no significant difference in flexural
strength for 30CNC compared to HPP. The composites undergo a complex deformation during the
flexural test, including the compression on the top surface and the tension on the bottom surface
of composites. Higher stress is needed to reach 5% strain on the bottom surface for 10CNC and

15CNC than that required in pure HPP, thus increasing the flexural strength. 44
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Figure 2-3 The representative flexural stress-strain curves of all the composites.
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Table 2-1 The mechanical properties of SDCNC particles reinforced HPP composites.

Tensile Properties Flexural Properties Impact Strength ~ Melt Flow Index
Sample (kI m?) (g (10 min)™d)
MOE (GPa) Strength (MPa)  Strain (%) MOE (GPa) Strength® (MPa)
HPP 1.3440.03° D° 30.240.2 A 10.3#.6 A 1.324.02D 40.7405C 1.624.12 B 7.044.07 A
5CNC 1.6640.02C 30.440.4 A 8.54.3 B 1.324.02D 39.5#.4D 1.7840.19 AB 6.774.07 B
10CNC 1.76#0.05B 29.14).2B 7.58.4C 1.5040.02C 42.84.7B 1.9140.12 A 6.1940.08 C
15CNC 1.86#0.02 B 26.94.3 C 7.1#.3C 1.6640.07 B 44.24.7 A 1.9240.13 A 6.224.10 C
30CNC  224#.16 A 22.0#.7D 4.04.2D 1.9640.02 A 41.3#0.2¢C 1.8540.14 A 4.9840.10 D

4Data were statistically analyzed by the average *standard deviation.

b\/alues within a column with different letters, A, B, C, D, and E, indicate the significant difference at P <0.05 between the samples.

One way ANOVA followed with Tukey post-hoc process was used to statistically analyze all data.

°Flexural strength is reported by the stress at 5% strain since neither break nor yield occurred for pure HPP, 5CNC, 10CNC, 15CNC

composite samples.
dFlexural strength of 30CNC composite is reported by the stress at the yield point.
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The impact property determines the material deformation behavior when subjected to a
high deformation rate. The results of notched Izod impact tests for all the composites are given in
Table 2-1. The CNC/HPP composites demonstrate an improvement in impact resistance. The
impact strength is 1.62 +0.12 kJ m for pure HPP, and the values are 1.78 +0.19, 1.91 +0.12,
1.92 +0.13, and 1.85 #0.14 kJ m?! for 5CNC, 10CNC, 15CNC, and 30CNC composite,
representing 10, 19, 19, and 15% enhancements as compared to pure HPP, respectively. The
composite of 30CNC has a slightly lower value, but the number is still significantly higher than
that of pure HPP. Adding SDCNC particles in HPP significantly improves the impact strength of
CNC/HPP composites based on the statistical analysis compared to pure HPP. There is no
significant change between composites with different content of SDCNC particles. This
remarkable enhancement indicates that the SDCNC particles can absorb the impact energy when
subjected to a high strain rate.  The morphologies of impact fractured surface of all CNC/HPP
composites were investigated by SEM (Figure 2-4). Pure HPP behaves the typical homogenous
polymer fractured surface, and the surface becomes rougher after adding rigid SDCNC particles,
as shown in Figure 2-4. The coarser fracture surfaces indicate that more interfacial surface areas
between SDCNC particles and HPP matrix were created by increasing the SDCNC loadings.
Therefore, the composites can absorb more energy used for separating the interface. As a result,
the impact strengths of all CNC/HPP composites are higher than that of pure HPP. Meanwhile, the
relatively uniform distribution of SDCNC particles at low concentrate in the HPP matrix can be

observed (Figure 2-4BDE). The SDCNC particle size after processing is closer to the initial size
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(around 15 pm), no obvious larger agglomerates are formed. On the fracture surfaces of CNC/HPP
composites, some SDCNC particles are embedded in the HPP matrix, while some SDCNC
particles are pulled out from the matrix. The voids and the interfacial separation can be observed
clearly (the white arrow in Figure 2-4D-F), mainly caused by the inherent incompatibility between

hydrophilic SDCNC particles and hydrophobic HPP matrix.

Figure 2-4 The SEM micrographs of fracture surfaces for pure HPP (A), 5CNC (B), 10CNC (D),
15CNC (E), 30CNC (CF) and the mechanical interlocking networks between SDCNC and polymer
matrix (G-1). ABC: 2000X, DEF: 5000X, GHI: 8000X
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Simultaneously, it is worth noting that from the red circles shown in Figure 2-4D-F, some
stretched polymer filaments are strongly attached to the SDCNC surface after impact tests. This
phenomenon can be explained by the theory of mechanical interlocking interfacial adhesion
mechanism, where a strong interaction between two or more components was created by the
physical interlocking. Polymer matrix can be filled in the holes or cracks on particle or fiber surface,
subsequently, the two components can be locked mechanically after curing, enhancing the
interfacial adhesion. #° In this study, the melt HPP can penetrate and be locked into the cracks on
the SDCNC during the composite solidification process, increasing the interfacial surface area and
physical interaction between SDCNC and HPP and promoting the plastic deformation of the
polymer matrix during impact testing. When composites are subjected to a high magnitude impact
load with a high strain rate, the polymer phase in composites is stretched quickly and then breaks.
The process will absorb more energy in fracturing the sample because of the mechanical
interlocking network between the two phases. From the SEM micrographs with high magnification,
more cracks can be distinctly observed on the SDCNC surface (The white arrow in Figure 2-4GH).
A broken SDCNC agglomerate was also observed (The red arrow in Figure 2-4G), meaning greater
energy is needed for the rupture of the CNC/HPP composites. Rough fracture surfaces (Figure
2-41) are clearly identified after pulling out the embedded SDCNC particles from the matrix after
the impact test, which indicates the formation of specific interfacial adhesion between SDCNC
particles and HPP and supports the hypothesis that a mechanical interlocking network was

established between SDCNC and HPP. In summary, the mechanical interlocking between the
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SDCNC and HPP has a critical influence on the impact strength, compensating for the negative
effect of the incompatibility between SDCNC and HPP. Therefore, a significant improvement in
impact strength was achieved for CNC/HPP composites even without a compatibilizer in the
system. However, for the 30CNC composite, the high SDCNC particle loadings generated much
more discontinuous surfaces because of interfacial separation caused by the incompatibility
(Figure 2-4C). More voids were also observed in the 30CNC composites (Figure 2-4C-F), which
results in the lack of effective stress transfer from the HPP matrix to SDCNC particles and
accelerates the de-bonding and the deformation. In this case, the impact strength of 30CNC
composite is slightly lower than that of 15CNC, but it is still higher than pure HPP because of the
mechanical interlocking network between SDCNC and HPP matrix.
2.4.3 Water absorption tests

The water absorption properties are important characteristics of composites that determine
the potential end-use applications when exposed to environmental conditions. Water absorption in
CNC-based composites was studied broadly. "464° The percentage of water gain against time for
all composites is shown in Figure 2-5A. Similar behavior is observed for all the HPP/SDCNC
composites. The water gain rate was rapid at the beginning of the immersion, then approached a
plateau with a decreasing rate later. In some cases, especially for the 30CNC sample, it did not
reach a plateau. The percentages of the water gain, thickness swell, and width swell for all
composites after water immersion for 150 days are reported in Table 2-2. Each data point

represents an average of five specimens.
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Figure 2-5 The long-term water gain (A), thickness swell (B), and width swell (C) for all
composites.
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Pure HPP absorbs the lowest level of water (0.02%) attributable to the hydrophobic nature
of the material. The water gain of the HPP/SDCNC composites continuously increases with the
increase in immersion time. Generally, moisture can penetrate into composites by three different
mechanisms: 1) water molecules penetrate inside the micro-voids between polymer chains; 2)
transportation of water molecules by micro-cracks in the matrix, formed in the compounding
process; 3) diffusion into gaps and flaws at the interfaces between polymer and fillers. *° The water
gain of HPP/SDCNC composites is attributable not only to the hydroxyl groups in SDCNC that
can attract water molecules through hydrogen bonding promoting water uptake, but also to the
poor interfacial compatibility between SDCNC and HPP, generating the gaps in the interface
(Figure 2-4D-F) and accelerating water collection. The amount of water gain depends upon the
concentration of SDCNC particles in the composites - higher content of SDCNC particles results
in higher water gain since SDCNC particles provide more binding sites for water. However,
HPP/SDCNC composites showed little absorption after immersing water for 150 days (around
2 %), which was a strong indicator that the most of the SDCNC particles in composites are
distributed uniformly encapsulated within the HPP matrix, preventing water molecules from
penetrating and contacting the SDCNC particles.

A similar trend was observed for the thickness and width swell Figure 2-5BC. The
dimensional swell in the thickness direction is higher than that in the width direction. The specimen
width (around 12.7 mm) is much higher than the thickness (around 3.2 mm), water molecules have

longer diffusion path from surface area to the center of composites along the width direction than

38



in the thickness direction, resulting in the slower rate of diffusion and lower dimension swell in
width direction compared to that in thickness direction where diffusion occurred more rapidly. The
overall dimensional swelling is low (less than 2%) for all HPP/SDCNC composites. This value is
lower than that of other natural reinforcements in HPP polymer. For example, Ashori et al. !
studied the effect of recycled newspaper fiber and wood flours as reinforcements on moisture
absorption and thickness swelling behaviors for PP composites. The results showed that 30 wt.%
reinforcements significantly influenced the water absorption (12%) and thickness swell (8.5%),
which is approximately 6 times higher than that of HPP/SDCNC composites at the same
concentration. In this respect, SDCNC particles as reinforcement in polymer composites behave

better than other natural fibers when exposed to a wet environment for a long time.

Table 2-2 Water gain and dimensional swelling for pure HPP and CNC/HPP composites after
immersion for 150 days (3600 hours).

Composite Water gain (%) Thickness Swell (%)  Width Swell (%)
HPP 0.0240.01 0.27490.05 0.07490.05
5CNC 0.5240.02 0.49+0.16 0.16+0.06
10CNC 0.8040.02 0.5740.19 0.2740.04
15CNC 1.1040.02 0.7940.18 0.2940.08
30CNC 2.0240.02 1.2540.25 0.5240.12

2.4.4 Thermal properties of the composites

The DSC cooling and second heating thermograms of all the composites are shown in

Figure 2-6. The melting and crystallization characteristic parameters, including melting enthalpy
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(4Hm), onset temperature of melting (Ton-m), Melting peak temperature (Tm), crystallization
enthalpy (4Hc), onset temperature of crystallization (Ton-c), Crystallization peak temperature (T¢),
and degree of crystallinity (Xc %), are summarized in Table 2-3. The results clearly show that the
addition of different levels of SDCNC to HPP only leads to a marginal influence on the Tr, (21 <C)
as compared to pure HPP (Figure 2-6B), and it is not possible to establish a correlation between
Tm and the SDCNC loading levels. Similar observations in the case of lignocellulosic material-
reinforced HPP composites were reported. 17°25 However, it can be seen from Figure 2-6A that
the Tonc and T¢ of the composites gradually increase from 118.0 0.3 <C to 127.2 £0.1<C and
from 112.5 £0.1 T to 123.0 £0.2 T, respectively, as the SDCNC loading levels increased in
HPP, which indicates that the crystallization of HPP started earlier during the cooling process. The
temperature increase is probably because of the formation of a transcrystalline layer at the interface
between SDCNC and HPP. 323454 Another assumption is that the SDCNC particles within the HPP
matrix can act as heterogeneous nucleating agents, allowing for many nucleation sites, promoting
the partial crystalline growth of HPP and improving mechanical properties. > Meanwhile, as the
loading of the SDCNC particles increases, the 4H. steadily decreases because a larger number of
rigid particles in HPP restrict the thermal motion of polymer chains and reduce chain mobility for
crystallization. > There is no significant change in Xc % of HPP after adding SDCNC particles
except for the composite of 30CNC. The X. % of HPP in 30CNC composite increases from 41.3
+0.9% (HPP) to 45.0 £1.0%. The increase in Xc % contributed to the decrease of the impact

strength of 30CNC, which is demonstrated by the results in the mechanical property section.
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Figure 2-6 The DSC cooling (A) and second heating (B) curves of all the composites.



The thermostabilities of SDCNC and all the composites were investigated by TGA, and
the TGA and DTG curves are shown in Figure 2-7. The TGA curve of the SDCNC can be divided
into three sections. The initial weight loss of around 3 % occurred at temperatures ranging from
50 T to 110 <T attributable to the evaporation of moisture from the material. > No actual thermal
degradation took place in this step. The second major weight loss started at around 292 <C, which
reached a dominant peak at around 305 <C on the DTG curve. This weight loss is attributed to
cellulose  degradation, including dehydration, depolymerization, decomposition of
dehydrocellulose, and char residue formation. *®°” The third weight loss occurred at around 350 <
because of the breakdown of char residues to low molecular weight products. °” The residual
weight at the end temperature of 600 <C for SDCNC is 18.1 +0.9 wt.%.

For pure HPP and HPP/SDCNC composites, the weight loss is less than 1 wt.% at 50 -
110 <C, indicating the trace amount of absorbed moisture in all composites. Based on the TGA
and DTG curves, the HPP matrix displays a single-step thermal degradation behavior with an onset
temperature of around 417 <C and a maximum weight loss rate at around 439 <C. The degradation
of the HPP/SDCNC composites can be divided into two processes, as reported before, which are
ascribed to the degradation of SDCNC (270 - 300 <T) and HPP (420 - 450 <C), respectively. %48
The other degradation process can be found from the DTG curves at around 150 <C for the 15CNC
and 30CNC composites, which can be attributed to the presence of sulfate group in SDCNC
introduced by the acid hydrolysis process in preparing the CNC material. 5% This degradation

cannot be identified for 5CNC and 10CNC composites because of the low SDCNC content in the
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composites. And it is also disappeared for the SDCNC particles from DTG curve. All composites
used in the TGA measurements were subjected to the melt compounding process while the
SDCNC particles are used in the native form, and the high temperature in the melt compounding
process may facilitate the degradation of the SDCNC. This can be explained by the results that the
onset temperature of SDCNC decreased from around 292 <C to around 280 - 285 <C and the peak
temperature at the maximum weight loss rate decreased from around 305 <C to around 291 - 297 <C
as shown in Table 2-4. The onset temperature for HPP/SDCNC composites are slightly greater
than that of pure HPP indicating the improved thermal stability of HPP composites after
introducing the SDCNC particles. This observation is consistent with the literature. °* The residual
weight at the end temperature of 600 < for HPP is negligible, suggesting that HPP has a low
thermal stability and char-forming ability. ®* It steadily increased for HPP/SDCNC composites
with the increase of SDCNC content, indicating that the SDCNC particles can promote the

formation of residual weight of HPP/SDCNC composites. **

2.4.5 Melt flow index

The MFI data for pure HPP and HPP/SDCNC composites are summarized in Table 2-1.
The MFI of HPP is 7.04 £0.07 g/10 min. Adding SDCNC particles into HPP resulted in a lower
MFI value, decreasing to 6.77 +£0.07, 6.19 £0.08, 6.22 £0.10, and 4.9840.10 g/10 min for 5CNC,
10CNC, 15CNC, and 30CNC, respectively. Incorporating rigid SDCNC particles into the

polymeric matrix hinders the polymeric chain segments’ rearrangement and free movement and
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increases the composite viscosity. This result is similar to other literature in which the MFI value

is reduced with increased natural reinforcement content in polymeric material. 62%°
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Figure 2-7 The TGA (A) and DTG (B) curves for all the samples.
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Table 2-3. The melting and crystallization behaviors of all composites.

Melting process

Crystallization process

Samples Xe (%0)
AHn (3 g% Ton-m () T (T) AH: (3 g Ton-c (T) Te (T)
HPP 84.7+1.8 151.0+0.3 161.6+0.9 87.0+1.1 118.0+0.3 112.5+0.1 41.3+0.9
5CNC 79.5+3.0 151.3+0.2 162.3+0.3 85.2+1.2 120.8+1.6 116.4+1.7 40.8+1.5
10CNC 76.3+1.1 151.3+0.5 162.5+0.3 80.6+2.4 124.3+0.2 120.3+0.4 41.4+0.6
15CNC 73.9+1.3 152.0+1.8 161.7+0.5 75.3+1.1 125.8+0.7 121.8+0.8 42.4+0.8
30CNC 64.5+1.5 153.6+1.5 161.5+0.1 64.6+0.1 127.2+0.1 123.0+0.2 45.0+1.0
Table 2-4. The TGA results for all the composites.

Region 1 Region 2 Region 3 Residual DTG Peak (°C)

Samples Olzscet Welghto/ioss O?éet Welg;;c loss Oris(,:et Welght(;z)ss w:,/:ght SDCNC HPP
HPP - - - - 417.27 100.00 0.00 - 439.21
5CNC - - 279.46 4.46 421.07 94.90 0.66 29128  438.77
10CNC  104.63 0.72 287.54 6.89 418.06 91.18 1.46 29770 437.26
15CNC  116.66  0.85 285.74 8.82 420.73 88.23 225 20448  439.12
30CNC  155.80 1.52 285.13 19.62 424.57 72.84 5.97 29255  441.56
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2.5 Conclusions

In the current work, the effect of the SDCNC particles and their loading levels on the
mechanical, morphological, and thermal properties of HPP composites was investigated. The
statistical analysis results showed that the mechanical properties of the HPP/SDCNC composites
were highly impacted by the SDCNC particle loading level. Incorporating SDCNC particles in
HPP composites significantly enhanced the tensile and flexural MOE. The impact strength of the
HPP composites was significantly improved by adding SDCNC particles due to the presence of
irregular-shaped SDCNC particles through the formation of the mechanical interlocking networks.
The low water absorption and dimensional swell of HPP composites indicated that the composites
can be properly used in applications where exposure to wet environment factor is a concern. The
crystallization peak temperatures of the HPP/SDCNC composites increased with increasing
SDCNC loading levels, suggesting the SDCNC particles can act as heterogeneous nucleating
agents during the crystallization process. A slight improvement in the thermal stability of HPP
composites after introducing SDCNC particles was observed. These findings have important
implications for expanding the application of SDCNC in thermoplastic composites in specific
fields, including packaging, construction, and automotive industries, and providing fundamental
information to design and develop the composites with desired performance. However, tensile
strength and strain at yield were adversely influenced because of the lack of any compatibilizer to

improve the interfacial adhesion between the SDCNC particles and matrix. To address the
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decreased tensile strength in this study and further improve the mechanical properties of the
composites, the further work should enhance the compatibility between the SDCNC particles and

HPP matrix by exploring the effect of coupling agents on the composite performance.
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Chapter 3 Percolation Threshold of Spray-dried Cellulose Nanocrystal in Homopolymer

Polypropylene Composite: the Effect on Mechanical and Thermal Properties

3.1 Abstract

Understanding the percolation threshold is essential for determining composites’
performance and ensuring efficient material usage in different applications. Spray-dried cellulose
nanocrystals (SDCNC) reinforced homopolymer polypropylene (HPP) composites at 20, 30, 40,
and 50 wt. % were prepared to investigate the percolation threshold of SDCNC particles in HPP
and assess the effect of the percolation threshold on the mechanical and thermal properties of
resultant composites. The effect of a compatibilizer, maleic anhydride polypropylene (MAPP) at
3, 5, and 7wt. %, on the SDCNC particles percolation networks and composites performance were
also studied. The results indicated that SDCNC particle percolation networks in HPP were
established at 30 — 40 wt.% SDCNC loading. Water absorption results confirmed this observation
and indicated that adding MAPP influenced the percolation network. Without MAPP, the impact
strength significantly increased before the percolation threshold and declined beyond it. HPP's
crystallization behavior changed due to the SDCNC partiles' nucleation function until a saturated
nucleation function at the percolation threshold. Introducing MAPP significantly improved tensile
strength (58%), tensile strain (61%), flexural strength (45%), and impact strength (91%) compared
with the corresponding composites without MAPP, attributed to the enhanced interfacial adhesion

between the SDCNC particles and HPP.
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3.2 Introduction

The broad range of applications of polypropylene (PP), including packaging, automobile,
construction, toys, and furniture, makes it one of the most utilized commodity thermoplastic
polymers due to its excellent barrier properties, moisture and chemical resistance, lightweight,
sterilizability, moldability, and durability. 1 However, it has some limitations that should be
considered in various applications, such as low impact strength, making it prone to brittle failure.
To overcome the uncompetitive mechanical property and increase the usage of PP, synthetic or
natural reinforcements or fillers are used to enhance its mechanical performance, including
toughness. Synthetic fillers such as glass or carbon fibers, talc, calcium carbonate, nanoclay, and
carbon nanotubes have been widely studied for reinforcing PP composites. 4° Recently, there has
been a growing focus on environmental concerns, leading to increased interest in incorporating
natural fillers in PP composites, such as wood flour, jute, rice husks, and cellulose fibers. Spray-
dried cellulose nanocrystal (SDCNC) particles, a dry form of cellulose nanocrystal (CNC), have
shown promise in fabricating PP composites at an industrial scale via a cost-effective and solvent-
free melt compounding process. X The one challenge in developing satisfactory PP composites
with SDCNC particles is the inherent incompatibility between the hydrophilic nature of SDCNC
and the hydrophobic nature of PP, leading to poor interfacial adhesion between the components, a
key factor influencing the tensile strength of composites. ' Maleic anhydride polypropylene

(MAPP) is commonly used to effectively increase the interfacial adhesion between cellulosic
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fillers and PP matrix in the composite industry due to the low cost, simple process, and absence of
extra solvents compared to other chemical surface treatments. 21214

The high reinforcing performance of composites is ascribed not only to the strong
interfacial adhesion between CNC and the matrix but also to the formation of a percolation network
of CNC in composites. 11 Percolation describes the dispersion of particles (like CNCs) in a
random system to form larger connected clusters spanning across the entire system at a certain
critical volume fraction, which is referred to as the percolation threshold. 1" The CNC percolation
threshold is crucial for its reinforcing effect on composites. Below the threshold, separated
particles cannot form a network, and the optimal reinforcing capacity of CNC thus cannot be
achieved. At the percolation threshold value, CNCs are in contact with each other, creating a rigid
continuous percolation network via the interaction between the abundant hydroxyl groups on the
CNC surface, forming a hydrogen-bonded solid structure with high strength to reinforce the
composites. Surpassing the percolation threshold leads to CNC agglomeration, inducing stress
concentration points and weakening the effective stress transfer from CNC to the matrix. 8

Existing literature showed that nanosized rod-like CNC can dramatically improve the
performance of polymer composites by building a continuous rigid network through the formation
of hydrogen bonds. %2 Corder and coworkers studied CNC percolation in the agueous
photoactive poly (vinyl alcohol) derivative (PVA-SbQ) solution by investigating the rheological
properties of the nanocomposites. *® They found that above 1.5 wt. % CNC concentration in

composites, several changes in rheological behavior were observed. Storage modulus (G”) sharply
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increased during the in situ photocrosslinking experiments. Santamaria-Echart et al. evaluated the
CNC percolation threshold in a waterborne polyurethane matrix by the measurement of tensile
properties and thermomechanical properties of resulting nanocomposites. 22 In this study,
remarkable enhancements in tensile stress at yield (36%), modulus (16%), and thermomechanical
stability were achieved at the CNC percolation threshold (3 wt. % CNC). The mechanical and
thermomechanical properties decreased above the CNC percolation threshold (5 wt. % CNC)
because of the formation of CNC agglomerates. Sheets of styrene butadiene rubber (SBR)
reinforced with varying contents of CNC from 0.5 to 8 wt.% (based on rubber weight) were
fabricated by a solution casting process. 2° The tear strength and maximum work required to tear
the sheets increased above 4 wt.% of CNC in SBR latex, where the percolation of CNC occurred.

From the literature discussed above, the prediction of percolation threshold in a specific
polymer matrix mainly focuses on the rod-like CNC and is primarily performed in the solution
casting/evaporation process, where particles can be uniformly dispersed in a polymer matrix,
which is an essential requirement for creating an ideally percolated network in composites. ’
Simultaneously, hydrogen bonding networks can be established during the solution casting process
with solvent drying. 2* However, for SDCNC dispersed in a thermoplastic compounded with a
melt process, the hydrogen bonding network of SDCNC is hard to build because no solvent is
involved. Research on the SDCNC percolation threshold in a nonpolar PP matrix when using a
melt compounding process to manufacture composites is of interest to academia and industry. The

majority of studies have determined the experimental percolation threshold of CNC based on
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mechanical or rheological properties, as mentioned above. In this study, we developed a novel
method to identify the experimental percolation threshold of SDCNC in PP composites by
investigating the water absorption behaviors of composites.

The main objective of this research was to search the SDCNC percolation threshold within
HPP composites by studying the characterization of water absorption of SDCNC-reinforced HPP
composites. Three hypotheses were involved in this research: (1) the percolation threshold of
SDCNC particles in HPP composites can be identified by characterizing the moisture absorption
behaviors of the SDCNC particle reinforced HPP composites; (2) the mechanical properties of the
SDCNC particle reinforced PP composites decrease significantly at the percolation threshold due
to the incapability of establishing hydrogen bonds between SDCNC particles; and (3)
compatibilization between SDCNC particles and polymer matrix can significantly change the
mechanical properties of the composites, even at SDCNC loading levels above the percolation
threshold. The fundamental knowledge the hypothesis statement provides helps design high-
performance composite systems using renewable resources. The mechanical behaviors of the
composites, including tensile, flexural, and impact properties, were examined. A compatibilizer of
MAPP was used to establish the bonding between SDCNC particles and the HPP matrix and
improve their interfacial adhesion. The effect of MAPP on the mechanical and thermal behaviors
of HPP composites near the SDCNC percolation threshold was assessed as well. The results
indicated that the SDCNC percolation network started to form at the loading level between 30 - 40

wt.%. Flexural and impact strength were significantly improved before reaching the percolation
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threshold, even without the compatibilizer in the composites, followed by decreasing above the
threshold. The crystallization peak temperature increased with the increasing loading level of
SDCNC and remained constant above the SDCNC percolation threshold value. Introducing MAPP
into the system significantly changed the mechanical properties of the composite by establishing
adhesion between SDCNC and the polymer matrix. Simultaneously, MAPP covered the SDCNC
particle surface, reducing the nucleation function of SDCNC on the HPP matrix. The HPP
crystallization peak temperature increase caused by SDCNC was also depressed by the

incorporation of MAPP.

3.3 Materials and methods

3.3.1 Materials

HPP pellets (ExxonMobil ™ PP1264E1) with a density of 0.9 g cm were received from
ExxonMobil Chemical Company (Houston, TX). The SDCNC powder derived by sulfuric acid
hydrolysis was obtained from CelluForce (Montreal, Canada). MAPP (Polybond 3200) pellets
were supplied by ChemPoint Inc. (Bellevue, WA, USA). It has a melt flow index of 115 g 10 min
1 (190 °C/2.16 Kqg), a density of 0.91 g cm™, and a melting point of 157 °C. The maleic anhydride

content is in the range of 0.8 - 1.2 %.

3.3.2 Composites manufacturing

A masterbatch method was used to prepare SDCNC-reinforced HPP composites with or

without MAPP pellets. A C.W. Brabender internal mixer (CWB-2128, Hackensack, NJ, USA) at
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200 <C with the two mixing blades rotating counterclockwise at 60 rpm was used to manufacture
all composites. The SDCNC powder and MAPP pellets were oven-dried at 105 <C overnight to
remove any potential moisture before melt compounding. The HPP pellets were first melted in the
mixer until a constant torque was achieved (5 minutes). Then the SDCNC particles were added
into the mixing chamber for further compounding for an additional 5 min to reach a constant torque
value of the mixer. The masterbatch with 50 wt.% SDCNC was prepared first. The masterbatch
for the composite with MAPP was prepared by mixing HPP and the designated amount of MAPP
first, followed by adding the SDCNC particles. After thermal compounding, the cooled mixture
was ground into a pellet form using a granulator (Shini Plastic Technologies Inc., Willoughby, OH,
USA). For the fabrication of the final composites according to the formulations shown in Table
3-1, the oven-dried masterbatch pellets and the designed amount of fresh HPP pellets were dry-
mixed and then fed into the mixer for thermal compounding for 5 minutes until a well-dispersed
final composite was obtained, as indicated by a constant torque value. The final mixed composites
were then ground into pellets and oven-dried at 105 <C overnight prior to being processed into
standard-shaped samples for mechanical properties evaluation according to ASTM D638 (Type
V), ASTM D790-A, and ASTM D256, respectively. An injection molding machine (Proto-Ject
150HP, Manning Innovations Inc., Halls, TN, USA) at 200 <C and a pressure of 44 MPa was used
for all composite specimen manufacturing. After molding, the samples were placed in Ziploc bags
and stored in desiccators at room temperature for at least 48 hours to prevent moisture absorption

before the test. Pure HPP pellets prepared with the same melt compounding and injection molding
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process were used as a control sample. The sample names are listed in Table 3-1, where SDCNC-
reinforced HPP composites without MAPP (CNC/HPP) pellets were denoted as aCNC (a is the
SDCNC weight percentage in the composite based on the total weight of composite), and SDCNC-
reinforced HPP composites with MAPP pellets (CNC/MAPP/HPP) was denoted as bCNCcMAPP

(b and c are the SDCNC and MAPP weight percentages based on the total weight of the composite).

Table 3-1. The formulations of CNC/HPP and CNC/MAPP/HPP composites.

Sample denotation HPP (wt.%) SDCNC (wt.%) MAPP (wt.%)
HPP 100 0 0
20CNC 80 20 0
30CNC 70 30 0
40CNC 60 40 0
50CNC 50 50 0
30CNC3IMAPP 67 30 3
30CNCS5MAPP 65 30 5
30CNCT7MAPP 63 30 7
40CNC3MAPP 57 40 3
40CNCSMAPP 55 40 5
40CNCT7MAPP 53 40 7

3.3.3 Mechanical properties testing

The evaluation of mechanical properties of all composites, including tensile, flexural, and
impact properties, was performed according to ASTM D638 (Type IV), ASTM D790-A, and
ASTM D256, respectively. A Mark-10 ESM750s motorized test machine (Copiague, NY, USA)
with a 2,500-N load cell was used to perform tensile tests at a cross-head speed of 5 mm min™.

The strain of composites was measured by an Epsilon extensometer SN E109112 (Jackson, WY,
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USA). At least five specimens from each formulation were tested for tensile properties. Flexural
tests were performed using a Mark-10 ESM750s motorized test machine (Copiague, NY, USA)
equipped with a 500-N load cell at a cross-head speed of 1.34 mm min. Five specimens from
each formulation were tested for flexural properties. The notched Izod impact tests were carried
out with a Zwick/Roll HIT 25P (Germany) impact tester equipped with a 1 J pendulum for
CNC/MAPP/HPP composites. A V-shape notch with a depth of 2.54 mm and a notch angle of 45°
was created using a manual Instron CEAST notcher (Norwood, MA, USA) prior to conducting the
impact test for all specimens. Ten specimens from each formulation were tested for impact strength

(kg m). All tests were conducted at room temperature of 23 +2 <T with 50 +5 % RH.

3.3.4 Water absorption testing

Five impact fractured samples from each formulation were used to measure water gain,
thickness swell, and width swell. The average thickness and width measurements were obtained
from three points on each sample. All of the specimens were conditioned by oven drying at 105 <C
to a constant weight. Afterward, weighing and measuring them to the nearest 0.0001 g and 0.001
mm before immersing them in deionized water at a room temperature of 23 =2 <C for a long
duration (150 days). At specific time intervals (every day in the first week, one or two-week
intervals therafter), the specimens were removed from the water and dried with Kimtech kimwipes,
followed by weighing and dimensional measurement, and then was inserted back into the water.
The percentages of water gain and thickness and width swell were calculated according to the

following equations:

Water gain (%) = (W, — Wy)/W, X 100 @
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Thickness swell (%) = (T, — T,) /Ty X 100 (2)
Width swell (%) = (w; — wg)/wg X 100 (3)

Where Wo, To, and wo are the initial weight, thickness, and width of the specimens before
water immersion, Wy, Ty, and w; are the weight, thickness, and width after water immersion for
specific time intervals, respectively.

Diffusion coefficients (D) for all composites were calculated according to the following
model 2>2°;

Me/M,, = (4/h) = (D/m)z = t2 @)

Where M is water gain at immersion time t, M. is the equilibrium water gain (assumed to
be the maximum water gain at the end of the experiment (150 days)), h is the sample thickness.
3.3.5 Morphological properties

A Zeiss Evo 50VP scanning electron microscope (SEM) (Oberkochen, Germany) was used
to examine the lzod impact-tested cross-section surfaces of all the composites to evaluate the
morphological properties. An accelerating voltage of 20 kV was used for the SEM work. The
specimen surfaces were sputter-coated with gold for 60 s by a Q150R ES sputter coater (Hatfield,
PA, USA) before SEM observation.

3.3.6 Thermal characterization

Differential scanning calorimetry (DSC) analysis was performed using a TA instrument

DSC-250 (DE, USA) under a nitrogen atmosphere with the following conditions: 1) heating about

10-15 mg sealed sample from 40 <C to 200 <C, 2) keeping at 200 <C for 2 min to eliminate the
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previous thermal history, 3) cooling down to 40 <C, 4) isothermal at 40 <C for 2 min, 5) reheating
to 200 <C. Both heating and cooling rates were 10 <€ min. The cooling and second heating
thermograms were analyzed using the TRIOS (TA Instruments, DE, USA) software. At least
duplicates were tested for each sample. The crystallinity X (%) was calculated using the following
equation:

X, (%) = AH,,/(AHS, wypp) X 100% (5)

Where AH,, is the melting enthalpy obtained from the second heating cycle; AHJ, is the
melting enthalpy of HPP with 100% crystallinity extracted from the literature (205 J mol™?) ; 2" and
wypp IS the weight ratio of HPP in the composite.

3.3.7 Statistical analysis

One-way ANOVA (analysis of variance) with a 0.05 significance level, followed by
Tukey’s post-hoc tests, was applied to separately analyze the mechanical properties of CNC/HPP
composites and water absorption properties of all composites, respectively. The effect of different
loadings of SDCNC and MAPP on each mechanical property was analyzed using two-way
ANOVA with Tukey’s post-hoc tests at a 0.05 significance level. The two-factor model was:

Yiik =u+a;+Bj+vij+&x~N(Q,o0) (6)

Wherei=1,2;j=1,2,3,4,k=1,2,3,4,5,6, 7 (tensile properties) or 1, 2, 3, 4, 5 (flexural
properties) or 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 (impact properties); Y;; is the mean value of each
mechanical property tested; u is the population mean value of each mechanical property; a; and

p; are the effects of SDCNC and MAPP contents on the mechanical properties; y;; is the
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interaction effect between SDCNC and MAPP on the mechanical properties; and &y, is the error

associated with a normal distribution (N) and standard deviation (o).

3.4 Results and discussions

3.4.1 Mechanical properties

The effect of various loadings (20, 30, 40, and 50 wt. %) of SDCNC particles on the
mechanical properties of the composites was evaluated (Table 3-2). The incorporation of high-
stiffness SDCNC resulted in all CNC/HPP composites having greater tensile MOE than neat HPP
(1.34 £0.03 GPa). The tensile moduli increased as the SDCNC content increased, reaching up to
2.99 +£0.23 GPa for 50CNC, which was 123% higher than that of neat HPP. On the contrary, the
tensile strength and tensile strain at the yield point decreased monotonically with increasing
SDCNC content compared to neat HPP (Table 3-2). The decrease was ascribed to the
incompatibility between hydrophilic SDCNC particles and hydrophobic HPP matrix without a
compatibilizer, generating separated interfacial space (Figure 3-1A-D) and an ineffective stress
transfer. The addition of rigid SDCNC particles could restrict the mobility of polymer chains and
reduce the ductility of the composites. 282°

The flexural MOE of CNC/HPP composite steadily increased with rising the SDCNC
content, reaching up to 2.87 £0.08 GPa for 50CNC, approximately 117% higher than that of neat
HPP. This trend aligns well with the change in tensile MOE. Flexural strength, reported as the
stress at yield point for 30CNC, 40CNC, and 50CNC and the stress at 5 % strain for HPP and

20CNC (no yield or break before 5 % strain according to the ASTM D790-A), demonstrated a
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complex relationship. A significant increase in flexural strength occurred for 20CNC and 30CNC,
followed by a significant decrease for 40CNC and 50CNC. The higher filler content led to closer
spacing between SDCNC particles, facilitating to form large aggregates and inducing extra stress
concentration points in the composite, impeding the stress transfer. Consequently, the flexural

strength decreased at greater filler loading levels.

Table 3-2. The mechanical properties of CNC/HPP composites.

Tensile Properties Flexural Properties Impact

Sample \ OF (GPa) S(t;/e[;i;h Strain (%) MOE (GPa) Szﬁi)g;)h S(Eer';g_zt)h
HPP 1.34£0.03*E® 30.2+0.2A 10.3:0.6A 1.32+0.02E 40.7t0.5B  1.59+0.12B
20CNC 2.05+£0.09D 26.1#40.6 B 5.2+0.5B 1.7240.04 D 42.9+09A  1.85+0.15A
30CNC 2.38+0.10C 22.6+03C 3.9+03C 2.04+0.02C 42.4+03A 1.95+0.21A
40CNC 2.68+0.12B 20.3204D 2.820.1 D 2.46+0.02B 39.5£0.5C  1.4840.25B
S50CNC 299+0.23 A 17.7+05E 2.2+03E 2.87+0.08A 35.0+03D 1.39+0.10B

#Mean value and standard deviation.
®For each column, different letters represent the significant difference (p<0.05).

‘Flexural strength values were reported at a 5 % strain limit for HPP and 20CNC and at yield points
for 30CNC, 40CNC, and 50CNC.

The impact strength of CNC/HPP composites increased initially with 20 and 30 wt.% of
SDCNC, peaking at 1.9540.21 kJ m™ for 30CNC (20% higher than that of neat HPP), then
decreased to 1.4840.25 and 1.3940.10 kJ m for 40CNC and 50CNC, showing no statistically
significant differences from the neat HPP based on the statistical analysis (Table 3-2). The physical
adhesion based on the mechanical interlocking between the SDCNC particles and the HPP matrix,

caused by the irregular shapes of SDCNC, was the reason for the increased impact strength. This
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mechanical interlocking failure mode of the polymer strands with stretched filaments can be
clearly seen in (Figure 3-1A-D. The longer and more filaments and the rougher surfaces of 20CNC
and 30CNC composites indicated that higher energy was required for the impact test fracture
(Figure 3-1A-B). However, at higher SDCNC levels (40CNC and 50CNC), more particles
embedded in the HPP matrix, large agglomerates of SDCNC particles without effective contact
with the matrix formed, interrupting the integrity between SDCNC particles and the HPP matrix
caused by the mechanical interlocking adhesion. Simultaneously, the fracture surface (Figure
3-1C-D) may demonstrate the fracture paths going through spaces between SDCNC particles
without involving the polymer matrix during the impact test. The SDCNC particles are spray-dried,
and the adhesion between the particles is weak. Hence, the impact strength decreased at higher

SDCNC loading levels that increase the fracture probability at the interfaces of the SDCNC

particles.

Figure 3-1 The morphological properties of all composites: 20CNC (A), 30CNC (B), 40CNC (C),
50CNC (D), and 30CNC5MAPP (E-F).
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Table 3-3. Two-way ANOVA on mechanical properties of CNC/MAPP/HPP composites

P value
Source Degree of freedom Tensile Properties Flexural Properties
- Impact Strength
MOE Strength Strain MOE Strength

CNC 1 1.34E-13 7.77E-10 1.47E-7 1.63E-27 2.39E-12 4.20E-4

MAPP 3 0.1984 3.10E-36 9.15E-13 9.73E-17 4.00E-32 9.26E-37

CNC*MAPP 3 0.2083 2.21E-6 0.0731 1.17E-5 1.78E-14 5.25E-6

Model 7 1.42E-10 1.87E-34 1.91E-12 9.85E-26 6.81E-31 3.15E-35

Table 3-4 The mechanical properties of all CNC/MAPP/HPP composites.
Tensile Properties Flexural Properties
. - Impact Strength
Composites MOE Strength Strain MOE Strength® (kl/m?)
(GPa) (MPa) (%) (GPa) (MPa)

30CNC 2.38+0.10* B® 22.6£0.3 C 3.9+0.3 C 2.04+0.02 D 42.4+0.3 D 1.95+0.21 B
30CNC3IMAPP 2.20+0.05 B 32.4+0.1 A 53+£0.1 A 1.87+£0.02 E 51.8+0.6 C 2.72+0.10 A
30CNCS5MAPP 2.28+0.07 B 325402 A 52+0.4 A 1.91+0.03 E 52.840.7 C 2.81+£0.09 A
30CNCT7TMAPP 2.30+0.04 B 32.4+05 A 5.1£0.4 AB 1.91+0.03 E 53.0+0.9 C 2.73+£0.09 A
40CNC 2.68+0.12 A 20.3+0.4 D 2.8£0.1 D 2.46+0.02 A 39.5+0.5 E 1.48+0.25 C
40CNC3IMAPP 2.68+0.06 A 32.1+0.2 AB 4.5+0.3 BC 2.25+0.03 B 573204 A 2.68+0.10 A
40CNCS5MAPP 2.69+0.06 A 31.4+04 B 4.8+0.4 AB 2.19+0.04 C 559409 B 2.82+0.14 A
40CNCT7MAPP 2.69+0.04 A 32.0+0.4 AB 4.6+0.4 AB 2.21+0.03 BC 56.4+£0.5 AB 2.72+0.16 A

¥Mean value and standard deviation.

®For each column, different letters represent the significant difference (p<0.05).

‘Flexural strength was reported at yield point for 30CNC and 40CNC and at 5% strain limit for others.

73



The flexural and impact strength of 40CNC is significantly lower than those of 30CNC and
20CNC, which are not substantially different from each other, implying a dramatic internal
structure in CNC/HPP composites when the SDCNC loading changes from 30 to 40 wt.%. The
percolation network of SDCNC particles was possibly established between 30 — 40 wt.%. Thus,
composites with 30 and 40 wt. % SDCNC were selected to study the effect of MAPP, which was
used to enhance the compatibility between SDCNC particles and the HPP matrix.

Two-way ANOVA results on the mechanical properties of the CNC/MAPP/HPP
composites showed a significant interactive effect between the SDCNC and MAPP content on all
mechanical properties, except for tensile MOE and strain properties (Table 3-3). Tensile strength
and strain increased significantly when introducing MAPP as a compatibilizer in the composites.
For example, 30CNC3MAPP and 40CNC3MAPP exhibited a 36 % and 61 % increase in tensile
strain and a 43 % and 58 % improvement in tensile strength compared to the corresponding
CNC/HPP composites (Table 3-4). In addition, the tensile strength of CNC/MAPP/HPP
composites with 30 wt. % SDCNC was also approximately 7 % higher than that of neat HPP
(30.240.2 MPa). The increment was ascribed to the enhanced compatibility between the SDCNC
particles and HPP matrix, as shown in Figure 3-1E-F. Compared to the 30CNC composite (Figure
3-1B), no separated interfaces or gaps between SDCNC particles and matrix were observed and
all SDCNC particles were covered by polymer (Figure 3-1E-F), increasing the whole composite’s
continuity and promoting the effective stress transfer from matrix to SDCNC particles. These

results indicated that MAPP served as an excellent compatibilizer for CNC/HPP composite by
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establishing improved interfacial adhesion. Statistically, there are no significant differences in the
tensile strength and strain under the same SDCNC loading with various MAPP levels (Table 3-4).
In the case of tensile MOE, the SDCNC particle loading level had a substantial effect, while the
MAPP content had no significant impact on it (Table 3-3). This can be explained by that MOE is
unaffected by the particle/matrix interfacial adhesion quality in particle-polymer composite
systems.

A similar trend was observed regarding flexural strength of the composites with MAPP
(Table 3-4). Flexural strength was significantly improved up to 53.040.9 MPa (30CNC7MAPP)
and 57.340.4 MPa (4A0CNC3MAPP), representing 25 % and 45 % higher than the corresponding
values of 30CNC and 40CNC. Flexural MOE significantly decreased after adding MAPP (Table
3-4) due to MAPP’s higher melt flow index (115 g 10 min™) compared to HPP (20 g 10 min).
Generally, a lower molecular weight polymer has lower stiffness. 23 Based on the rule of
mixtures, the CNC/MAPP/HPP composites have lower flexural MOE. At the 3, 5, and 7 wt.%
MAPP loading levels, the composites performed similar flexural properties.

The addition of MAPP significantly increased the impact strength (Table 3-4). The impact
strength of 30CNC5MAPP and 40CNC5MAPP are 2.8140.09 and 2.8240.14 kJ m, representing
a 44% and 91% improvement over 30CNC and 40CNC and a 59% enhancement over neat HPP
(1.77490.20 kJ m™2). This dramatic increment is associated with the improved compatibility between
the matrix and the SDCNC particles, visible in SEM micrographs (Figure 3-1E-F). The

introduction of MAPP resulted in a new layer of polymer coating on the SDCNC particle surfaces,
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achieving polymer fracture and increasing toughness, which imply a successful interaction
between SDCNC, MAPP, and HPP. The possible interfacial interaction can be interpreted by the
creation of covalent (ester linkages between SDCNC and MAPP) and hydrogen (the interaction
between anhydride groups and hydroxyl groups of SDCNC) bonds. 33 The similar chemical
structure of the PP moiety of MAPP and HPP matrix permits good miscibility and strengthens the
interfacial adhesion of the composite. The improved interfacial adhesion, in turn, contributes to
mechanical property enhancement. At the same SDCNC loading level, no significant difference in
impact strength was observed for the CNC/MAPP/HPP composites with varying MAPP contents.
3.4.2 Water absorption testing

Water absorption testing was performed to evaluate the distribution of SDCNC particles in
the HPP matrix and to explore the possible change in the internal structure of CNC/HPP and
CNC/MAPP/HPP composites. The percentage of the water gain for all composites during
immersion into DI water was plotted against the square root of time in Figure 3-2. The percentages
of the water gain and the thickness and width swell were calculated from five replicates, diffusion
coefficients based on the initial slope of this curve at the early stage (25 days) were also calculated,
as shown in Table 3-5 and Table 3-6.

The results indicated that the neat HPP has an excellent water barrier property. The water
gain increased as the SDCNC particle loading level in the composite increased because of its

hydrophilic nature. Water molecules mainly diffused into the SDCNC particles because of their
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hygroscopic nature, swelling the particles, and then migrated within the composites through
SDCNC particles or along SDCNC-HPP interfaces. Theoretically, increasing SDCNC particle
loading levels in the composite is expected to result in a proportional increment in equilibrium
water gain due to the hydrophilic nature of SDCNC and the expansion of interfacial areas between
SDCNC and HPP. This linear relationship can be observed from the equilibrium water gains of
20CNC and 30CNC (Table 3-5), i.e., there is a direct proportional relationship between the
SDCNC loading and the equilibrium water gain. The water gain to SDCNC loading ratio is same
for 20CNC and 30CNC (0.0660.001). However, at higher SDCNC loading, the ratio is much
higher (0.08040.002 and 0.19340.003 for 40CNC and 50CNC, respectively) (Table 3-5). This
observation indicated that: 1) there is no considerable change in the SDCNC network or
distribution in 20CNC and 30CNC; 2) the SDCNC networks or distributions in 40CNC and
50CNC differ dramatically from 20CNC, 30CNC, and each other; and 3) the SDCNC percolation
threshold is between 30 — 40 wt.%.

The proposed mechanism of water absorption, based on the suggested percolation theory,
is illustrated in Figure 3-3. SDCNC particles were uniformly distributed in HPP, completely
encapsulated by the matrix, and separated from each other in 20CNC (Figure 3-3A). The major
water absorption pathway was the diffusion of water molecules from the specimen surface (either
through SDCNC particles or HPP) and the interface between surface SDCNC and HPP to another
phase of SDCNC or HPP inside. The diffusion rate for pure HPP was extremely low, with a

diffusion coefficient of 4.81E-07mm? h'1, while 20CNC exhibited a notable 3000-fold increase. It
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revealed that SDCNC particles had a remarkable potential to facilitate the absorption of water
molecules through hydrogen bonding. 2° The diffusion coefficient of 30CNC is 160% higher than
that of 20CNC. With the same ratios of water gain to SDCNC loadings, the change in the diffusion
coefficient is mainly due to the increased SDCNC loading. A higher water diffusion coefficient of
30CNC may indicate local SDCNC particle agglomerates may be present, as proposed in Figure
3-3B. In 30CNC, individual and locally agglomerated SDCNC particles were still encapsulated by
HPP. Consequently, the matrix, the dispersed SDCNC particles and agglomerates still
predominantly governed water molecule diffusion. As SDCNC loading further increase, the water
diffusion coefficient of 40CNC increased by about seven times compared to 20CNC, which is
assumed to be two times if there were no internal structure changes of SDCNC particle distribution.
A proposed integrated network structure (percolation) of SDCNC particles is formed inside
40CNC. At this point, the matrix failed to encapsulate all SDCNC particles separately, and water
molecules can easily be transported continuously between SDCNC particles throughout the
composite structure. Simultaneously, it is proposed that only limited numbers of percolation
networks were established in 40CNC (Figure 3-3C). Once more SDCNC percolated networks were
established in 50CNC (Figure 3-3D), the water diffusion coefficient increased approximately 60
times compared to 20CNC. The multiple percolated SDCNC networks promote water molecules
to move from different directions, enabling faster and more efficient diffusion of water molecules

through the composites. The high-density hydroxyl groups of SDCNC particles facilitate hydrogen
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bonding interactions with adjacent water molecules, allowing for the easy migration of water

molecules along the SDCNC percolation networks.
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Figure 3-2 Water gain curves for CNC/HPP composites (A) and CNC/MAPP/HPP composites
(B).

With the presence of MAPP in 30CNC, the water gain and diffusion coefficient changed
slightly (Table 3-6 and Figure 3-2B). The chemical bonding between SDCNC and MAPP subtly

changed the interaction between SDCNC particles and water molecules, and decreased the
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interfacial space in the composites, leading to a change in water gain. In the case of 30CNC, the
effect of MAPP was applied to individual SDCNC particles or local agglomerates, and the impact

was limited due to the dispersion and
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Figure 3-3 The proposed mechanism of water

reduced interfacial space and the interaction apsorption for 20CNC (A), 30CNC (B), 40CNC
(C), 50CNC (D).

between MAPP and the SDCNC particles.
Another possible reason for the decreased water gain is the effective interaction of MAPP and
SDCNC, improving SDCNC particles dispersion and distribution and reducing the probabilities to
form the SDCNC percolation networks.

The dimensional stability of the composite was influenced by the swelling of SDCNC

particles after absorbing water. The thickness and width swell of all CNC/HPP and
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CNC/MAPP/HPP composites performed similarly to the water gain of the composites. Non-
significant difference in dimensional swelling between 20CNC and 30CNC indicated the
minimized SDCNC network structure change. Higher SDCNC loadings led to significant increase
in dimensional swelling (Table 3-5) due to the formed percolation network. However, the overall
dimensional change is relatively low (approx. 1%) compared with the wood flours reinforced HPP
composites at the same 30 wt. % loading, which indicated the SDCNC particles had a limited
impact on the water resistance of HPP composites. 23 The highly impermeable crystalline structure

of SDCNC acts as a water barrier and provides a tortuous path for the water molecule diffusion. 3*

Table 3-5. Water absorption properties of CNC/HPP composites after water immersion for 150
days.

Water gain Diffusion

Composites Water gain to SD.CNC coefficient Thickness swell Width swell
(%) loading  (mm2h?) (%) (%)
ratio

HPP 0.02+0.012 E - 4.09E-07 0.27£0.05D  0.07£0.05D
20CNC 1.32+0.02 D 0.066 1.35E-03 0.86+0.11 C 0.39+0.04 C
30CNC 1.97+0.01 C 0.066 3.59E-03 1.09+0.18 C 0.49+0.04 C
40CNC 3.19+0.01 B 0.080 1.04E-02 1.88+0.22 B 0.81+0.10 B
S0CNC 9.64+0.14 A 0.193 8.73E-02 3.84+0.17 A 2.99+0.12 A

®Mean value and standard deviation.
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Table 3-6 Water absorption properties of CNC/MAPP/HPP composites after water immersion for

150 days.
. Diffusion . .

. Water gain . Thickness swell Width swell

Composites o coefficient

(%) - (%) (%)

(mm-h™)
30CNC? 1.97+0.01° A° 3.59E-03 1.09+0.18 A 0.49+0.04 A
30CNC3IMAPP 1.94+0.02 B 3.71E-03 1.03+0.02 A 0.39+0.02 B
30CNCSMAPP 1.94+0.01 B 3.65E-03 1.03+0.03 A 0.42+0.02 B
30CNCTMAPP 1.99+0.02 A 3.97E-03 1.04+£0.05 A 0.40+0.01 B
40CNC 3.19+0.01 A 1.04E-02 1.88+0.22 A 0.81+0.10 A
40CNC3MAPP 2.69+0.01 B 8.44E-03 1.52+40.05 B 0.62+0.02 B
40CNCSMAPP 2.74+0.02 B 8.52E-03 1.59+0.05 B 0.65+0.01 B
40CNCTMAPP 2.72+0.02 B 8.59E-03 1.55+0.04 B 0.61+0.02 B

#30CNC and 40CNC composites with different content of MAPP were analyzed separately.
®Mean value and standard deviation.

‘For each parameter, different letters represent the significant difference (p<0.05).

3.4.3 Thermal characterization

The crystallization and melting behaviors of all the composites were evaluated by DSC,
and the peak temperatures for crystallization and melting are summarized in Table 3-7. The DSC
thermograms of the crystallization process are shown in Figure 3-4. For the CNC/HPP composites,
the crystallization exothermal curves shifted toward higher temperatures after adding the SDCNC
particles (Figure 3-4A). The HPP crystallization peak temperature (T¢) is 112.5340.1 <C. Adding
20 wt.% SDCNC particles in the composite increased the T. of HPP to 122.140.3 <C. This
increment is caused by the nucleation function of the cellulose surface, forming a well-known

transcrystalline layer around the SDCNC particles .>>% Adding 30 wt.% SDCNC further increased
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the HPP T¢ to 124.540.2 <C, a minor increase compared with 20CNC composite. This observation
indicated that more cellulose HPP interfacial area was created for 30CNC than that for 20CNC,
further increasing the nucleation function of the cellulose surface. However, further increase of the
SDCNC loadings did not increase Tc of HPP in 40CNC (124.440.6 <C) and 50CNC (124.8+1.3 TC).
The relationship between the T and the SDCNC loading levels is shown in Figure 3-4B. These
results indicated that: 1) the SDCNC particles acted as an effective nucleating agent in the HPP
matrix, 13137 inducing the formation of additional nucleation sites to facilitate the crystallization
of HPP at a higher temperature; 2) the T, of HPP changed with SDCNC loading level up to the
percolation threshold due to surface nucleation function of cellulose; 3) the amounts of the SDCNC
and HPP interface in 40CNC and 50CNC were similar to that in 30CNC which is slightly greater
than that in 20CNC; and 4) 30 wt.% SDCNC particles in the HPP saturated the nucleation function
of the cellulose surface for the HPP. In other words, 30 wt. % SDCNC particles in the HPP matrix
provided a maximum nucleation function, and adding more SDCNC particles barely affected the
crystallization process of HPP. The crystallization study can be correlated with the mechanical
property and water absorption results to further refine the percolation threshold of the SDCNC in
HPP, which is around 30 wt.%.

The melting peak temperatures (Tm) of all the CNC/HPP composites (Table 3-7 and Figure
3-5A), were observed at around 162 <, corresponding to the a-phase crystallite of HPP. 3839 A
notable shoulder at approximately 155 <C was observed during the second melting process for

composites with the SDCNC loading level at 30 wt.% or above (Figure 3-5A). The lower melting
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temperature was identified as the p-phase HPP crystallite, 38 which indicated that the SDCNC
particles in HPP matrix promoted the formation of -phase crystallite of HPP. The appearance of
the B-phase crystallite can partially explain the improved impact strength of composites since it
has better impact resistance than the a-phase HPP. 34041 The melting enthalpy and crystallinity of
the HPP were also plotted against the SDCNC loading levels, and a linear relationship was
observed (Figure 3-5B-C). The crystallinity (Xc) of the HPP increased from 41.3#0.9 % to
45.14.9 % with the incorporation of 50 wt. % SDCNC within the HPP matrix (Table 3-7).
Similarly, the crystallization enthalpies were also observed to be linearly decreasing with the
increasing SDCNC loadings (Figure 3-5B).

Including MAPP in CNC/MAPP/HPP composites decreased T (Table 3-7 and Figure 3-6).
Replacing the HPP with 3 wt.% of MAPP decreased the T. from 124.530.2 and 124.440.6 for
30CNC and 40CNC to 120.140.3 and 120.840.7 <C, respectively. The addition of MAPP at 5 and
7 wt.% slightly decreased the T further (Table 3-7). MAPP limited the nucleation function of
SDCNC on the HPP, possibly obstructing the formation and growth of HPP crystallite on SDCNC
surface. The chemical bonding between MAPP and SDCNC covered the SDCNC particle surface
with a different interphase layer, reducing the number of nucleating sites supported by SDCNC
and delaying the crystallization process. However, the T, of HPP in the CNC/MAPP/HPP
composites are still higher than that of neat HPP. The change of the SDCNC nucleation function
by MAPP may not be able to completely diminish the nucleating effect of the SDCNC particles.

The other reason is that introducing MAPP may result in a different nucleation mechanism,
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changing the crystallization peak temperatures. The effects of the MAPP on the composite melting
behaviors and degrees of crystallinity were also studied, and the results are included in Table 3-7.

No notable changes in melting and crystallinity were observed.
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Table 3-7. The thermal characterizations of all composites.

Melting process

Crystallization process

Samples Xc (%)
AHm (J/9) Tm (C) AHc (J/9) Te(C)

HPP 84.7+1.8 161.6+0.9 87.0+1.1 112.540.1 41.3+0.9
20CNC 69.0+2.8 161.9+0.3 77.4+0.6 122.1+0.3 43.0+1.8
30CNC 62.3+0.8 161.3+0.4 60.5+0.6 124.5+0.2 43.4+0.6
40CNC 54.8+0.9 162.6+1.1 53.0+1.0 124.4+0.6 44.5+0.8
50CNC 46.3+1.0 162.0+0.4 43.1£1.5 124.84+1.3 45.1+0.9

30CNC3MAPP 62.3+1.9 161.1+0.7 63.4+0.6 120.1+0.3 43.4+1.3
30CNC5MAPP 64.4+0.6 160.8+0.4 65.8+0.1 118.8+0.2 449404
30CNC7MAPP 62.0+0.5 160.9+0.8 63.0+0.1 118.1+0.2 43.2+0.4
40CNC3MAPP 54.7+0.5 161.1+0.3 55.2+1.9 120.8+0.7 44.5+0.4
40CNC5MAPP 53.5+1.6 160.9+0.7 53.0+0.7 119.4+0.4 43.54+.3
40CNC7MAPP 55.0+0.2 160.7+0.5 53.0+0.1 118.6+0.2 44.7+0.2
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3.5 Conclusions

The study explored the percolation threshold of the SDCNC particles in HPP composites
and assessed its influence on the mechanical, morphological, and thermal properties of the
CNC/HPP composites. Water absorption measurement of the composites, used as a novel method,
helped predict the percolation threshold and the internal structure changes of the composites.
Additionally, the effect of MAPP as a compatibilizer (3, 5, and 7 wt.%) on the composite
percolation network, mechanical, and thermal properties was investigated.

The mechanical properties of the CNC/HPP composites showed that incorporating SDCNC
particles improved tensile and flexural MOE significantly by up to 123 % and 117 % at the highest
loading levels compared to the neat HPP. Notably, impact strength significantly increased by 20%
at 30 wt. % SDCNC, followed by a subsequent decrease at higher loadings, indicating that
percolation networks were formed probably between 30 — 40 wt. % of the SDCNC particles. The
results of water absorption measurements confirmed the percolation threshold value of the SDCNC
particles in HPP composites, as the water gain changed dramatically above 30 wt. % SDCNC
loading, indicating a notable change in the internal structure or distribution of the SDCNC particles
in the composites. The hypothesis that water absorption behaviors of the composites can be used
to identify the particle percolation threshold is confirmed. Simultaneously, the hypothesis that
mechanical properties decreased significantly above the SDCNC percolation threshold is

confirmed by the impact strength change. Moreover, SDCNC particles acted as nucleating agents,
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elevating crystallization peak temperature and crystallinity. Above the SDCNC percolation
threshold, the crystallization behavior of HPP in the CNC/HPP composites remained relatively
unchanged due to the saturated nucleation function provided by 30 wt. % SDCNC particles.

The addition of MAPP had a limited influence on the internal structure of the 30CNC
composite but a more significant impact on the 40CNC composites based on the moisture
absorption measurement. At the 40 wt.% SDCNC loading level, which is above the percolation
threshold, the tensile strength, tensile strain, flexural strength, and impact strength of the
CNC/MAPP/HPP composites were significantly enhanced compared to the corresponding
CNC/HPP composites, increasing by up to 58, 61%, 45%, and 91%, respectively. Therefore, the
third hypothesis about the effect of MAPP is also confirmed. These improvements were ascribed
to the effective interfacial adhesion between the SDCNC particles and the matrix. Various MAPP
contents in composites provided similar mechanical properties. However, the introduction of
MAPP depressed the crystallization process of HPP in the CNC/MAPP/HPP composites,
restricting the nucleation function of SDCNC and hindering the formation and growth of the

crystallites of HPP on the SDCNC surfaces.
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Chapter 4 Conclusions and Future Research

4.1 Conclusions

The overall goal of this research is subdivided into two specific objectives: 1) develop
composites with different loading levels of SDCNC particles and characterize the effect of loading
levels of SDCNC on composite mechanical and thermal properties to identify the percolation
threshold of the SDCNC particles in the HPP matrix and 2) understand the effect of the
compatibilizer of MAPP on composite mechanical and thermal properties near the SDCNC
percolation threshold.

The SDCNC particle-reinforced HPP composites were successfully manufactured with a
masterbatch concept using a C.W. Brabender internal bowl mixer followed by an injection molding
process. The effect of the SDCNC particles and their loading levels (5, 10, 15, and 30 wt.%) on
the mechanical, morphological, and thermal properties of HPP composites was investigated.
Compared to the neat HPP, the tensile and flexural MOE of composites were significantly
improved by approximately 67% and 49%, and the impact strength was significantly increased by
19%. However, the tensile strength and strain at yield remarkably decreased because of the absence
of any compatibilizer that can improve the compatibility and interfacial adhesion between the
hydrophilic SDCNC particles and the hydrophobic HPP. The enhancement in impact strength was
attributed to the establishment of mechanical interlocking between the SDCNC particles and the

HPP matrix observed from the SEM. The crystallization peak temperature of CNC/HPP
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composites increased with increasing SDCNC loading levels from the DSC measurement. The
SDCNC particles can act as heterogeneous nucleating agents to promote the crystallization process
of HPP. The observations from the TGA demonstrated a slight improvement in the thermal
stability of HPP composites after introducing the SDCNC particles.

The HPP composites reinforced with varying loading levels of SDCNC at 20, 30, 40, and
50 wt. % were continuously prepared to identify the percolation threshold of SDCNC particles
within the HPP matrix and to estimate the impact of this percolation threshold on the mechanical
and thermal properties of the HPP composites. Water absorption testing was used as a novel tool
to predict the percolation threshold of the SDCNC in the HPP matrix. Moreover, the effect of
MAPP at the loading levels of 3, 5, and 7 wt. % on the percolation network and mechanical and
thermal properties were studied. Compared to the neat HPP, the tensile and flexural MOE of the
CNC/HPP composites were significantly increased by 123 % and 117 %. The SDCNC percolation
threshold in HPP composites was estimated to be between 30 — 40 wt. % as there was a significant
increment in flexural strength (4%) and impact strength (22%) when the SDCNC content reached
30 wt. %, followed by a subsequent decline in both 40 and 50 wt.% loadings, compared to neat
HPP. The water gain and dimensional swell changed dramatically above 30 wt. % SDCNC,
indicating a notable change in the internal structure of the SDCNC particles in the composites. The
crystallization behaviors of the HPP were also altered with the presence of SDCNC with the
loading up to 30 wt.%. The crystallization behavior changes of the composites diminished at 40

and 50 wt.% of SDCNC loadings, which are above the percolation threshold of the SDCNC
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particle. At the percolation threshold, the SDCNC particles provided a saturated nucleation
function, and higher loading level cannot change the nucleation function anymore. With the
addition of MAPP, there was a minor influence on the internal structure of the SDCNC particles
in the HPP matrix with the loading of 30 wt.% and a more considerable influence at 40 wt.%
loading. A maximal enhancement in tensile strength (58%), tensile strain (61%), flexural strength
(45%), and impact strength (91%) was observed compared to the corresponding composite without
MAPP. These improvements were ascribed to the enhanced interfacial adhesion between the
particles and the matrix from the SEM observation. However, MAPP altered the crystallization
process of HPP in the CNC/MAPP/HPP composites compared to the CNC/HPP composites, which
was likely caused by the diminished nucleation function of the SDCNC particles. The chemical
reaction between MAPP and the SDCNC particles covered the surface, reducing the surface

nucleation function and hindering the formation and growth of crystallite of HPP.

4.2 Future research

This thesis employed the SDCNC particles to strengthen the HPP properties using a melt
compounding process coupled with an injection molding procedure. MAPP was used as a coupling
agent to improve the compatibility between the particles and the matrix, thus enhancing the
interfacial strength. It has been proved that MAPP can significantly improve the mechanical
properties of the SDCNC HPP composites. However, the SEM images shown in Figure 3-1E-F

seem to indicate that the CNC/MAPP/HPP composites fractured within the region of the MAPP
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phase. That can be explained by the fact that the MAPP used has a very high MFI (115 g /10 min)
and low molecular weight compared to the HPP matrix (20 g/10 min), meaning the MAPP polymer
chain's strength and stability are the weak points. When MAPP was diffused inside the HPP matrix,
the entanglement between them was weak and more susceptible to failure when subjected to
external force, causing a suboptimal interfacial strength. ! As discussed in Chapter 3, the
interfacial adhesion between reinforcement and matrix plays a critical role in achieving
satisfactory properties of composites. Therefore, the next step of the research is to optimize the
SDCNC particles reinforced HPP composites by further improving the interfacial adhesion
strength between SDCNC and HPP, such as studying the effect of the different types of MAPP
with varying high molecular weights on the properties of the resulted composites to fabricate high-
performance composites.

The crystallinity of semicrystalline polymer is a crucial factor in determining its
performance. The SDCNC particles can serve as effective heterogeneous nucleating agents for the
crystallization process of the HPP based on our DSC results. However, the addition of rigid
particles can also restrict the polymer chain’s movement and thus influence the crystal growth.
Therefore, it is essential to estimate the nucleation and crystal growth for optimizing the HPP
composite properties. The effect of a low concentration of spray freeze-dried CNC (1 wt. %) on
the isothermal crystallization kinetics of PP was investigated. 2 However, isothermal crystallization
disregards the cooling rate and thermal gradient effect within the composites, which commonly

occurs in the real production process. Non-isothermal crystallization is more commonly
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encountered in practical industrial processing and thus can offer better information on the
crystallization process. Hence, future work will be necessary to study the effect of different loading
levels of the SDCNC particles on the non-isothermal crystallization kinetics of the HPP composites.
The influence of MAPP on the crystallization rate of HPP composites near the SDCNC percolation
threshold will also be an interest to be researched.

The water absorption results showed that the SDCNC particles as reinforcement in polymer
composites behave better than other natural fibers when exposed to a wet environment for a long
time because of the relatively lower water gain values. But the effect of water absorption on the
mechanical properties of HPP composites is unknown, which is momentous in practical utilization.
The study of the impact of water absorption on the mechanical properties of the SDCNC particle-
reinforced HPP composite is worthy of exploration, especially near the SDCNC percolation
threshold, where the SDCNC particles connect and form the continuous networks inside the

composites.
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