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High density polyethylene (HDPE) is a ubiquitous material with versatile

properties. It is produced and used in greater volume than any other thermoplastic.

HDPE is often filled with a variety of materials for various applications. Glass

fiber and wood flour are two common fillers for HDPE. Recently there has been

interest in the use of nanoparticles as fillers for plastics. These materials can

increase the barrier properties of the resulting composite and also significantly

improve the stiffness and strength, especially at higher temperatures. This project

intended to use cellulose nanocrystals (CNXLs) to reinforce HDPE. Fiber

agglomeration during composite processing is an issue in the nanocomposite field

due to the larger surface area of the nanofibers (2-4 orders of magnitude larger

than conventional fillers). CNXLs prepared in our lab are no exception to that

problem. Microcrystalline cellulose (MCC) was used as a model filler to study the

thennomechanical properties of the composite due to the thermal degradation and

agglomeration of CNXLs during processing. The use of compatibilizers, or

coupling agents, was investigated as a means of improving the dispersion of the
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MCC and thus the mechanical properties of the composites. One compatibilizer

was shown to improve the strength of the resulting composite. The stiffness was

unaffected, as expected. Thermal properties were measured by means of

differential scanning calorimetry. Analysis of the crystallization kinetics

parameter data indicated that the crystallization activation energy of the HDPE

was altered by the filler and was also modified by the presence of the

compatibilizer. The presence of cellulose increased the matrix crystallinity.
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Chapter 1 Introduction

1.1 Introduction

Natural fiber reinforced thermoplastic composites are considered

environmentally friendly alternatives to traditional materials in the automotive

and construction industries. Natural fibers differ based on their origin and their

sources can be from plants, animals and minerals. Plants and vegetable fibers are

commonly used to reinforce thermoplastics. In fiber reinforced composites (where

the dispersed phase is the continuous phase), the matrix binds the fibers together

and acts as the medium by which an externally applied stress is transmitted and

distributed to the fibers. The matrix also protects the individual fibers from

mechanical abrasion and matrix plasticity acts as barrier for crack propagation [1].

The purpose of reinforcements in polymer materials is to enhance mechanical

properties like strength and stiffness. The elastic modulus of the fiber should be

higher than that of the matrix. There are two types of reinforcements: continuous

(fibers) and discontinuous (chopped flakes and particles). Discontinuous

reinforcements are added to increase short term mechanical properties, while

continuous reinforcements are used to increase the long term strength

characteristics by distributing the load and strains throughout the entire structure.

The matrices that are currently in the research literature are, for example, epoxy,

polyolefins, phenolics and polyhdroxybutyrate [2].
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1.1.1 Need for polymer composite materials
The use of polymer composites in general has profound implications

in different applications due to their high specific stiffness and specific strength

compared to conventional materials such as aluminum and steel. More than their

properties, advantages of using natural fibers over man made fibers are: low cost,

low density, high specific strength, high specific stiffness, reduced energy

consumption, carbon sequestration and biodegradability. In the system studied

here, the cellulose is renewable, biodegradable and abundant. In this regard,

cellulose nancomposites give us a clear opportunity for a low cost environmental

alternative to the existing nanocomposite materials [3]. Automobile

manufacturers are seeking materials with sound abatement capability and reduced

weight for fuel efficiency [4]. Reducing the weight of the car by 100 kg (30% of a

body) will reduce the fuel consumption by 2-3 liters/lOOkm. The often unseen

advantage in using polymer composites is the design flexibility (in designing

niche cars) without incurring the high expense of steel stamping too [5]. The clay

nancomposites, with clay as fillers, have really set the trend in the nancomposites

field. This development has extended the applicability of other materials to under-

the-hood structural parts applications. Toyota researchers have shown improved

thermal stability, higher deflection temperature (87°C more than the unfilled

polyamide) and a reduction in thermal expansion coefficient in clay

nancomposites [6].

Cellulose nancomposites belong to the class of natural fiber reinforced

composites in which the cellulose nanocrystals derived from plants are used as
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reinforcements to improve the mechanical properties of the composite material.

The term "nanocomposite" came into existence two decades ago to describe the

nanometer size ceramic particles that were used to increase the fracture toughness

of ceramic matrix composites. In nancomposites, the reinforcement material has

at least one dimension less than 1 OOnm. Polymer nancomposites are a huge

potential research area and both organic and inorganic fillers are being studied in

various polymer matrices. Glass fibers, clay, calcium carbonate, and mica are

some of the inorganic fillers that have been extensively studied as fillers in the

nancomposites; however these fillers have inherent disadvantages as they tend to

have high cost (Table 1), high energy consumption and are difficult to process [3].

Specific strength and specific stiffness of nanocomposite materials are relatively

higher as the nanoparticles can achieve the property enhancement with only 2-5%

reinforcements compared to 15-20% glass fiber reinforcements. Recently

cellulose fiber reinforced composites have been increasingly used as load bearing

constituent materials [7].

The overall objectives of this research are:

To investigate the mechanical properties of nanocrystalline cellulose (NCC) -

filled high density polyethylene

Use microcrystalline cellulose (MCC) as model filler in place of NCC

To study the non-isothermal crystallization kinetics of the composites.



1.2 Background

Cellulose is the most abundantly available renewable polymer source

in the world today. For millennia cellulose has been used as a construction

material in the form of wood and as textile fibers such as cotton, flax or in the

form of paper and board. The primary source for cellulose is lignocellulosic

materials from wood in forests and other sources of cellulose from plants, grasses,

agricultural residues . . . etc. Cellulose, a fibrous, tough water insoluble substance

is found in the protective cell walls of plants, especially in stem. trunks and the

wood portions of plant tissues. Cellulose is a linear homopolymer consisting of -

1, 4-glycosidic bonds linked by D-glucopyranose units.

HO-7 1-'" 4 HOHO/'J
HO

CH7OH

Non-Reducing

End-Group

6

CH2OH

OH CH2OH
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AnhydrQ glucose unit AGU
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Figure 1. Molecular Structure of Cellulose [8]

The pyranose rings assume a chair confirmation 4C1 with the hydroxyl groups in

the equatorial position [9]. The molecular structure of cellulose and the

numbering of carbon atoms is shown in Figure 1. In a cellulose chain, three types

of units can be seen, the non-reducing end to the left, reducing end to the right and

OH

n-2

CH2OH
OH

Reducing

End-Group
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the anhydroglucose unit (AGU) in the intermediate. Cellulose typically occurs in

two forms: Cellulose I and Cellulose II. Cellulose I is the stable form of the two.

Cellulose exhibits polymorphs in native samples: Cellulose Ia and I . Cellulose

Ia is predominantly found in primitive organisms (bacterial, algal cellulose),

while those produced by the higher plants (cotton, ramie) are 1J3 form dominant,

but the ratio of cellulose Ia and
II

depends on the source.

1.2.1 Acid hydrolysis of cellulose

Acid hydrolysis of cellulose was reported by Ranby [10] 40 years ago.

Cellulose exists in the form of microfibrils in cell walls of trees and these

microfibrils are nothing but aggregations of crystallites. Acid hydrolysis breaks

down the microfibrils into elementary single crystallites. The acid hydrolysis of

cellulose fibers is a heterogeneous acid diffusion process in which the acid

penetrates the less ordered regions (i.e.) amorphous regions and causes the

scission of glycosidic bonds. The penetration and the glycosidic bond breakage

depend on the hydrolysis conditions (acid type, hydrolysis temperature, and acid

concentration). The reaction proceeds until all the accessible glycosidic bonds are

hydrolyzed and then the reaction slows down significantly as the acid attacks the

reducing end and the surface of the residual crystalline regions [11]. The degree

of polymerization (DP) decreases initially fairly rapidly and then it becomes

almost constant with time. The DP at which the hydrolysis reaction stops is called

the level of degree of polymerization (LODP). Hydrolysis does not completely
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stop at LODP, but continues at a slow rate determined by the number of crystallite

ends present [9]. Hydrolysis conditions should be mild enough to avoid complete

hydrolysis of cellulose to glucose. The ideal sulfuric acid concentration is found

to be 60-70 %( v/v) and it was fixed at 64% for our experiments [12].

The size and the shape of the cellulose hydrolysate primarily depend on

the cellulose source, but hydrolysis time and temperature are definitely

contributing factors to the final size of the crystallites. Insufficient hydrolysis

results in non-uniform size of the crystallites, lower surface charge and favors

intercrystallite interaction, i.e. agglomeration. Dong et.al [13] has showed that a

hydrolysis temperature of 45 °C and hydrolysis time of 60 mins are optimum

conditions to achieve complete hydrolysis and a particle length in the order of 200

nm. Acid hydrolysis is done using either hydrochloric acid or sulfuric acid.

Sulfuric acid is the most commonly used acid for cellulose hydrolysis because the

hydrolysis time is shorter and the surface charges (S03H) imparted by this acid

species provides the electrostatic repulsion needed to create a stable suspension

[14].

1.3 Objectives

The specific objectives of this project are:

Prepare cellulose nanocrystals from cotton

Optimize the hydrolysis conditions of preparing nanocrystals

Characterize the cellulose nanocrystals for their size (aspect ratio) and shape.
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Use MCC as model filler to study the dispersion behavior of HDPE-MCC

composites by conventional melt mixing

To prepare nanocomposites using cellulose nanocrystals as fillers in high

density polyethylene

To study the non-isotheirnal crystallization behavior of MCC filled

composites.
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Chapter 2 Literature review

There are numerous reinforcing agents that are employed to reinforce

matrices, and cellulose is a classic example of a biodegradable filler material.

Cellulose nanocrystals can be extracted from various sources like bacteria, fish,

potato, cotton, and apple [15]. The size, shape, hence the aspect ratio (lid), and the

crystallinity of the nanocrystals differs depending on the source and the

hydrolysis conditions. Cellulose nanocrystals from bacterial cellulose typically

have an average aspect ratio of 70 and a surface area of 150 m2/g that makes them

excellent reinforcing agents compared to microscopic sized fillers or wood fibers.

The average dimensions of the nanocrystals from cotton [16] are about 10 nm in

diameter and 300 nm in length. For NCC from tunicates, the dimensions are about

15 nm in diameter and 2000 nm in length [17]. In general, the properties of a

polymer material depend upon the degree of crystallinity of the polymer.

Cellulose molecules have ordered and disordered regions and the disordered

regions can be thought of as weak regions in the cellulose macromolecule.

Hydrolysis preferentially attacks the amorphous regions and breaks the long

polymer molecules into small crystallites. Cellulose whiskers belong to the class

of nanocrystalline materials (crystalline microfibrils that are defect free) which

are single crystals used as fillers in nancomposites. Cellulose nanocrystals have a

theoretical stiffness value on the order of I5OGPa [18, 19], comparable to steel,

but when used alone they are extremely brittle. The polymer material is flexible,

but not rigid enough to support heavy loads. Cellulose nanocrystals, when used as
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fillers in composites should improve the stiffness and the overall strength of the

composite material.

The property of a composite material is dependent upon the constituent

materials and is given by rule of mixtures [1]

E EfVf ± EmVm

Where E is the overall stiffness of the composite material

Ef,Em - Stiffness of the fiber and matrix respectively

Vf, Vm -Volume fraction of the fiber and matrix respectively.

As discussed earlier in the chapter 1, the strength of the composite

materials is only realized when there is sufficient adhesion between the filler and

the polymer matrix. When a tensile load is applied to a composite material there is

a critical aspect ratio beyond which stress equivalent to the full strength of the

filler is transferred from the matrix to the fillers. The aspect ratio of the filler

should be larger than the critical length for the filler to be effective as a

reinforcing agent [20] As discussed earlier, for a filler to be an effective

reinforcing agent in a composite material, the stress transfer from the matrix to the

fiber is critical. It is easily conceivable that the high interface area (due to a high

surface area) of cellulose nanocrystals could result in more efficient stress

transfer.
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2.1 Cellulose based composites

2.1.1 MCC tilled composites

Microcrystalline cellulose (MCC) is widely used in industries such as

pharmaceutical, perfume, food and plastic processing [21]. MCC has been used as

a filler in polymer matrices (plastics, polymer latex) to improve the

physicomechanical properties of these materials [22, 23]. As with any other filler-

reinforced composite, the dispersion of MCC is of great importance in achieving

optimum composite properties. The interfacial adhesion (betwecn cellulose and

polymer) which improves the cellulose dispersion and stress transfer (from matrix

to fiber) determines the final propertics of the composite. The material properties

of wood-polyethylene composites (WPCs) can be significantly improved by the

incorporation of a coupling agent, also called compatabilizer. Fiber dispersion,

hence interfacial compatibility between cellulose and polymer, can also be

improved by the chemical modification of cellulose [24, 25] or the matrix [26,

27]. The most common compatibilizer for HDPE-based WPCs is maleic

anhydride-modified polyethylene (MAPE). Grafting MA on PE is an effective

way to improve the interfacial adhesion by formation of covalent bonds through

esterification between MA groups and the OH groups of the cellulose molecule

[28, 29]. J.P Borges et.al [30] has shown that toluene di-isocyanate (TDI) as an

effective coupling agent for Avicel (MCC) fibers, increasing the mechanical

properties of the composites. They have suggested that the TDI system in MCC

composites gave superior Young's rnoduli, yield stresses and rupture stresses due
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to the stiffness induced by the aromatic ring and the reactivity of aromatic

isocyanates compared to aliphatic ones. Maskaws et.al 1131] has successfully used

MCC as filler in low density polyethylene to improve the tensile strength of the

composites. Their results concluded that the increase in tensile strength is

attributed to increased dispersity, specific surface area, and hence the contact

surface between the filler and the matrix. In addition, new compatibilizers have

been developed that show promise in further improvin,g the properties of WPCs

[10].

2.2 Cellulose nanocomposites

In many ways the development of cellulose nanocomposites has followed

an analogous path to wood plastic composites (WPC). In WPCs, the wood fibers

are preferred to be short and tiny (average size 0.24-0.35 mm) in order to enhance

dispersion and to have a high specific surface area [32, 33] . In contrast, cellulose

nanocrystals are efficient fillers in composite materials only when they have a

high aspect ratio (l/d = 70) and a high specific surface area. This is one of the

reasons why cellulose nanocrystals are preferred instead of other fillers like wood

flour, saw dust and kenaf.

High specific surface area is favorable if chemical modification of the

cellulose molecules results in higher interfacial area between the filler and the

matrix, which should then result in better strength properties. The high specific

surface area also leads to problems during processing as they tend to agglomerate

(due to insufficient dispersion) and reduce the properties of the composite

materials.
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One of the problems in the composites fields is poor fiber-matrix adhesion

due to the incompatibility of hydrophilic fibers such as cellulose and hydrophobic

polymer matrices such as HDPE. The strength of the composite depends on the

fiber- matrix adhesion, efficient stress transfer aiid the fiber dispersion.

Compatabilizers, or coupling agents, are successfully used in the wood-plastic

composites industry to improve fiber dispersion, wettability and adhesion between

the two phases [34, 35]. Chemical surface modification has been employed to

improve the fiber dispersion and the fiber matrix adhesion [26, 36]. Some of the

common surface modification of cellulose fibers include carboxymethylation and

trimethylsilylation [36, 37] . However there is one contradicting result that has

shown surface modification of chitin whiskers derived from crab shells has

resulted in inferior mechanical performance due to the destruction of the three

dimensional chitin whisker network [38].

2.3 Effect of processing on composite material properties

Cellulose composite processing has to overcome difficulties such as fiber

agglomeration (due to high surface area and hydrogen bond formation between

fibers and hence non-uniform fiber dispersion) in the polymer matrix in order to

realize the applications of these materials on a robust scale. The degree of fiber

dispersion in the matrix and the homogeneity of the composite depends on the

processing method [2]. Conventional composite fabrication routes are injection

molding and extrusion. Fiber attrition that occurs (luring compounding can

improve the fiber dispersion and the composite material consequently exhibits

better interfacial properties.
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One way to avoid cellulose agglomeration is by mixing the polymer and

the cellulose in an aqueous medium, followed by reactive drying or solvent

evaporation [39]. Matos Ruiz showed that the shear modulus of the epoxy matrix

can be increased by 30 times with only 5 wt% of cellulose whiskers. Nishio [40]

has used regenerated cellulose gels, interpenetrated with water soluble monomers

that are subsequently polymerized, as reinforcement for plastics.

2.4 Crystallization behavior in polymer composites

The properties of a thennoplastic polymer like HDPE are influenced by the

processing conditions during injection molding, extrusion.. etc. The molten

polymer that is flowing through the die prior to solidification tends to crystallize

differently in the presence of filler and with differing cooling rates [41, 42]. It is

very important to understand the crystallization behavior and its influence on the

physical and thermal properties of HDPE. Polyethylene is a semi-crystalline

polymer and the physical properties of the matrix depend largely on the

crystallization behavior of HDPE in the presence of filler. Polymer crystallization

is generally considered thermodynamically as a first order transition reaction. The

multiple steps in crystallization include: favorable enthalpy change that is

associated with the molecules' movement across the phase boundary and their

incorporation into the crystal. This is opposed by the loss of entropy. The rate

determining step in crystal formation is often nucleation and thus growth is

nucleation controlled. The crystallization behavior of the polymer can be altered

in the presence of fillers, which often present as changes in various aspects of
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crystallization, e.g. crystallization peak temperature, activation energy. avrami

exponent [43]

The crystallization process can be studied either at constant temperature

(isothermal crystallization) or at constant cooling rate (non-isothermal

crystallization). There are studies performed on the isothermal crystallization

behavior of HDPE. but the results are not relevant to the non-isothermal

conditions experienced during processing (e.g. injection molding and extrusion)

[44]. Isothermal crystallization of polymers is difficult since it takes a longer time

for temperature stabilization from the melting temperature. The rapid

crystallization behavior of HDPE can cause partial crystallization even before the

isothermal crystallization temperature is achieved. The crystallization behavior of

polymer material can be modeled by the Avrami equation given by eqn 1

ct= 1 -exp (-kt) Equation 1

where a is the extent of crystallization for time t, k is the rate constant and n is the

Avrami exponent. The rate constant k is derived from an Arhennius type

equation:

k = A exp (-Ea/RT) Equation 2

where A is a constant, Ea (j/m) is the activation energy of crystallization, T (in K)

the temperature and R (= 8.314 J/mol K) is the gas constant. There are several

methods, such as the modified Avrami [45, 46], Ozawa [47] and Ziabicki [48]

analyses that have been developed to describe the nonisothermal crystallization

kinetics of polymers. Di Lorenzo et.ai [491 suggested that the Ozawa method does

not adequately describe the non isothermal crystallization kinetics of polymers
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since the method does not account for secondary crystallization. Polymers like

HDPE have a significant amount of overall crystallization behavior attributed to

the secondary crystallization. Gupta et.al [50] and Zhang et.al [51]proposed a

direct method to study the nonisothermal ërystallization kinetics of polymers by

differentiating equation 1 twice and then equating it to zero by assuming "Ea" to

be constant. The resulting equation is:

[a'p (TT0)/[( lLp)] n-i +Ea[ T-T0]/RT2 Equation 3

where T0 is the onset temperature; T is the peak temperature in the non-

isothermal exotherm, f3 is the cooling/heating rate, a, is the fraction of

crystallization at T, and ct' is the derivative of a at T. Plot of [a' (T-T0)/[l3(l-

ar)] vs [T-T0]/T2 should give a straight line. Activation energy (Ea) and Avrami

exponent can be determined from the slope and intercept of the straight line

respectively

Deteiiiiination of Crystallization kinetics parameters: Crystallization peak

temperature (Tn) is determined from DSC data by the intersection of the tangents

to the peak on either side of the exotherm.

Composite matrix ciystallinity (Xe) is calculated by using Equation 4

X =i/(i-wf *AHf/ AHf° Equation 4

Where Wfi5 the weight fraction of the filler in the composite

AHf is the melting enthalpy of the PE sample

AHf° is the melting enthalpy of 100% crystalline PE.



Chapter 3 Materials and Methods

3.1 Materials

The filler used in this study, microcrystalline cellulose (MCC; Avicel PH

101), was provided by FMC Corp (Philadelphia, PA) and the matrix high-density

polyethylene (HDPE; melt flow index, 0.55 g/10 mm) as BP53-35H-FLK was

provided by BP Solvay Polyethylene North America (Houston TX). The

compatabilizers used in this study are: alkene ketene dimer (AKD; Aquapel 364),

provided by Hercules International (Portland OR), PMDI (Rubinate 1840) from

Huntsman Chemical Co (Auburn Hills, MI), and maleic anhydride modified

polyethylene (MAPE; Optipak 200) from Honeywell Corp (Morristown NJ). The

source of the cellulose nanocrystals was cotton and was provided by Whatman

Co. (Clifton, NJ)

3.2 Cellulose nanocrystal preparation procedure

The conventional procedure of making cellulose nanocrystals from different

sources is by sulfuric acid hydrolysis. Dong et.al [13] and Gray [13, 52J have

optimized the time and temperature for sulfuric acid hydrolysis of cotton. The

procedure that we used in our preparation was modified to increase the yield and

to achieve non-flocculated suspension. 65% H2SO4 (v/v) with cellulose derived

from cotton and ground in a Wily mill was heated at 45°C for 60 mm under

medium stirring. The cellulose to acid ratio was 1:10 gmlml. The hydrolysate

remained white after hydrolysis and then it was centrifuged several times while

16
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5% sodium bicarbonate (between the centrifugation steps) was added to neutralize

any acid in solution. After removing most of the acidic species (by decanting the

supernatant solution) from the cellulose suspension during the centrifuge process,

it was rinsed with deionized water 2-3 times. The cellulose suspension was then

subjected to ultrasonic irradiation in a "Branson sonifier" 250 for 5 mm at full

power to disintegrate the cellulose molecules. The ultrasonic treatment was

carefully carried out by immersing samples in cold water during intervals to avoid

any loss of the sulfate groups. The suspension was then further disintegrated in a

Waring blender for 15 mins. 'The aqueous suspension was then diluted with water

and subjected to ultrafiltration using a tangential flow filtration (TFF) device to

remove the micro-particulates and any ions present in the cellulose suspension.

The TFF device used has a molecular weight cut off of 300,000. The conductivity

of the suspension was checked with the aid of an EC tester (Oakton Instruments)

periodically during filtration until the conductivity reached <10 microsiemens

(jiS/cm). The excess water was then removed and the cellulose suspension

concentrated by rotovaporation. The concentrated cellulose suspension was then

refrigerated for 24 hrs for freeze drying. Freeze drying at low pressure (200 torr)

resulted in cellulose nanocrystal powder.



3.3 Composite (nano/micro) fabrication route

3.3.1 Compounding

MCC was compounded with HDPE in a Brabender Plasticorder (C. W.

Brabender Instruments, South Hackensack, NJ) at 180 °C for 10 mins. In order to

ensure complete blending, the bowls were preheated to 180°C. HDPE was

blended for 5 mm followed by the addition of MCC. The rotor speed was set at

100 rpm and the maximum temperature reached during compounding was 185 °C.

The same procedure was used to prepare composites with 0, 5, 10. 15 and 20 wt%

MCC and 5% NCC-fihled composites. The compatabilizers, AKD (0.5 wt %),

PMDI (0.5 wt %) and MAPE (0.4 wt %) were mixed separately (under nitrogen

atmosphere) with MCC-HDPE prior to compounding in the Brabender.

3.3.2 Hot press procedure

Composite boards were prepared by compression molding the

compounded intermediate in a Carver press (Carver, Inc.. Wabash, IN). Low

carbon steel metal mold was filled with the MCC-HDPE intennediate and

preheated to 180° C for about 7 mm. After the initial preheating the platens are

then slowly raised to increase the pressure gradually to 35 kPa and then to 350

kPa in about 2 miii and then pressed at 350 kPa for about 8 mm. The compression

molded samples were then cooled under slight pressure at ambient conditions.

After removal from the mold, 9-10 test samples of dimensions (length 525 mm,

width 10-14 mm and thickness 2.3-3.00 mm) were carefully cut from the

composite board and used for mechanical testing.

18
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3.4 Cellulose Nanocrystal Characterization Techniques

Cellulose nanocrystals are typically characterized for size by transmission

electron microscopy [53] and dynamic light scattering analysis (photon

correlation spectroscopy, PCS) [54]. One of the most reliable procedures to

deteiinine the aspect ratio is by TEM while the PCS technique calculates the

particle size by assuming the shape of the particle to be spherical in nature.

3.4.1 Transmission Electron Microscope (TEM)

The particle sizes of the cellulose nanocrystals were determined by

examination in a TEM (Philips CM-12) operated at 6OkeV and magnification at

i00,000X. A 0.5% cellulose suspension was coated on the carbon-stabilized 0.2%

formvar films on copper 2O0mesh grids and then negatively stained with

ammonium molybdate (2% aqueous). The grid is then shaken to remove the

excess suspension and subjected to TEM image analysis. In order to avoid any

aggregation of cellulose particles on the grid, the grid was atomized before

suspension was applied to the grid. The cellulose suspension was sonicated for 5

mm before the suspension was applied on the grid.

3,4.2 Photon Correlation Spectroscopy (PCS)

Beckman Coulter N4 Ptus uses PCS technique to determine the particle

size by measuring the rate of diffusion of particles through a fluid. The rate of

diffusion of particles in a fluid system depends on the temperature, the viscosity

of the fluid and the particle size. If the temperature (T) and viscosity (i) are

known, the particle size can be determined. For a solution of given , at a
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constant temperature, the rate of diffusion (D) is inversely proportional to the

particle size (d) given by the Einstein -stokes equation.

D = kBT/3fJd Equation 5

A small quantity of cellulose suspension is added to Sml diluent in ACCUVETTE

II vial. The concentration of the suspension is adjusted by measuring the intensity

(in N4 plus) which is then adjusted between 5e+4 to le+6. The particles

undergoing Brownian motion are detected and analyzed by illuminating on

particles with a laser and measuring the scattered light with a photo multiplier

tube. The particle size was measured at 6 different angles (11.1°, 15.7°, 23.0°,

30.2°, 62.5°, 90.0°), with the smaller angle used for larger particle size and vice

versa. This particular instrument does not give information on aspect ratio, thus its

usefulness is limited in these experiments to ensuring consistency between

batches.

3.5 Composite characterization techniques

3.5.1 Mechanical testing

The strength and stiffness of the samples were measured with the aid of

universal testing machine (Sintech i/G, MTS Systems Corp., Enumclaw, WA) in

accordance with ASTM 790-02. Load was applied to the sample with a support

span of 43 mm and at a cross head speed of 1mm/mm. Modulus of rupture (MOR)

and modulus of elasticity (MOE were then calculated from the load deflection

curve. MOR or fiexural stress is 1efined as the maximum stress in the test

specimen when the slope of ihe load-deflection curve first reaches zero. MOE is
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calculated by drawing a tangent to the linear elastic region of the load-deflection

curve. The MOR (o) and MOE (EB) were calculated using equation 6 and 7

respectively:

= 3PL/2bd2 Equation 6

EB L3m14bd3 Equation 7

where stress in the outer fibers at mid point, MPa

= modulus of elasticity in bending (GPa)

P = load at zero slope on the load deflection curve (N)

m = slope of the tangent to the initial linear region of the load-deflection

curve

L = support span, mm

b= width of beam tested, mm

d = depth of beam tested, mm

3.5.2 Crystallization Kinetics - Differential Scanning Calorimtery (DSC)

The thermal behavior of the cellulose-filled composites was studied using

a DSC (Thermal analysis Instruments, TA 2920). Indium was used for

temperature calibration and liquid nitrogen was used to cool the samples to room

temperature (25°C). The weight of the samples varied between 11-14 mg and was

determined before and after each test run to detect any weight loss during testing.

One cycle of non-isothermal measurement involves heating, cooling cycle

(crystallization) and heating c2cle (melting). The samples were heated from room
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temperature to 200 °C at a constant heating rate and held isothermally at that

temperature for 2 mm to erase any thermal history in the sample and samples

were then cooled back to room temperature at the same rate. Thesamples are then

again heated to 200 °C at the same rate to complete the heating and cooling

cycles. The heating and cooling rates used were 5, 10, 12.5, 15 and 20 °C/min. It

should be noted that all the test runs were carried out three times to observe any

variation between the samples The crystallization kinetics data (crystallization

enthalpy, crystallization peak temperature, etc.) were analyzed based on a heating

/cooling rate of 10°C per mm.



Figure 2. TEM image of cellulose nanocrystals examined at 1OOOOOX
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Chapter 4. Results and Discussion

4.1 Cellulose nanocrystal characterization

4.1.1 Transmission Electron Microscopy

Figure 2 shows a TEM image of cellulose nanocrystals. The single crystals

are dispersed due to the negatively charged sulfate groups grafted to the cellulose

crystal surface during hydrolysis. Some of the single fibers appear to be

agglomerated due to the higher attractive forces that overcome the electrostatic

repulsion provided by the sulfate groups. The dimensions of the single fibers

(marked in arrows) were measured with the aid of Scion image analysis program.

The average length of the fibers was 85 nm and the width was in the range of 3

nm. The measurements are tabulated in Table 2.



4.2 Mechanical properties of cellulose filled composites

The influence of flexural strength (MOR) of the composites with the

addition of MCC and the presence of compatibilizer is shown in Figure 3. In the

Loaddeflection curve (see Figure A2) MOR is a point at which the load no

longer increases with strain and MOE (or stiffness) is calculated in the linear

elastic region. All materials exhibited a yielding fracture mode during testing.

MOR of the composite samples did not significantly increase in the presence of

MCC as expected because MCC (which is a polar substance) does not act as

reinforcing filler in non-polar matrix due to lack of adhesion and filler dispersion.

-5 0 5 10 15 20 25

W % MCC/NCC content

Figure 3. MC)R values for MCC-HDPE samples with and without compatibilizer
and 5°ANCC.HDPE

Microscopic observations of these samples indicated that the MCC was

agglomerated (Figure 4). As it was mentioned in Chapter 2, one way to increase

the strength of the composites is to improve the dispersion of fibers and interfacial

adhesion by using compatabilizers. With the addition of 0.4 wt% MAPE no
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Figure 4. Cellulose dispersion on the matrix for 15%MCC- HDPE without (left)
and with MAPE (right) at mag 20x.

MAPE as a compatabilizer has been successfully used i.n many polymer

systems [55-58]. Zhang et.al [5l has suggested that MCC-filled composites with

MAPE have poor interfacial adhesion compared to wood due to the iow number

of OH groups on the cellulose surface. In our study the compatahilization effect of

MAPE was not seen in the strength properties of the composite. In the presence of

AKD-PMDI there is a 10-22% increase in MOR compared to the control sample.

As expected, the MOE values of the samples did not show any significant

increase in the presence of compatihilizer (Figure 6). Since the MOE is measured

in the elastic region. it is largely unaffected by interfäcial shear stress, and

therefOre compatmi1ization We speculate that the mechanism responsible for the

increase in MOR in the AKD-PMDI systems is due to bonding of PMDI to the

25

increase in MOR was observed in the MCC-MAPE-HDPE samples. The aspect

ratio of the fibers in the matrix was not perceptibly changed in the presence of

MAPE.
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cellulose surface and the bonding of AKD, which contains hydrocarbon chains, to

the PMDI. The primary use for AKD is as a sizing agent in the paper industry.

The hydrocarbon chains of the AKD may then co-crystallize with the HDPE.

Figure 5 NCC agglomerations on the polymer matrix at 20X in 5%NCC-HDPE
sample

Cellulose nanocrystal filled HDPE did not show any strength or stiffness

improvement. Analysis of fiber dispersion in these composite materials (Figure.5)

indicated heavy fiber agglomeration during processing and the composite samples

turned black suggesting that sample degradation might be due to oxidation. The

thermal analysis of the composite samples was carried out and explained in detail

in latter part of the thesis
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4.3 Crystallization Kinetics of MCC-HDPE composites

Crystallization peak temperature: The presence of fillers in the composites

changes the polymer crystallization temperature (Tn). The crystallization

temperature is decreased or increased depending on the nucleation behavior of the

fiber in the composites. The influence of compatabilizers on T is very important

as a drastic variation in T values may lead to non-uniform nroperties in the

finished product since the polymer composites may crystallize at different

temperatures in different places in the molding process [44].
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Figure 7. Effect of crystallization peak temperature (Tn) for HDPE with 0 5, 10,
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The DSC exothermic curves for HDPE and 5%MCC-HDPE at different cooling

rates are shown in Figure 7 and Figure 8 respectively. It was observed for the

HOPE and 5°/0MCC-HDPE samples that an increase in the cooling rate decreased

T. This is a typical behavior during crystallization as there is very little time for

nuclei to form at high cooling rates. Generally homogenous nucleation is started

by chain aggregation, which requires longer times. or slower cooling rates.

Heterogeneous nucleation leads to nuclei formation as soon as the sample reaches

the crystallization temperature

28
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Figure 8 Effect of crystallization peak temperature (Tn) for composite samples
with 0, 5, 10, 15, 20%MCC

Figure 9 shows the variation of T for composite samples at 10°C per mm. No

variation in T was observed in the (uncompatabilized) control sample which

suggests that cellulose does not act as a nucleating agent. However at ØO/ MCC-

HDPE samples, the presence of MAPE decreased T values indicating less super

cooling, but this effect was not seen in the presence of MCC in the MCC-MAPE-

HDPE. This result suggests that the MAPE is associated with the MCC filler

when it is presen. Because the other T values with the MCC-HDPE were very

consistent, the unusual variation for 15%MCC-MAPE-HDPE samples is an

anomaly. Further research is required to determine whether this effect is due to

experimental error, which s considered the most likely cause, or f it is

repeatable. In the presence of AKDPMDI, T decreased with increasing MCC

29
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content and resulted in a higher percent crystallinity than the control samples (see

Figure 10).
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Figure 9. Crystallization peak temperature for composite samples at 10°C per mm

Percent matrix crystallinity (Xe): HDPE is a semicrystailine polymer and the

crystailinity of this polymer is between 60-80%. Fillers may alter the percent

crystallinity. The variation in crystallinity for control sampies and compatabilized

samples with MAPE and AKD-PMDI are shown in Figure 10. The presence of

MCC in HDPE did not alter the crystallinity much, which is consistent with MCC

behaving as a non-nucleating agent. In the presence of MAPE for 0%MCC-

MAPE-HDPE, the composite showed a significant increase in crystailinity and

with further addition of MCC the crystallinity decreased until after 10% MCC and

then remained unchanged with furthen addition of MCC. Zhang et.al [51]

suggested that a decrease in crystallinity for MCC-MAPE-HDPE smpIes may be
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due to MAPE chains bonding on the cellulose particles in an amorphous state

resulting in a lower crystallinity [59].
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Figure 10. Effect of matrix crystallinity for MCC-HDPE, MCC-MAPE-HDPE,
MCC-AKD-PMDI-HDPE samples at 10°C per mm

Petrovic et.al {60] reported a decrease in crystallimty of polypropylene

(PP) filled with carbon black. PP filled with CaCO3 showed an increase in the

degree of crystallinity [61]. It was concluded that increased mobility of the matrix

polymer molecules leading to further crystallization was caused by the

modification of the interfacial layer around the CaCO3. We speculate that the

addition of MCC beyond 10 wt % nullifies the increase in crystallinity since there

may he enough surface area to completely adsorb the MAPE, which was present

at a constant concentration of 0.4% in all the samples. The composite samples
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with AKD-PMDI had a higher percent crystallinity than the control samples

suggesting that AKD-PMDI facilitates crystallization.

Crystallization Erithalpy (AH): Crystallization enthalpy values represent the

amount of heat (J/g) released by the composite sample during crystallization. The

AH values measured are per gram of the polymer. Figure ii shows that control

samples did not show any change in All values indicating there was no filler-

matrix interaction.
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Figure 11. Crystallization enthalpy variation for composite samples at 10°C per
mm.

In the presence of MAPE. crystallization enthalpy was higher than the

pristine HDPE and it continued to be hizher than the control samples until 0%

MCC beyond which the AR values varied negligibly with increasing MCC
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content. Similarly to percent crystallinity, we speculate that beyond 10% MCC,

all the MAPE is associated with the MCC and its effect on the crystallization

properties of the matrix is reduced. In the presence of AKD-PMDI the composite

samples exhibited wide swings in crystallization enthalpy compared to either the

control sample or the MAPE samples. This result suggests that the

compatibilization mechanism of AKD-PMDI may be significantly different than

that of M.APE.

Crystallization activation eneigy
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Figure 13. Crystallization activation energy for control samples with(HDPE,
1O°/MCC-HDPE, 1O%MCC-MAPE and AKD-PMDI

Crystallization activation energy represents the activation energy associated with

the movement of the polymer molecules from the disordered melt to the growing

crystal front. Activation energy for the filled samples were calculated from

Kissinger plots shovvn in Figure 12. As the kinetic data analysis arid the

mechanical testing data indicate, there was very little difference in activation

energy in the presence of MCC (Figure 13). The behavior of the compatabilized

samples is difficult to understand, Additional research is requrred to understand

this widely swinging behavior.

Avrami exponent (n)
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Figure 14. Avrami exponent values for composite samples with 10°C per mm

The Avrarni exponent (n) was calculated from the "y" intercept of the straight line

representing the modified avrami equation:

[p (T2T0)/ [(lp)] = fliEa I TT0]/RT2.

The "n" v1ue fOr pristine HDPE was 1.4-1.6 indicating that the process of crystal

nucleation and growth is one dimensional. The "n" values in our study were low

compared to the other investigations reported in the literature [50, 62]. The n

values obtained from our study were fractional values as reported by other authors

[50. 63] . This result indicates a complex mode of nucleation and growth. It is

interesting to note the "n" values for the samples follow a decreasing trend with

MAPE and increasing trend for AKDPMDI. This again suggests that the mode of

action of the two compatibilizers is different. The Avrami exponent value of a

composite sample corresponds to the contribution from two different processes
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which occur during crystallization: nucleation and crystal growth. Crystal growth

is determined by the mobility of the polymer molecules and this mobility is

influenced by the interaction between the side groups in the compatabilizer. The

crystallization kinetics data (T values and Avrami exponent) suggests that, for

MAPE, the interaction between MA groups or between the MA groups and the

polymer molecules may be a major factor that influences the crystal growth.

AKD-PMDI reduces the T0. hence it suppresses the nucleation but aids the crystal

growth by reducing the activation energy. We speculate that since the nucleation

behavior is only slightly changed (change in T is minimal) in both of our

compatabilizer systems, it is the crystal growth after nucleation that reflects the

change in "n" values in the presence of compatabilizers.

4.4 Kinetic analysis of degradation behavior from thermo gravimetric
data.

Thermogravimetric analysis (TGA) has been widely used to rapidly assess

the therm& stability of various substances [64, 65]. Any reaction that is rate

dependent on temperature has activation energy (Ea) associated with it and by

calculating the Ea from TGA. data, the degradation behavior can be studied.

The decomposition rate of a sample is represented by rate equation [66]:

daidt = kf(a) Equation 8

where a" is the fraction of material decomposed at time "t", f(a) is a function of

a which depends on the reaction mechanism, k is the rate constant given by the

Arhennius type equation
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k= A exp (-Ea/RT) f(cx) Equation 9

where "A" is the pre-exponential factor (mind), Ea is the activation energy

(J/mol). R is the universal gas constant (=8.3 14 J/mol K) and "T" is the reaction

temperature. If equations 8 and 9 are combined along with the constant heating

rate (13 = dT/dt) the rale equation assumes a new form

da/dT = A113 exp (-Ea/RT) f(ci') Equation 10

In this study the approximation of the integrated form for the equation 3 is

adopted as in study by Ma et.al [671.

ln[ F(a)/T2] = ln[ ARIf3(E±2RT]-E/RT Equation 11

where F (a is the integral form of the empirical function f(a), (Ea2RT) is

assumed to be constant. A three-dimensional diffusion control model used in

Yang et.al [68] was adopted to give the best fit in the major weight loss region.

The plot of ln [F ()/T2] vs. liT gives a straight line and the slope of the straight

line is Ea/R.

The derivative theimal gravimetric (DTG) curves for 10 and 15%MCC-

HDPE in the presence of AKD-PMDI are shown in Figures 15 and 16

respectively. There are three maxima in the DTG curves and the temperature at

which these maxima occur is significant to understanding if the compatibi.lizer

affects the polymer degradation [69].
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Figure 15. Derivative thermogravimetric curves of 10% MCC-HDPE and 10%
MCC-AKD-PMDI

The first peak probably represents evaporation of water or volatile

substances (420-43 0 K), the second peak represents cellulose degradation (5 70-

600 K) and the third niaxirna (660-675 K) represent the depolymerization of

HDPE. It can be seen that the weight loss rates for both control samples (10%,

20% MCC-HDPE) were slightly higher than the compataiilized samples and the

corresponding peaks were not changed significantly. The activation energies for

the control sample and the sample containing the compatabilizer were calculated

in the region of maximum weight loss rate in the cellulose degradation region.

The activation energy for the control samples and the compatabilized samples are

listed in Table 3. The lower activation energy values of compatabilized samples

indicate that the compatabilizer catalyzes the cellulose degradation and

consequently slightly decreases the degradation temperature.
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Figure 16. Temperature --Weight loss curves for HDPE, 10%MCCHDPE and
10% MCC-AKD-PMDI-HDPE

In the TGA data (Figure 17), the unfilled HDPE exhibits one major weight

loss, hut the filled HDPE samples show two major weight losses. The first loss

corresponds to the filler and the second weight loss corresponds to the

degradation of HDPF in the presence of filler and the compatabilizer. The DTG

data analysis shows a slight variation in activation energy between the

compatabilized and uncomptahilized samples for 20%MCC-HDPE. The

degradation temperature of the compatabilized samples compared to the controls

suggests that the degradation pattern of the composite materials remain

unchanged.
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Figure 17. Derivative thermo gravimetric curves of MCC-HDPE and MCC-AKD-
PMDI

4.4.1 Thermal stability of cellulose nanocrystal

The thermal stability of cellulose nanocrystals is important because these

materials are processed with HDPE at temperatures close to 200 °C. Hydrolyzing

cellulose with sulfuric acid is known to lower the onset temperature for

degradation [8, 70] and increase the residue content [71]. The activation energies

and the onset degradation temperature from our analysis are listed in Table 4. The

activation energies are lower for cellulose nanociystals suggesting that their

degradation reactions are catalyzed by sulfonic acid groups. Catalysis might have

occurred either through the elimination of acid molecules or by promoting

dehydration reactions.

Barker et.ai [7]has suggested that phosphoric acid facilitates the removal

of the ring hydroxyl groups either by catalyzing water elimination or esterification
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of hydroxyl groups and subsequent elimination of the acid itself. Based on these

reports from the literature, if sulfuric acid behaves similarly to phosphoric acid,

then elimination of sulfuric acid might have occurred at 220 °C.

It is evident from our studies that the sulfation of the cellulose nanocrystals

results in a decrease in onset degradation temperature of cellulose nanocrystals by

about 30-35°C.
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Figure 18. Derivative weight loss curves for pure cellulose and cellulose
nanocrystals



Chapter 5. Conclusions

We have successfully prepared cellulose nanocrystals from cotton via

acid hydrolysis with a moderate aspect ratio and good yield (40-50%). The

cellulose nanocrystals stayed well dispersed in the suspension, but freeze drying

the suspension resulted in excessive agglomeration. Conventional melt mixing

was used to reinforce cellulose nanocrystals in HDPE, but agglomeration and

thermal degradation of the composites precluded any expected reinforcement

effect.

Filled composites in the presence of MAPE did not show any significant

improvement in strength properties. On the other hand the filled composites with

AKD-PMDI showed significant increases (10-22%) in flexural strength but no

increase in stiffness values. The presence of the compatabilizer did not affect the

thermal degradation behavior and the polymer crystallization behavior drastically.

Both MAPE and AKD-PMDI facilitate polyethylene crystallization resulting in an

increase in matrix crystallinity. MAPE did not change the nucleation behavior,

but AKD-PMDI samples displayed a suppressed nucleating behavior (lower Tn).

The activation energy of the filled composites in the presence of AKD-PMDI had

lower values compared to the control samples. The Avrarni exponent values of the

filled composites in the presence of compatabilizer showed one and two

dimensional growth and the trends in Avrami values indicate that the growth

might be different for these compatabilizers systems. Overall, the data suggest

that MAPE and AKD-PMDI behave differently and may not have the same

mechanism of compatibilization in HDPE.

42
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Our thermal analyses showed the sulfate groups on the cellulose crystals

tended to decrease the onset temperature of degradation by about 30-35°C. MCC

was moderately successful model filler for understanding the fiber dispersion and

influence of cellulose fibers on polymer crystallization.

5.1 Future Work

Crystallization kinetics data for some of our systems 1 O%MCC-HDPE

(crystallinity) and 15%MCC-AKD--PMDI-HDPE (activation energy) deviate from

the expected behavior. It is in our own academic interest and to gain fundamental

knowledge to resolve this anomalous data in our filler reinforced composite

materials.

The agglomeration of cellulose nanocrystals can be avoided by surface

modification and then dispersing the single crystals in the polymer matrix will be

easier to deal with. It will be interesting to study the cellulose dispersion and the

mechanical behavior of these materials in the presence of MAPE and AKD-

PMDL

We were successfully able to melt mix the NCC and the HDPE in the

Brabender in an inert atmosphere environment and we have designed a mold to

hot press the samples under a helium atmosphere.



Table 1. Cost and density comparison between some of the commonly used
reinforcing fibers

Table 2. Length and diameter of the single crystals calculated from the TEM
image
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Materials Densit (/cm3) Cost($/kg)
Glass Fibers 2.6 1.30-2.00
flax 1.5 0.22-1.1
Cellulose 1.5 1.8-2.0
Aramid 1.45 22-33
Boron 2.45 330-440

Length Width Calculated Length (m) Calculated Width(m) Aspect ratio
5841 3.62 8.40E-08 4.93069E-09 17.03
51.03 3.62 7.33739E-08 493069E-09 14.88
78.03 1 41 1.12196E-07 1.92052E-09 58.42
44.6 122 6.41285E-08 1.66172E-09 38.59
51.4 1.41 7.39059E-08 1.92052E-09 38.48

83.82 1705 1.20521E.07 2.32233E-09 51.90
47.51 156 683127E-08 2.12483E-09 32.15

Average 8.52034E-08 2.83018E-09 35.92
Std.Dev 2.22653E-08 1.4491 4E-09 16.27



i - Activation energy from Ma's method [67]

Table 4. Peak occurrence in the derivative thermogravimetric curves for pure
cellulose and cellulose nanocrvstals

a Water evaporation
b Cellulose degradation

45

Table 3. Activation energy values for the composite samples with and without
compatabilizer
Sample Activation

Energy1
(kJ/mole)

Temperature at
maximum weight
loss rate

10%MCC-HDPE 139.01 329.36

10%MCC-AKD-PMDI-
HDPE

110.58 334.30

20%MCC-HDPE 153.06 327.4

20%MCC-AKD-PMDI-
HDPE

113.49 334

Material
Degradation
temperature (°C)

%Wei:ht loss Weight % of the
residue at 600°CFirst

maximaa
Second
maximab

Unhydrolyzed
cellulose

265-270
4.75 75.2

9.17

Cellulose
nanocrystals

285-290
3.45 68.3 18.61
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APPENDIX FIGURES

I

A 1. Schematic of DSC crystallization exothermic curve indicating the
measurement of different kinetic parameters.
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A 4. Plots of a' (T-T0)/ [13 (1 -xv) vs. T-T0j/RT2 for MCC-HDPE samples with
MAPE
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A 5. Plots of a (T-T0)/ [13(i-) vs. T0-T0]/RT2 for MCC-HDPE samples in
the presence of AKD-PMDI
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B 1. Crystallization Kinetics of MCC-AKD-PMDI-HDPE samples at different
cooling rates
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Sampie

Cooling
rate

(°c!min)

T (onset)
(°K)

Tp
(°K) Se(jlg) f(t)j/g a 'p

(1 1mm)

[a' (Tp-
To)1J3*

(1 -up)]

(Tp-
T0ITpA2)

*10A5

HDPE-
AKD-
MAPE-
10%MCC 5 394.79 391.86 174.9 48.05 -0.5914 0.4779 1.908

10 393.69 389.52 171.3 55.79 -0.9524 0.5889 2.748
12.5 393.44 388.96 171.3 56.95 -1.1016 0.5914 2.961

15 393.13 388.17 168.4 5677 -1.2527 0.6249 3.292
H D PE-

AKD-
MAPE
1 5%MCC 5 393.64 388.97 190.9 56.83 -0.4875 0.6483 3.087

10 392.11 385.94 169.5 63.82 -0.8694 0.8603 4.142
12.5 391.81 384.8 173 61.4 -1.0009 0 8701 4734

15 391.69 383.24 174 64.52 -1.0745 0.9620 5.753
HDPE-
AKD-
MAPE-
20%MCC 5 394.76 390.26 150.7 47.05 -0.5403 0.7070 2.955

10 393.09 387.2 149.1 54.84 -0.8551 0.7967 3.929
12.5 392.68 386.09 152.1 54.13 -0.9653 0.7901 4.421

15 391.92 384.8 151.7 58.04 -1.1102 0.8535 4.809



B 2 . Crystallization Kinetics parameters of MCC-HDPE-MAPE samples at
different cooling rates
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Sample

Cooling
rate

(°c/min)

T
(onset)

(°K)

Tp
(°K)

Se (jig) f(t)jig (1/mm)
[a' (Tp- 'T T 'IT 2

To)1f3* iT5
oJ p

(1 -ap)]
HDPE-

MAPE 5 394,9 390.66 214.8 70.84
-0.500

0.6330 2.78

10 393.55 387.61 210.3 76.39 -0.798 0.7452 3.95
12.5 393.01 386.25 209.2 80.89 -0.924 0.8156 4.53

15 392.45 385.2 207.9 77.7 -1.051 0.8114 4.89

HDPE -5%
MCC-MAPE 5 39377 39055 191 57.22

-0.598
0.5502 2.11

10 392.38 388.27 188.2 62.15 -0.941 0.5777 2.73
12.5 392.2 387.35 187.6 64.23 -1.094 0.6455 3.23
15 391.53 386.57 186.7 62.09 -1.239 0.6139 3.32

HDPE- 10%
MCC-MAPE 5 393.58 391.01 163.1 43.75 -0.609 0.4279 1.68

10 392.07 388.47 165 49.19 -0.929 0.4769 2 39
12.5 391.49 386.54 158.8 51.49 -1.053 0.6171 3.31
15 390.88 385.69 154.8 49.52 -1.173 0.5969 3.49

HDPE- 15%
MCC-MAPE 5 393.54 390.09 156.9 41.7

-0.502
0.4726 2.27

10 392.09 387.04 154.4 50.59 -0.816 0.61 32 3.37
12.5 391.58 385.85 152.4 51.51 -0.956 0.6622 3.85
15 39122 384.97 152.3 51.47 -1.075 0.6771 4.22

HDPE -
MAPE 5 394.49 391.9 147.6 35.17 -0630 0.4290 1.69
20%MCC

10 39333 389.68 144.7 38.73 -0.979 0.4881 2.40
12.5 392.82 388.69 143.8 40.47 -1.134 0.5215 2.73
15 392.7 387.83 144.3 44.53 -1.296 0.6086 3.24



B 3. Crystallization Kinetics parameters of MCC-HDPE-MAPE samples at
different cooling rates
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Sample Cooling rate T0((k) Tp(k) Se Ig) f(t)j/g a' (1/mm) tp- To)/b( .(T T0)/TL *10.3

HDPE 5 395.58 391.13 20540 69.57 -0.502434 0.6762 2.9088

10 394.54 388.97 200.60 72.52 -0.841974 0.7345 3.6815

12.5 394.02 386.92 202.60 77.11 -0.923692 0.8470 4.7426

15 393.51 387.52 206.50 7705 -1.126489 0.7176 3.9888

HDPE-5%MCC 5 393.83 390.17 179.58 53,38 -0.513869 05353 2.4042

10 392.71 387.60 192.32 65.27 -0.790887 0.6118 3,4014

12.5 391.99 386.58 175.89 56.77 -0.969479 0.6355 3.6201

15 391.24 385.00 190.72 66.92 -1.004531 0.6438 4.2098

HDPE - 10% MCC 5 393.52 390.93 187.44 46.86 -0.553124 0.3820 1.6947

10 39218 38782 193.44 63.25 -0.834038 0.5403 2.8989

15 391.29 386.59 191.67 59.68 -1.1232 0.5111 3.1448

20 391.07 385.79 179.22 56.92 -1.335437 0.5166 3.5476

HDPE- 15%MCC 5 394.36 391.62 162.00 44.28 -0.540741 0.4078 1.7866

10 391.80 385.42 173.29 57.14 -0.609022 05797 4.2949

15 391.88 386.46 158.47 51.69 -1.023786 0.5490 3.6290

20 391.32 385.35 157.06 48.52 -1.224382 0.5289 4.0203

HDPE-20% MCC 10 391.74 388.53 186.75 54.48 -0.769478 0.3487 2.1265

15 391.49 387.59 165.13 46.12 -1.088993 0.3929 2.5961

20 390.90 386.28 162.88 46.25 -1.29449 0.4176 3.0963


