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ABSTRACT 

The purpose of this research was to determine the feasibility of direct melt-blending 

(intercalation) montmorillonite nanoclay to polyhydroxybutyrate along with vinyl acetate, at 

different weight percentages, to enhance plasticization using typical plastic processing 

equipment and typical processing methodology.  The purpose was to determine and compare the 

specific mechanical properties of tensile strength and flexural strength developed as a result from 

this processing.  Single screw and twin screw extrusion, Banbury mixer compounding, and 

compression molding were used to intercalate montmorillonite, and for sample preparation 

purposes, to test tensile and flexural strength of the resultant polymer clay nanocomposites 

(PCN).  Results indicate Polyhydroxybutyrate and Ethylene vinyl acetate, and weight 

percentages of 70%, 65% and 60% PHB, and 15%, 20%, and 25% of EVA, respectively, 

influenced mechanical properties.  The resultant materials remained in a mostly amorphous state. 

The nanoclay, at specific weight percentage of 10%, acted as an antimicrobial and preservative 

for the materials produced during the research.  The intention of the research was to promote 

knowledge and understanding concerning these materials and processes so technology transfer 

regarding the use, mechanical properties, manufacture, and process ability of these bio-friendly 

materials to academia, industry, and society can occur.  
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CHAPTER 1 

 

INTRODUCTION 

Many of the products we use on a daily basis are petroleum-based.  Petroleum use is 

linked to a plethora of environmental issues.  The drive toward sustainable practices has risen 

significantly worldwide due to the petroleum-linked environmental issues.  

Sustainable or green manufacturing involves the creation and manufacture of 

environmentally-friendly products using processes, materials, resources, and practices that 

produce minimal if any impact upon the environment.  Companies like Coca-Cola, General 

Motors, Toyota, DuPont, and Subaru of Indiana Automotive have shown leadership regarding 

green manufacturing and environmentally-friendly materials usage (Katz, 2007; Sangwan, 2006; 

Shapiro, 2010; Subaru of Indiana Automotive, 2011).  Embracing green manufacturing 

methodology by American industry is hampered by a lack of understanding concerning potential 

impact upon manufacturing competitiveness using sustainable manufacturing principles (Katz, 

2009).  Technology transfer is of vital importance concerning the use of environmentally friendly 

products. Technology transfer increases knowledge and understanding regarding green 

manufacturing methods, materials, and process capabilities, from the research laboratory to end 

product producers, (Hromadka, 2008; Lox & Lupo, 2010; U.S. Department of Commerce, 

International Trade Association, n.d.).  Two types of green materials, including bio-friendly 

polymers and nanotechnology materials or nano-materials, combined to enhance mechanical 



2 

property characteristics show great promise for the near future.  The term polymer clay 

nanocomposite (PCN) is the name given to these materials.  PCNs are designed, developed, and 

processed to fit a variety of applications—from flooring and countertop applications used in 

homes to equipment application for shielding in aircraft and spacecraft.  

Problem Statement 

Over the past two decades, polymers derived from renewable sources and 

nanotechnology materials have drawn great attention for their potential impact on environmental 

concerns including landfill capacity, green manufacturing and sustainable material utility, and 

climate change.  Landfill capacity continues to be an issue of vital importance to the United 

States.  In 2008, Americans generated 249.6 million tons of trash for municipal solid waste 

(MSW) service disposal.  This represents a garbage generation rate of 4.5 pounds of garbage per 

day per person.  It is a 68% increase from the 2.68 pounds per day per person garbage generation 

rate of 1960.  Of the 249.6 million tons of trash generated in 2008, plastics attributed to 12% or 

30.05 million tons of garbage generation.  Latest statistics indicate, when sorted, plastics take up 

20% to 24% of landfill volume, or about 16% of landfill volume, when compacted (Society of 

the Plastics Industry [SPI], 2009).  It is widely accepted that the use of petroleum, a finite 

resource and the main constituent of petroleum-based, olefin thermoplastic polymers, contributes 

to greenhouse emissions, and climate change (U.S. Environmental Protection Agency [EPA], 

2006, 2007a, 2008).  Decades or even hundreds of years are required for olefin plastics to 

degrade into their inert state.  The after usage-life of a plastic is dependent upon the polymer’s 

chemical composition, and natural effects upon it including degradation due to exposure to 

ultraviolet (UV) light.  It is also dependent upon degradation due to exposure to micro-

organisms, hydrolysis, oxidation, and catalyzation (Hamid, 2000; Stevens, 2002).    
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Polyhydroxyalkanoate (PHA) is a family of synthetic, biologically grown, bio-degradable 

polyesters.  This family of polymers is renewable, non-petroleum based, environment-friendly, 

and similar to the more widely researched and utilized bio-polymer poly lactic acid (PLA).  

Several issues compromise the utility of PHA.  The PHA polymer family is inherently 

brittle while suffering from poor thermal stability.  Of utmost concern for processors, processing 

temperatures are often close to degradation temperatures for this material (Mohanty, Misra, & 

Drzal, 2005; Smock, 2007).  Another impediment to PHA use, versus mechanically similar 

petroleum-based polypropylene, is the relatively high production costs associated with its 

manufacture.  The production of PHA is based upon cultivation of nutrient-deficient bacteria on 

pure, synthetic media for culture growth.  The cost of the aseptically pure synthetic substrate, 

usually from acetate, along with required supporting production equipment, contributes to about 

40% to 50% of PHA production costs.  Waste by-product from starch, tapioca hydrolysate, 

whey, xylose, molasses, malt, and soy has shown promise toward substrate use.  Several polymer 

producers have discontinued manufacturing PHA as a result of limited commercial applications 

(Bordes, Pollett & Avérous, 2009; Dias et al., 2006; Hassan, Abou-Hussein & Noda, 2006).  

In the last 15 years, a member of the PHA family, PHB, has been considered for limited, 

commodity-use applications.  Target market applications for biodegradable polymers include 

trash bags, wrapping or stretch wrap plastic, loose-fill foam, food containers, disposable non-

woven fabrics, fast food tableware, egg cartons, razors, toys, automotive components, 

agricultural tools, and medical devices (Hassan et al., 2006).  PHA has been applied for use 

toward a plethora of unique medical devices.  Medical applications using PHA include sutures, 

fasteners, tacks, staples, screws, bone plates and plating systems, surgical mesh, repair patches, 

slings, cardiovascular patches, orthopedic pins, tissue repair/regeneration devices, bone marrow 
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scaffolds, ligament and tendon grafts, as well as a number of other specific medical applications 

(Chen & Wu, 2005).  

Life Cycle Assessment is on-going for PHA bio-polymers.  Consensus is that the energy 

usage and CO2 greenhouse gas (GHG) emissions during the manufacture of PHB is only slightly 

greater than the energy usage and CO2 greenhouse emissions during manufacture of comparable 

petroleum-based polymers.  However, according to Metabolix (2007), the maker of Mirel ™ 

bioplastics, the production and use of its PHA biopolymer reduces nonrenewable energy use 

during manufacture by more than 95%.  Greenhouse gas emission from the manufacture and use 

of this product is reduced 200% compared to petroleum-based plastic product competitors.  Mirel 

bioplastics production requires 2.5 MJ/kg of non-renewable energy per kilogram compared to 70 

MJ/kg nonrenewable energy use for similar olefins polyethylene and polypropylene.  Mirel 

provides negative carbon footprint of -2.2 GHG emissions of CO2 compared to 2.0 GHG 

emissions for these olefins (Metabolix, 2007).  Petroleum-based polymers require several years 

for their degradation to occur.  Ecologically-friendly PHA bio-polymer film degraded in less 

than 50 days when placed on top of surface soil under tropical conditions or when buried in soil 

in the open environment (Bhubalan, Lee, & Sudesh, 2011; Khare & Deshmukh, 2006).  Cost has 

been an issue for PLA and PHA commercial development.  PLA has seen more commodity 

application than PHA.  Both have found limited use as commodity plastics due to the limitations 

of their mechanical properties (Smock, 2007).    

Clay, a bio-friendly reinforcing agent, and other materials are added to a variety of 

polymers, including bio-friendly polymers such as PHA, to form polymer clay nanocomposites 

(PCN) with improved mechanical properties (Bordes, Pollett, Bourbigot, & Avérous, 2008; Yu, 

2009).  Clay-based nanocomposites are used in a variety of biodegradable film packaging 
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applications (Tang, 2008).  A lack of understanding concerning process ability, process methods, 

and application has hampered PCN commercial utility.  The challenge facing many companies 

wanting to use PCN materials is lack of knowledge concerning processing and compounding 

methodology (Ajayan, Schadler, & Braun, 2003; Gupta, Kennel, & Kim, 2010).  Layered-silicate 

clay, polymer nanocomposites have drawn much attention over the past four decades.  Progress 

toward increased use has been slowed due to difficulties involving full exfoliation, particle 

alignment, and achieving optimal hardness-flexibility balance with these materials (Campbell, 

Craig, & McNally, 2008). 

Several problems face the increased use of polymer clay nanocomposites containing PHB 

and nanoclay toward green product development and usage.  There is lack of knowledge by 

polymer processors and potential green product developers concerning the methods used to 

process materials together in development of a polymer clay nanocomposite for consumer 

applications (Joshi, 2008).  Most, if not all, of the research involving PHB and nanoclay PCN 

development in the literature review has involved laboratory scale process equipment and not 

production-scale equipment.  This study addresses these deficiencies.  To increase PCN use in 

products, the significant variables associated with the addition of commercially available, 

modified montmorillonite clay and grades of PHB by Newlight Technologies, LLC, provide for 

the dependent variables—mechanical properties. 

This research explored the use of three types of ecologically friendly polymeric materials; 

PHB, poly vinyl acetate (PVA), and ethylene vinyl acetate (EVA).  Nanoclay was implemented 

to produce polymer clay nanocomposites.  It explored the methodology, properties, and 

equipment used to process these materials.  It investigated the use of both developmental and 

commercially available PHB, and the influence of poly vinyl acetate and ethylene vinyl acetate 
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on the mechanical properties of PHB with nanoclay, for technology transfer purposes and 

understanding, from the laboratory to the marketplace.  

Significance of the Study 

Polymer clay nanocomposites, from materials like PHA and layered silicates, are of 

growing significance for a variety of reasons.  According to estimations by Business 

Communications Company Inc., industry use of polymer nanocomposites, including clay-based 

polymer nanocomposites, expects continual growth (Sherman, 2004).  The total worldwide 

market for polymer nanocomposites, valued at $90.8 million, reached an output of 11.1 million 

kg material in 2003 as reflected in Table 1.  By 2008, the total worldwide market for polymer-

nanocomposites, reached $211.1 million in value, with an output of 35.9 million kg material.  

This was an average annual growth rate of 18.4% from 2003 to 2008 (Kumar, Depan, Tomer, & 

Singh, 2009).  According to Lux Research, the market for nanoparticles alone was $1.1 billion in 

2009, while nanotechnology-enhanced product revenue that year was $224 billion (Kaplan, 

2010). 

Table 1 

Worldwide Volume and Value for Polymer Nanocomposites 2003-2008 

 

 

 

2003 

 

2008 

 

2003 - 2008 

Polymer 

 

Volume 

(x 10
6 
kg) 

 

Value 

($ x 10
6 
) 

 

Volume 

(x 10
6 
kg) 

 

Value 

($ x 10
6 
) 

 

Average Annual 

Growth Rate (%) 

 

Thermoplastics 

 

5.7 

 

70.7 

 

27.7 

 

178.9 

 

20.4 

 

Thermosets 

 

5.4 

 

20.1 

 

8.2 

 

32.2 

 

9.9 

 

Total 

 

11.1 

 

90.8 

 

35.9 

 

211.1 

 

18.4 
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Improving the mechanical properties of the PHB used in the study with organoclay will 

promote the commercial use of these bio-polymers.  The most predominately used polymers are 

petroleum-based olefins, specifically polyethylene.  Conducting this research to establish process 

ability and mechanical properties helps establish these bio-polymers and polymer-clay 

nanocomposites in the marketplace (Patel & Crank, 2007).  

The mechanical properties and permeability of polymeric materials containing nano-

materials exceed the mechanical properties of certain polymers.  There is a fear of risk of use and 

a lack of understanding and knowledge concerning the capabilities of these newly emerging bio-

materials and processing techniques associated with their production (Becker, 2013).  Roco 

(1999) cited the value of understanding the physical, chemical, and biological phenomena 

associated with the use of nanoparticles as well as the synthesis and processing techniques 

associated with nanotechnology material development.  It is important for individuals involved 

in the management of people, processes, and materials to understand these materials, equipment, 

processes, and research techniques facilitate technology transfer (Science Policy Council, 2007). 

This research helps to increase such understanding and knowledge toward commercialization of 

these materials. 

Purpose of the Study 

The purpose of this research was fourfold.  The first purpose was to study the feasibility 

using twin screw extrusion to direct melt-blend (intercalate) montmorillonite nanoclay, at various 

weight percentages and with poly vinyl acetate to enhance plasticization of a developmental 

polyhydroxybutyrate.  The second purpose was to determine whether the mechanical properties 

of tensile strength and flexural strength of the PCNs were a function of the weight percentages. 

Preparation was by twin screw extrusion and after-injection molding.  The third purpose was to 
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study the relationship between twin screw extrusion and injection molding as independent 

process variables, as a function of the dependent variables (mechanical properties) of the PCN 

materials.  The last purpose of this to study was to promote technology transfer.  Understanding 

the processes, process parameters, and resultant mechanical properties potentially helps product 

developers and processors to use PHB and nanoclay composites for product applications.  

Research Question and Hypotheses 

The following research question and hypotheses provide the basis for the research.  The 

guiding research question was, “Can twin-screw extrusion be employed to compound PHB 

provided by Newlight Technologies, LLC and nanoclay provided by Southern Clay Products, 

Inc. together?” 

H01.  There is no significant difference between the tensile strength and flexural strength 

of batches containing neat PHB versus polymer clay nanocomposites prepared with PHB and 

nanoclay. 

:10H µ0 (tensile strength and flexural strength) = µ1 (tensile strength and flexural strength) 

:11H µ0 (tensile strength and flexural strength) ≠ µ1 (tensile strength and flexural strength) 

H02.  There is no significant difference between the tensile strength and flexural strength 

of batches containing PHB versus polymer clay nanocomposites containing PHB, clay, and poly 

vinylacetate.  

:20H  µ0 (PHB) = µ1 (PHB, nanoclay, PVA) 

:21H µ0 (PHB) ≠ µ1 (PHB, nanoclay, PVA) 
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H03.  There is no significant difference between the tensile strength and flexural strength 

as a function of weight percentage (wt %) of clay in the PHB-clay nanocomposites.  

:30H µ0 (PHB) = µ1 (PHB, wt % nanoclay) 

:31H µ0 (PHB) ≠ µ1 (PHB, wt % nanoclay) 

H04.  There is a significant difference between the tensile strength and flexural strength 

between the different weight percentage (wt %) nanoclay and weight percentage (wt %) poly 

vinylacetate in PHB polymer clay nanocomposites.  

:40H µ0 (PHB) = µ1 (PHB, wt % nanoclay & wt % PVA) 

:41H µ0 (PHB) ≠ µ1 (PHB, wt % nanoclay & wt % PVA) 

Assumptions of the Study 

Polymer suppliers commonly provide to customers documentation concerning their 

polymers mechanical properties.  This documentation often provides an indication of miscibility 

with other polymers and whether or not the polymer supplied readily processes with other 

polymers.  To keep findings independent of any existing knowledge base concerning the PHB 

supplied by Newlight Technologies, LLC no information regarding the PHB material’s 

polymeric (molecular weight, melt flow indices, degree of crystallization, etc.) and mechanical 

properties was provided for this developmental material.  Upon completion of this research, it 

may be determined that the resultant mechanical properties of polymer clay nanocomposites 

were compromised due to unidentified material, chemical, or processing reasons/issues.  With 

these factors in mind, the following assumptions were made regarding the proposed research. 

1. The PHB, nanoclay, and vinyl acetate can be twin screw extruded and injection 

molded. 
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2. The developmental PHB utilized for the pilot study has properties similar to the 

commercial-grade PHB utilized for the processing and mechanical properties testing 

portion of the research. 

3. The resultant polymer clay nanocomposites developed through processing, including 

twin screw extrusion processing and injection molding, and direct meld-blending 

processing possesses certain mechanical properties exceeding the mechanical 

properties of other commercially available grades of the neat version of the PHB.   

Limitations of the Research 

The findings of the proposed research were limited by the following parameters. 

1. Only PHB supplied by Newlight Technologies, LLC, Costa Mesa, CA; modified 

montmorillonite, Cloisite 30B nanoclay supplied by Southern Clay Products, Inc., 

Gonzales, TX; poly vinyl acetate product number 189480 supplied by Sigma-Aldrich 

from Saint Louis, MO, and ethylene vinyl acetate Elvax 3190 supplied by Dupont™ 

from Wilmington, DE were used for this research.  The quality of these materials, and 

any other supporting materials, used in the study was controlled by the suppliers of 

the materials. 

2. Human error and utility of the processing and testing equipment used to facilitate the 

study may have affected the accuracy of research results. 

3. Direct melt-blend intercalation, through extrusion technique, was the sole technique 

used to compound the PHB, nanoclay, and PVA.  

4. Material characteristics including—but not limited to viscosity, degree of 

polymerization, degree of crystallinity, and miscibility—may have affected the 



11 

process ability of the constituent materials in twin screw extrusion and injection 

molding. 

5. The degree of intercalation, exfoliation, and interface interaction between processed 

materials was dependent upon the inherent properties of the materials and the 

capabilities of the extrusion and injection molding processes utilized during the 

research.  

6. To facilitate the materials processing mechanical properties research of the study, a 

developmental grade of PHB was used and provided by Newlight Technologies, 

LLC, in Costa Mesa, CA. 

7. Based upon past research involving these materials, the percentage of nanoclay and 

vinyl acetate added separately to the PHB during processing to facilitate the research 

was 1wt%, 3wt%, 5wt%, and 10wt%.  

8. Commonly used processing procedures and parameters—including but not limited to, 

barrel zone temperatures, screw speed (rpm), barrel pressure, cooling temperatures, 

fill speed, injection pressures, soak and dwell time,  injection time, shot size, barrel 

zone temperatures, screw speed (rpm), barrel pressure, and mold cooling 

temperatures—were employed during polymer processing. 

9. The polymer clay nanocomposite materials manufactured during research through 

twin screw extrusion processing were produced using 28 mm diameter co-rotating 

screws, TEX 28, 20:1 L/D ratio, with a 25.4 mm diameter co-rotating screws side 

feed extruder, twin screw extrusion system with non-aggressive screws from Japan 

Steel Works, Ltd of Tokyo, Japan.  A single screw extrusion using a 1” Diameter, 

24:1 L/D ratio, Wayne Machine & Die Company extruder of Totowa, NJ and a 
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Stewart Bolling Company, 2 wing-rotors, 6.6 Lbs. batch size, 40 HP, Banbury mixer 

compounder was also used for polymer clay nanocomposite materials manufacture. 

10. The polymer clay nanocomposite materials manufactured during extrusion were 

injection molded using a 50 Ton, Boy Machines, Inc. from Exton, PA injection 

molding machine with an ASTM D638M tensile test dog bone and impact bar mold. 

11. Materials property testing including thermogravimetric analysis, differential scanning 

calorimetry, melt flow analysis, tensile testing and flexural testing were used to 

determine the process ability and mechanical properties developed as a result of twin 

screw extrusion and injection molding processing. 

Definition of Terminology 

The following terminology and definitions are essential to the understanding of the 

research to be conducted.  

Banbury mixer is an internal batch mixer utilizing two rotating spiral-shaped blades 

within its compounder housing.  It is used for dry mixing reinforcements into polymers.  The 

process involves the placement of polymeric material within the internal compounder housing. 

The agitation of the rotating blades under pressure shear mixes the polymeric materials through 

exothermic heating.  This process minimizes thermal degradation due to machine heating the 

polymeric materials.  As the vertical plunger descends upon the housing the pressure inside the 

cavity increases upon the polymeric material.  This action, along with blade agitation, drives 

moisture from the material contained inside of the cavity.  The name Banbury is trademark to the 

Farrell Corporation, but the name is commonly associated to this unique type of plastic 

processing technique.  Figures 1 and 2 provide representations of spiral blades and the apparatus 

of a Banbury type mixer (Strong, 2006). 
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Figure 1. Rotating spiral-shaped blades of a Banbury-type internal batch mixer compounder. 

 

Figure 2. Banbury-type internal batch mixing compounder.  

 

 

 

A biodegradable material is material capable of being chemically transformed by the 

action of biological enzymes or microorganisms into products which themselves are capable of 

further biodegradation.  The by-products of the degradation can be dispersed without further 

interaction, or they can be inserted into the biological cycles to be converted into water and 

carbon dioxide, in the living environment (Khare & Deshmukh, 2006).  ASTM D6400 (2010), 

Standard Specification for Compostable Plastics, defines a degradable plastic as being a plastic 

“in which the degradation results from the action of naturally occurring microorganisms such as 

bacteria, fungi, and algae” (para. 2).  

Compression molding involves the placement of polymeric materials within a mold 

cavity for forming by heat and pressure.  Pressure, often hydraulic, applied upon the platens, or 

with a plug upon the mold cavity, melts the polymeric material.  With cooling, the polymeric 

material retains the shape of the mold cavity (Strong, 2006).  
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Crystallization temperature (Tc) is the temperature at which a crystalline polymer 

crystallizes as measured using a differential scanning calorimeter (DSC; ASTM D790, 2010).  

Differential scanning calorimetry (DSC) measures at constant pressure the change in 

temperature (enthalpy) associated with chemical reactions and phase transitions in materials, 

commonly discussed as glass transition temperature (Tg) as a function of time and temperature. 

Measurements provide qualitative and quantitative information representative of the chemical 

and physical changes involved in the endothermic or exothermic changes in heat capacity of a 

material.  The heat flow, measured in mcal sec
-1

of a known inert material like alumina, provides 

a reference for the material being analyzed.  The change (Δ) in heat flow (H) between a sample 

material and reference material relative to time () where heat flow to the sample is higher than 

the reference can be represented with the enthalpy formula: 































referencesample  

Where: 

H = heat flow (mcal sec
-1

). 

τ = time (seconds). 

The normal procedure for DSC is to heat a sample material up to 200°C in an air 

atmosphere and then allow it to anneal at that constant temperature for 1 minute to produce a 

normal cooling and heating curve.  The annealing rids the test material of any residual stresses. 

Residual stresses from within a material can affect DSC results curves.  Using a temperature of 

200°C for 1 min procedure though affects the PHB used in this research leading to the material 

exhibiting two melt peaks.  To eliminate the two peak phenomenon for this PHB, 180°C at 1 

minute annealing time procedure was used to minimize the two melt peaks phenomenon.   
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Flexural strength is the ability of a material to withstand or resist localized deformation 

over a span and under continuous load (ASTM D790, 2010).  To facilitate this test—commonly 

understood as a three-point bend test—a rectangular bar specimen is placed on top of two 

vertical supports of a given, usually 50 mm, spanned length A test load at a continuous rate and 

is used for deformation of the specimen until it ruptures.  The cross-sectional area of the test 

specimen versus the continuous rate load provides maximum flexural stress and strain at yield 

and load, displacement, and modulus results reported in psi, in. /in., lb-f, inches, and psi 

respectively.  The formula for a three-point flexural test for stress is as follows: 

          ⁄  

Where: 

σ = stress at midpoint (psi) 

P = axial load force at fracture point (lbf) 

L = support span length (inches) 

b = specimen width (inches) 

d = specimen length across support span (inches) 

The recommended dimension for molded specimens is 5 inches by 0.5 inches by 0.125 

inches.  Tested flatwise, the recommended span-to-depth ratio for specimens is 16:1.  A three 

point flexural strength testing apparatus similar for use with an Instron 4467 universal testing 

machine is shown in Figure 3. 

 
Figure 3. Three point flexural strength testing apparatus. 
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Glass transition temperature (Tg), through use of DSC, indicates the temperature at 

which second-order transition of polymeric molecules from static crystalline structures to 

dynamic polymeric chain movement due to enthalpy occurs (Strong, 2006). 

Injection molding involves melting and then injection through hydraulic and mechanical 

means polymeric materials into a clamped mold to produce components with complex, desired 

geometries (Rauwendaal, 2000).  Figure 4 provides representation of the various aspects of a 

typical injection molding machine.  Single screw devices are typical (Strong). 

 

Figure 4. Typical injection molding machine. 

 

 

 

Intercalation is a process where molecules of one material group (polymer in the case of 

this research) enter the galleries of the dispersed phase (the montmorillonite clay).  Solvent 

intercalation, in-situ intercalation, and master batch or direct melt blending intercalation are the 

three intercalation methods used to mix polymer and clay materials together to produce 

composites (Kumar et al., 2009).  

Modulus of elasticity—associated to the tensile strength test, Modulus of Elasticity, also 

known as Young’s Modulus—is the ratio of longitudinal stress placed on material to the resultant 
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strain deformation that occurs due to the stress.  Stated as a value (psi or pascal, N/m
2
), this 

model is used to indicate how well a material will perform again under similar stress versus 

strain parameters.  Force as a function of cross-sectional area of the sample normalizes the stress, 

change in length normalizes strain.  The formula for Young’s modulus (ASTM D638, 2010) is: 

  
 

 
 

              

              
 

      
                     ⁄

        
                                        ⁄

  

Where: 

E = Young’s modulus  

σ = tensile stress (psi) 

ε = tensile strain, change in length (inches) / original length (inches) 

Melt transition temperature (Tm), through use of DSC, indicates the temperature or 

temperature range at which first-order transition of polymeric molecules from static crystalline 

structures to dynamic polymeric chain movement due to enthalpy occurs (Strong, 2006). 

A nanocomposite is a material in which one or more separate components have been 

combined to improve the performance of the resultant material.  At least one of the components 

dispersed throughout the resultant amalgamated material has physical properties measured in the 

nanoscale (Kumar et al, 2009; Yu, Dean, & Li, 2006). 

Percent elongation—associated to the tensile strength test—or percent of elongation 

indicates the ductility of a material due to stress and strain during tensile testing.  It is determined 

by considering the change in length of a material versus the original length of the material prior 

to testing and is determined with the following equation (ASTM D638, 2010): 

              ⁄  
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Where: 

   = percent elongation 

L= final length 

Lo = original Length 

Single screw extrusion is an extrusion process utilizing one screw with a single helical 

flighting—or with various combinations of flightings and mixing sections—rotating clockwise to 

heat, melt, mix, compress, and convey polymeric material inside of an automatically cooled and 

heated barrel.  The molten polymer known as extrudate exists the machine through a die.  Figure 

5 provides a representation of the components of a single screw extruder (Strong, 2006). 

 

Figure 5. Typical single screw extrusion machine.  

 

 

 

Tangent modulus of elasticity is the three-point flexural test (ASTM D790, 2010) for 

stress and strain provides for the calculation of the tangent modulus of elasticity.  Recommended 

dimensions for molded specimens is 5” length by 0.5” width by 0.125” thickness.  A span-to-

depth ratio of 60:1 is recommended for flexural modulus determination though lower span-to-

depth ratios are acceptable when tensile failure during testing is induced.  This model gives 
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indication of any linear relationship between stress and strain in material as it is stressed and 

denoted with a tangent line to the stress-strain slope.  The formula for this modulus of elasticity 

is as follows: 

EB= L
3
m / 4bd

3
 

Where: 

EB = modulus of elasticity in bending (psi) 

L = support span length (inches) 

b = specimen width (inches) 

d = specimen length across support span (inches) 

m = slope of tangent to the initial straight-line portion of the load-deflection curve 

(lbf/inches) 

Tensile strength is the maximum stress or force per cross-sectional area that a material 

can withstand while being stretched before the material deforms, fails or breaks (ASTM D638, 

2010).  Unit of measure for tensile strength is pascal (Pa, N/m
2
) units and reported in terms of 

ultimate strength, yield strength, peak tensile strength at break according to material 

deformation, failure, and break.  

Thermogravimetric analysis (TGA) measures the amount and rate of change in the mass 

of a sampled material as a function of temperature or time in a controlled atmosphere. 

Measurements are used to determine the thermal and oxidative stability of materials.  It is a 

supplementary analysis tool to differential scanning calorimetry.  To perform the test, 10 mg of 

material is heated at a rate of 20ºC/minute.  Results from TGA indicate at what temperature 

thermal degradation begins and ends, liberating moisture or leaving inert residue as a byproduct 

of the test.  
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Twin screw extrusion is an extrusion process utilizing two, either co-rotating or counter-

rotating, intermeshing or self-wiping screws with various screw flighting and modular barrel 

configurations.  It is used extensively for aggressive or non-aggressive mixing, kneading, and 

compounding of reactive polymeric materials (Gupta et al., 2010).  Figure 6 illustrates the 

various parts of a typical twin screw extruder. 

 

Figure 6. Typical twin screw extruder. 
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CHAPTER 2 

 

REVIEW OF LITERATURE 

This chapter provides a review of literature of the preparations, materials, processes, 

testing parameters and methodology, current research and developments, and other particulars, 

similar and relevant to the study and proposed research presented in this document.  Various 

peer-reviewed journals, books, technical bulletins, and magazine articles accessed through 

Dissertation of Abstracts, EBSCO host, Engineering village, ACM digital library, Wiley 

InterScience, ProQuest ABI-INFORM, U.S. Patent and Trademark Office, ScienceDirect, and 

various other databases, sources, and manufacturers’ online sites were accessed to conduct the 

literature review.  After careful review of prior published literature regarding the research topic, 

there appears no indication of duplication of research. 

Background 

Much of the research and product development involving the use of polymers and clay 

can be attributed to pioneering research started in the 1970s conducted by a Toyota Corporation 

using the polymer nylon-6.  Results of this research indicated that both naturally occurring and 

synthetically modified clay could be introduced into nylon-6, and a variety of polymers, 

including bio-friendly polymers such as PHA.  Mechanical properties enhancements were 

identified with the development of polymer clay nanocomposites.  This work generated 

increased interest toward commercial applications of this technology (Caruta, 2005).  By 1993, 
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Toyota patented and launched the first commercial automotive application of a PCN, a timing 

belt, containing nylon-6.  By 2001, Toyota began using polymer clay nanocomposite materials 

for bumper and body panels.  Soon afterward in 2002, General Motors Corporation began using 

polymer clay nanocomposites for step assists for Safari and Astro model automobiles.  Since 

these two applications, there have been few and virtually niche applications for bio-friendly PCN 

materials.  With the increased awareness of PHA capabilities, interest in bio-friendly PCN 

occurred (Alexandre & Dubois, 2000; Balazs, Singh & Zhulina, 1998; Bozell, 2001; Chen, Hao, 

Guo, Song, & Zhang, 2002; Joshi, 2008; Mohanty et al., 2005; Ray & Okamato, 2003). 

Polyhydroxyalkanoate (PHA) 

Polyhydroxyalkanoate (PHA) is the commonly used name for a family of synthetic, 

biologically grown, bio-degradable polyester polymers.  This family of polymers is renewable, 

non-petroleum based, environment-friendly, and similar to the more widely researched bio-

polymer poly lactic acid (PLA).  Polymers of the PHA family are similar mechanically to the 

petroleum-based polymers polyethylene and polypropylene.  Only within the last 15 years has a 

member of the PHA family, PHB, been considered for limited, commodity-use applications.  

To manufacture PHA, a culture of microbial bacterial containing usually Alcaligenes 

eutrophus, or Ralstonia eutropha, and Wautersia eutropha is placed on a substrate and fed 

carbohydrate rich nutrients for rapid cell multiplication.  Once a sufficient level of cell 

multiplication has been achieved, nutrient composition is changed to force the micro-organism to 

produce fatty acid PHA enzymes.  The excess carbon provided by the carbohydrate rich 

nutrients, and the nutrient composition changes, causes biosynthetic deficiencies of phosphorus, 

nitrogen or other elemental materials within the micro-organism.  As a result of the fatty acid, 

PHA enzyme development, polyester granules develop and enlarge within the micro-organisms 
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cell.  The cell walls of the organism are then penetrated to remove the resultant polyester 

granules from single micro-organism cells (Sang, 1996).  

PHAs have been applied specifically for unique medical device applications including for 

use as sutures, fasteners, tacks, staples, screws, bone plates and plating systems, surgical mesh, 

repair patches, slings, cardiovascular patches, orthopedic pins, tissue repair/regeneration devices, 

bone marrow scaffolds, ligament and tendon grafts, and other specific medical applications 

(Chen & Wu, 2005).  

Polyhydroxybutyrate (PHB) 

The development of the most commonly used PHA, known as polyhydroxybutyrate 

(PHB) into a useful commodity biopolymer, has taken nearly 100 years.  Maurice Lemoigne, at 

the Pasteur Institute, was the first to recognize the implications for use of this polymeric 

material.  In 1923, he demonstrated the development of 3-hydroxybutyric acid from aerobic 

spore-forming bacillus.  By 1927, Lemoigne, using chloroform to extract bacillus, proved 

hydroxybutyric acid provided the formative material for the polymer, poly (3-Hydroxybutyrate), 

or PHB.  It was not until the 1960s through work by Baptist and Werber at W. R. Grace & Co. 

that PHB was isolated for commercial sales application (Ward, 1989).  At that time, production 

yield through fermentation processing was very low.  By the 1970s, other forms of PHA were 

discovered including Poly (3-Hydroxybutyrate-co-3-Hydroxyvalerate) or P (3HB-co-3HV).  

During this decade, ICI UK developed BIOPOL
®

, considered a novelty polymer for the time.  

The copolymer is P (3HB-co-3HV) (Ward, 1989).  With the advent of the 1980s and 1990s 

through genetic engineering, the three genes in Ralstonia eutropha, initially known as 

Alcaligenes eutrophus but now known as Wautersia eutropha, a bacterium responsible for PHB 

production, were transferred successfully to the Escherichia coli (E. coli) bacterium.  This 
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bacteria is found in the lower intestines of mammals.  The polymer synthesis is now possible 

through recombinant bacteria usage (Lee, Chang, & Chang, 1994).  Besides Wautersia eutropha, 

other microbial bacterial strains can be used for PHB production including Bacillus spp., 

Aztotobacter vinelandii, and Alcaligenes latus (Smith, 2005).  By 1992, the first commercial 

product, a biodegradable shampoo bottle, launched in Germany by Wella, was made using 

BIOPOL
®

 (Griffin, 1994).  Figure 7 shows polyhydroxybutyrate (PHB) grown inside the cell 

body of the bacteria. 

 

Figure 7. Polyhydroxybutyrate grown inside the bacteria Alcaligenes eutrophus (Griffin, 1994). 

 

 

 

In 1992, two genes taken from PHB producing bacteria were inserted, and cross bred, 

into two cress plants.  The offspring of these plants produced PHB in their leaves.  With this 

development, scientists, in essence, developed plants that could grow plastic.  After refinement 

of genetic modifications, only14% of the dry weight of these genetically produced plants 

contained PHB (Sykes, 2001).  In 1993, ICI UK split into Zeneca BioProducts.  Zeneca 

BioProducts sold their BIOPOL
® 

technology to Monsanto in 1996.  Metabolix Inc. obtained 

licensing from Monsanto to make PHB by 1998 (Philip, Keshavarz, & Roy, 2007).  By 1999, 

over 90% of the dry weight of genetically modified PHB could be extracted for PHB bio-plastic 

use (Madison & Huisman, 1999).  
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With the awarding of the Green Chemistry 2005 Small Business Award from the U.S. 

EPA for development PHA, Archer Daniels Midland Company, in alliance with Metabolix Inc., 

began building a 50 k tons/year PHA plant in Clinton, Iowa.  The plant was operational in 

January 2010 (Khare & Deshmukh, 2006).  Current manufacturers of PHA include 

Metabolix/ADM (USA) PHB Industrial (Brazil), Biomer (Germany), and Tianan (China) 

(Bordes et al., 2009).  Recently other PHA producing companies have emerged onto the 

marketplace including Meredian, LLC in Bainbridge, Georgia, and Newlight Technologies, 

LLC, formerly The G2 Chemical Company, in Costa Mesa, California. 

Polyhydroxybutyrate (PHB) as a member of the Polyhydroxyalkanoate (PHA) polymer 

family.  A varying degree of polymerization (DP) provides more than 91 different types of 

repeating monomer unit combinations.  Short chain length PHA contains 3 carbon monomers is 

written as Poly (3-Hydroxybutyrate) or simply Poly Hydroxybutyrate, and abbreviated as PHB.  

Figure 8 illustrates pendant variations to the general structure of the PHA family.  

 

Figure 8. Chemical formula and structure for the PHA polymer family (Griffin, 1994; Lee, 1996: 

Randall, 2008).  
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The chemical structure of the PHA family is composed mainly of (R)-β-hydroxy fatty 

acids.  The methyl pendant group (CH3), denoted by the letter (R), and varies from one methyl 

(C1) to thirteen (C13) tridecyl pendants in its monomer.  The beta (β) denotes placement of the 

isomer separate from the carbonyl group (C=O).  Pendant groups may be saturated, unsaturated, 

or contain other substituents, for example variant fatty acids, in its chain (Madison & Huisman, 

1999).  It is an isotactic and linear aliphatic polymer readily biodegradable, with tensile strength 

and other mechanical properties similar to isotactic polypropylene (Venkitachalam, Mark, & 

Noda, 2005).  

Variants of PHB include poly (3-hydroxyvalerate) (PHV), poly (3-hydroxyhexanoate) 

(PHH), along with co-polymers polyhydroxybutyrate co-polymer hydroxyvalerate (PHBV) and 

polyhydroxybutyrate co-polymer hydroxyhexanoate (PHBH).  Medium chain length PHA can 

contain from between 6 to 14 carbon monomers (C6 to C14).  Short chain length PHAs are 

produced from different bacteria than medium chain length PHAs (Babel & Steinbüchel, 2001; 

Bozell, 2001; Hablot, Bordes, Pollett & Avérous, 2008; Lee, 1996; Philip et al., 2007).  

Due to its high degree of crystallinity (>60%), polyhydroxybutyrate is brittle, stiff, and 

exhibits a low extension at the breaking point (approximately 5%).  He and Inoue (2003) report 

this toughness is due to the very large-sized spherulites crystals formed in the material during 

low temperature processing, and secondary crystallization effects after aging the material during 

storage.  It has an approximate tensile strength of 40 M Pa and tensile modulus of 2500 M Pa.  

The melt temperature (Tm) for this material is approximately 180ºC, a glass transition 

temperature (Tg) of approximately 4º C, and a density of 1.2 to 1.4 g/cc.  Thermal decomposition 

can occur within 2º C of Tm unless the material is heat stabilized with additives.  Commercial 

production application has been constrained by this issue, though research interest has been 
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stimulated to address this processing and mechanical properties constraint (Bozell, 2001).  Table 

2 provides a comparison between select biodegradable PHA and select olefin polymers.  Similar 

to all polyesters, degradation rate in the environment is dependent upon hydrolysis (Lee, 1996).  

Land filling promotes a soil-influencing degradation rate (Chen et al., 2002; Dagnon, Chen, 

Innocentini-Mei, & D’Souza, 2009; Hassan et al., 2006; Mohanty et al., 2005; Philip et al., 

2007). 

Table 2 

Comparison of Select Polymers and Their Properties 

 

 

 

Polymer 

 

Melting 

temp. 

(°C) 

 

Young’s 

Modulus 

(G Pa) 

 

Tensile 

Strength 

(M Pa) 

 

Elongation 

to break 

(%) 

 

Notched Izod 

impact strength 

(J/m) 

 

Poly (3-Hydroxybutyrate) 

P(3HB) 

 

179 

 

3.5 

 

40.0 

 

5 

 

50 

 

Poly (4-Hydroxybutyrate) 

P(4HB) 

 

53 

 

149.0 

 

104.0 

 

1000 

 

N/A 

 

Polypropylene (PP) 

 

170 

 

1.7 

 

34.5 

 

400 

 

45 

 

Polyethylene terephthlate 

(PET) 

 

262 

 

2.2 

 

56.0 

 

7300 

 

3400 

 

Polystyrene (PS) 

 

110 

 

3.1 

 

50.0 

 

Very Low 
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Nanotechnology 

Nanotechnology involves the manipulation and control of material structured together at 

the sub-micron level, measured in the nanometer (1 nm = 10
-9

 m) scale, ranging from 1 to 100 

nm.  Material measured using this scale is referred to as nanomaterial.  Classes of 
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nanocomposites developed with nanometer sized particles include polymer-layered crystal 

(nanolayers), nanotube, and nanoparticle nanocomposites.   

Particulate compounds that are characterized by only one dimensional measure in the 

nanoscale are known as nanolayers.  With this type of material, particulates bond together to 

form single sheets, but often stacked in layers, of usually only one to a few nanometers in 

thickness for a single sheet.  Naturally occurring clay, known as layered silicates and layered 

double hydroxides, are commonly used constituents of nanolayer, nanocomposites.    

When one dimension of a three-dimensional material is larger than the other two 

dimensionally equal measures of a material to form an elongated structure, this material is 

known as a nanotube.  Nanotubes are often referred to as nanofibers, whiskers, or nanorods.  A 

commonly used, often synthetically derived, type of this material is carbon nanotubes.  

Equiaxed, isodimensional, three-dimensional particulate, like granules or crystals, measured in 

nanometers are referred to as nanoparticles.  Silica is an example of this category. Figure 9 

provides an illustrated representation of these types of nanomaterials.  

 

Figure 9. Types of nanomaterial: Nanoparticles, nanotubes, and manolayers (Kumar et al., 

2009). 
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Clay 

Clay is material composed of finely-grained minerals.  It is found naturally from the 

weathering of the mineral feldspar and other silicate materials.  Clay can be produced 

synthetically.  There are six different classifications for clay minerals.  The classifications are 

kaolinite, illite, smectite (montmorillonite) chlorite, halloysite, and vermiculite.  Being mostly 

inert and mineral based, clay is environmentally friendly.  The Federal Drug Administration 

considers montmorillonite, under classification for clay materials, to be generally regarded as 

safe (GRAS) for most applications (U.S. Food and Drug Administration, 2006).  In Figure 10, 

montmorillonite (MMT) is clay significantly different chemically and structurally from kaolinite 

and sodium counterions.   

 

Figure 10. Comparison between the crystalline structures of kaolinite to montmorillonite clay 

(Gupta et al., 2010). 
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Kaolinite clay, also known as Kaolin or China clay, is the main constituent in the 

centuries old technology for composite ceramics manufacturing.  Clays are used for ceramics 

production, chemical polishing agent compounds, scratch-resistance technology, cosmetics, and 

sunscreen applications.  The difference between kaolinite and montmorillonite is in the 

composition and layered crystalline and lattice structures between the two materials.  The basic 

chemical formula for kaolinite is Si2Al2O5 (OH) 4.  The basic chemical formula for 

montmorillonite is AlSi2O5 (OH)* xH2O but including calcium, iron, magnesium, and other 

counterions (Elbokl & Detellier, 2009; Okamoto, 2005).  Kaolin has successive, 1:1 ratio, silicate 

to alumina layered lattice structures.  Montmorillonite has a successive, 2:1 ratio, silicate to 

alumina layered in lattice structures where one layer of metal oxide octahedral structure is 

sandwiched between two layers of tetrahedral silicate.  

Each layer is about 1 nm thick with lengths that vary from between 10 nm to 1 micron 

depending on the layered silicate type, hence making clay a nanomaterial.  The layers are 

stacked, attracted by van der Waals forces and electrostatic forces, but with gaps known as a 

gallery, between layered platelets known as the interlayer.  MMT nanoparticles have both 

surface and edge charges.  Negative charges arising due to isomorphic substitution of (Al
3+

) in 

the octahedral layer with Mg
2+ 

or Fe
+
, or Mg

2+ 
by Li

+
.  Negatively charged platelets are 

counterbalanced with alkali and alkali earth cations (e.g. Na
+
, K

+
, Ca

2+
and Mg

2+
).  Organic 

modification to these clays can occur with the replacement of the cations with alkyl-ammonium 

ions.  This type of modification lowers the surface energy of the silicate layers.  Matching the 

solubility parameters between the organomontmorillonite and the continuous phase can improve 

the wetting action or adhesion of the clay to polymers (the continuous phase in polymer 

nanocomposites).  The resultant clays are known as organo-modified layered silicates (OMLS). 
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Because montmorillonite can absorb 20 to 30 times its volume of water and various other polar 

organic liquids especially amines because of its enormous surface area (in excess of 

750m
2
/100g), it is suitable toward combination with organophilic biopolyesters like PHA esters 

(Bordes et al., 2009; Gupta et al., 2010; Kumar et al., 2009).  An organo-modified 

montmorillonite is often referred to by the abbreviation OMMT (Kumar et al., 2009; 

Twardowski, 2007).  Figure 11 provides two- dimensional and three-dimensional representation 

of a hexagonal platelet and the tetrahedral and octahedral structures in a 2:1 phyllosilicate with 

layered crystalline nanomaterial readily intercalatable into polymer-nanocomposite materials.   

 

Figure 11. Representation of the platelet and the tetrahedral and octahedral structures in a 2:1 

phyllosilicate nanolayer material (Kumar et al., 2009). 

 

 

 

Poly Vinyl Acetate (PVA) and Ethylene Vinyl Acetate (EVA) 

Both poly vinyl acetate and ethylene vinyl acetate are clear, colorless viscose polymeric 

industrial chemicals produced and used in large amounts to make or enhance other polymeric 

industrial chemicals.  They are most commonly used for the making of glue, for use with 

packaging and building materials, and used as a plasticizer for various polymers.  Poly vinyl 

acetate (PVA) and ethylene vinyl acetate are two of the most commonly used polymers in the 
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vinyl acetate family.  The vinyl acetate family breaks down readily in the environment (Yu, 

2009).  EVA is produced through emulsion polymerization.  Ethylene gas under pressure is 

polymerized with vinyl acetate in water with a water soluble free radical initiator.  A surfactant is 

present in the water to emulsify the VA monomer.  EVA particles develop in the water through 

polymerization of the emulsified monomer initiated with an ion radical generated from the 

homolytic cleavage of the initiator.  The water can be removed by flocculation of the polymer 

with salts and/or acid, filtered on a screen, and washed to remove the salts and surfactants.  The 

polymerization is exothermic.  Pressure and temperature are closely monitored.  Because the 

solvent of the reaction is water (its high heat capacity aids temperature control), and the 

surfactant/initiation system is environmentally benign, it is considered eco-friendly.  The latex is 

often used as an aqueous dispersion (Charrier, 1992). 

Polymer Clay Nanocomposites (PCN) Development 

Yu (2009) and Bordes et al. (2009) provide comprehensive detailed information 

concerning the use of various polymers, bio-polymers, organic and inorganic fillers, 

compatibilizers, plasticizers, and nano-clays for polymer clay nanocomposite preparation. 

Effective dispersion of a nano-material within the matrices of a polymer significantly influences 

crystallization, crystallization rate, thermal, barrier, and mechanical properties for polymer, and 

polymer clay nanocomposites (Xu & Qui, 2009).  To accomplish effective dispersion of 

montmorillonite, various aggregation and processing methods including extrusion, injection 

molding, and compression molding are used to facilitate intercalation particle alignment, and 

exfoliation (Bordes et al., 2009; Yu, 2009).  Alexandre and Dubois (2000) noted that often a 

crossover approach, using a combination of these aggregation methods is desirable to achieve 

intercalation, exfoliation, particle alignment, and polymerization between constituent materials.  



33 

Material Aggregation 

Polymer-clay composites can be divided into two types of composites, intercalated and 

exfoliated nanocomposites (Nguyen & Baird, 2006).  This division of types is related to the 

various methods used to aggregate materials together.  Intercalation occurs when there is 

noticeable penetration of polymer into the clay galleries during processing.  Polymer chains 

insert within single and multiple silicate interlayers.  Distinguishable, highly-ordered, 

morphology between the multilayer nanomaterial and polymer develops. 

Similar to intercalation, flocculation can occur within a resultant nanocomposite.  With 

flocculation a conglomeration of loosely aggregated clay binds between the polymers.  Large 

amounts of clay known as tactoids suspend together with weak adhesion between multi-

interlayer often resulting in a PCN with compromised mechanical properties.  

Appropriate selection of intercalation techniques for blending materials is of primary 

consideration for PCN development.  Much research focus has been placed on proper 

intercalation method selection, to gain proper exfoliation between the clay and polymers, and 

dispersion of the clay within composite matrices.  The most success regarding intercalation and 

exfoliation occurs at 4 to 5 wt% clay content PCN development.  Solvent, in-situ, and direct 

melt-blend intercalation are the primary methods for intercalating clay and polymers (Paul & 

Robeson, 2008).  The challenge facing many companies is the lack of understanding concerning 

processing and compounding methodology to prepare PCNs (Ajayan et al., 2003; Gupta et al., 

2010).  

Solvent Intercalation 

Solvent is employed to achieve intercalation of the nanometer sized, layered silicates by, 

swelling the clay in a solvent.  A polymer is dissolved in water, benzene, chloroform, 
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cyclohexan, toluene, or other solvents relative to the degree of solubility of the polymer (Hansen, 

2007; Ho & Glinka, 2003).  Solvents for intercalation include chloroform, dimethylacetamide, 

dichloromethane, diethyl ether, dimethylchloride, hexane, polyethylene glycol, tetrahydrofuran, 

and a host of other solvents. 

The swollen layered silicate solution is mixed with either the polymer, or dispersed in a 

solvent pre-polymer solution.  Upon mixing the two solutions, the same weak hydrogen and Van 

der Waals forces that allow the layers in the clay to stack together are overcome.  The polymer 

chains insert themselves (intercalate) within the silicate sheets.  Mixing action serves to promote 

macromolecular diffusion of the clay between interlaying spaces in the polymer-clay matrix. 

This action displaces the solvent from within the interlayer of the silicate.  The polymer chain 

morphology is altered in the galleries.  Upon solvent removal, usually by evaporation, the 

delaminated sheets are absorbed into the polymer, and an intercalated or exfoliated structure 

remains between the polymer and the layered silicate (Ajayan et al., 2003; Kumar et al., 2009).  

In-situ Polymerization 

In-situ polymerization involves mixing monomer and clay to promote exfoliation of the 

layered silicate sheets.  Polymerization between sheeted layers occurs upon initiation. 

Polymerization to product polymer-clay nanocomposites will occur with free radical 

polymerization.  Latex through emulsion polymerization, solution polymerization, condensation 

polymerization (polyesters and amides), and two package polymerization (urethanes and 

epoxies) is produced. (Ajayan et al., 2003; Gupta et al., 2010).   

Melt Intercalation 

Melt intercalation involves introducing layered sheet silicates clay into a polymer matrix 

at ambient temperature or in its molten state by traditional plastics processing equipment.  Melt 
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intercalation is commonly used for polymer-clay nanocomposite manufacture when significant 

intercalation or exfoliation can be achieved by blending the molten polymer with organoclay 

(Joshi, 2008).  Twin screw extrusion and subsequent injection molding processing can be used to 

facilitate direct melt-blending intercalation.  The best mechanical and physical properties 

achievable in polymer-clay nanocomposite are those with fully exfoliated structures and the 

alignment is in the direction of the applied stress (Elbokl & Dettellier, 2009; Pandey, Reddy, 

Kumar, & Singh, 2005; Ray & Okamato, 2003; Yu, 2009).  Intercalated composites exhibit 

regularly alternating layered silicate structures.  In the exfoliated composites, individual clay 

layers are fully delaminated and dispersed through the resultant composites polymer matrix. 

Both fully intercalated and exfoliated polymer nanocomposites are possible through direct melt 

intercalation (Chivrac, Kadlecova, Pollett, & Avérous, 2006; Twardowski, 2007).  

Exfoliation 

Exfoliation occurs when nanomaterial particles, such as individual layered clay platelets, 

completely delaminate and disperse evenly throughout the matrix of the polymer.  Improved 

mechanical performance of a resultant PCN often depends upon thermodynamic properties 

developed when making the PCN.  The thermodynamic properties are dependent upon the degree 

of dispersion of the reinforcing clay particles achieved in the polymeric matrix, particle 

alignment, and the quality of the interfacial surface interaction achieved between the clay 

particles and the polymer.  To achieve complete exfoliation means (a) individual 1 nm thick 

layered silicate plates separate, (b) an optimal number of polymer chains reside in between 

silicate platelet layers, (c) surface area contact between the silicate layers and polymer becomes 

maximized and, (d) layered silicate plates disperse homogenously throughout the polymeric 

matrix.  Good exfoliation and particle alignment are essential to mechanical properties 
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improvement when developing polymer clay nanocomposites (Wang, Tao, Xue, Zhu, Chen, Sun, 

Winter & Shi, 2009; Yu, 2009).  Both degree of dispersion and surface interaction influences the 

crystallinity, glass transition temperature (Tg), and melt transition temperature (Tm), among 

other properties of the resultant PCN (Ajayan et al; Gupta et al.).  Wide-angle x-ray diffraction 

(WAXS) and transmission electron microscopy (TEM) are used to quantify the degree of 

intercalation, flocculation, and exfoliation that occurs in polymer clay nanocomposites (Smith, 

2005). 

Figure 12 provides representation of polymer clay nanocomposites morphologies.  In this 

figure, the flat lines denote layered clay while the thinner undulating lines denote polymer chains 

(Alexandre & Dubois, 2000; Ray & Okamoto, 2003).  The surface of the clay particles are 

modified so that the width of the interlayer exceeds absorptive energy bonding values to make 

the material more thermodynamically stable (Yu, 2009).  Van der Waals, hydrogen, and ionic 

bonding interactions improve the performance of the composite material matrix when effective 

exfoliation occurs.  An intermediary material, like maleic anhydride, is used to functionalize 

polymer molecules, to increase dispersion and promote matrix bonding during exfoliation. Wang 

et al. (2009) noted that exfoliation has been more effective with polar polymers, than non-polar 

polymers, with clay.  Polymer clay nanocomposites perform the best physically and 

mechanically when good exfoliation is achieved.  Solvent and in-situ intercalation can be the 

best techniques for achieving exfoliation (Chivrac et al., 2006; Nguyen & Baird, 2006).  
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Figure 12. Scheme of different types of composite arising from aggregate interaction between 

layered silicates and polymers; (a) a phase-separated microcomposite; (b) an intercalated 

nanocomposite; (c) a flocculated (tactoids) nanocomposite; and (d) an exfoliated, random 

nanocomposite (Ginzburg, Weinhold, Jog, & Srivastava, 2009). 

 

 

Relevant Research 

Pandy et al. (2005) provide an overview of the degradability characteristics of polymer 

nanocomposites including those containing PHAs.  PHAs can exist in two distinct physical 

forms: amorphous granular form or crystalline solids form.  Final degree of crystallization and 

rate of crystallization varies depending upon its composition.  Rapid crystallization and 

isomorphism of PHA can be influenced by other materials (Zhong & Whitehouse, 2004).  PHA 

suffers from melt instability (degradation temperatures just above melt temperatures), brittleness, 

and low strength according to Dagnon et al. (2009). 

El-Hadi, Schnabel, Straube, Müller, & Riemschneider (2002) investigated the effects of 

various plasticizers and lubricants on polymer composites containing 2 brands of PHB, from 

COPESUCAR of Brazil and BIOMER from Germany, and Poly Vinyl Acetate (PVA).  Glycerol, 

tributyrin, triacetin, and acetyl triethyl citrate were plasticizers, and Glycerol monostearate, 
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glycerol tristearate, 12-hydroxystearic acid, and 12-hydroxystearate were lubricants. 0.5% 

saccharin was the nucleating agent.  These were added to the PHB and PVA composites.  The 

materials were blended in a Brabender kneader at 170 to 180º C at 50 rpm for five minutes or 

extruded with successive zone temperatures of 145º C, 160º C, and 170º C using a 4 mm die at 

20 rpm screw speed.  The melt blended extrudate was water cooled, pelletized and then 

hydraulically pressed for 2 minutes at 50 bars.  Differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), Fourier transform spectroscopy (FTIR), and melt flow index 

(MFI) were used to analyze rheological and crystallization behaviors of the resulting composite 

materials.  For all blends, the researchers concluded the following: the additives improved the 

rheological properties of the blends allowing for lower melt processing temperatures; oscillatory 

shear data indicated blends flowed more smoothly upon reaching melt temperature (Tm); higher 

melt processing temperatures degrade PHB caused longer crystallization time and lower 

nucleation density; the addition of lubricant may reduce the degradation at higher temperatures. 

The ideal melt temperature of processing and crystallization temperature was 15º C above the 

melt transition temperature (Tm) 80 Cº. 

El-Taweel, Stoll, Höhne, Mansour & Seliger (2004) investigated the influence poly 

vinylacetate (PVA) and an atactic, R, S-polyhydroxybutyrate (R, S-PHB) had on the stress-strain 

relationship of a pure bacterial isotactic PHB.  Components were dissolved in chloroform at 10 

wt% by volume, to intercalate materials.  Blends were evaluated for stress-strain behavior as a 

function of temperature.  Blends of the pure PHB contained as high as 30 wt% PVA and 30 wt% 

R, S-PHB.  The glass transition temperature (Tg) was lower in the blends compared to the pure 

PHB due to the addition of the R, S-PHB and PVA as plasticizers caused diminished tensile 

properties while decreasing extension ratios at break.  Addition of amorphous components as 
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plasticizers at average molar mass (Mn) greater than 30,000 g/mol, with blend contents 

containing less than 60% PHB leads to PHB crystallinity at less than 0.4% and achieves blends 

with good mechanical properties. 

Non-modified sodium (Na
+
) montmorillonite (MMT) clay (Cloisite Na

+
) and organo-

modified with tallow alkyl bis (2-hydroxyethyl) methyl ammonium MMT clay (Cloisite 30B) 

was added to PHB and PHBV at 1, 3, and 5 wt% through melt intercalation.  The PHB and 

PHBV was melt blended at 170º C and 160º C, in powder form after drying at 80º C.  Mixing 

was at 100 rpm for 5 minutes and then mixed at 50 rpm upon introduction of the non-modified 

Cloisite Na
+
 clay to the polymers.  The modified Cloisite 30B at roughly 0.5 wt% was dispersed 

into diethyl ether.  When this solvent evaporated, 30B was mixed with the PHB and PHBV 

powders.  Characterization by small angle X-ray scattering (SAXS), size exclusion 

chromatography, differential scanning calorimetry (DSC), and transmission electron microscopy 

(TEM) determined crystallization, clay dispersion, and structural analysis of the resultant 

polymer-clay nanocomposites.  The test samples were prepared by injection molding and 

compression molding for mechanical analysis.  Small clay tactoids, in between 3 to 10 layers, 

were relatively well dispersed within the PHA polymer matrix at < 3 wt% concentration.  Lower 

homogeneity of clay dispersions were found at higher than 3 wt% clay concentrations.  The clays 

acted as nucleating agents affecting crystal size in the PHAs.  The isothermal crystallization rate 

was enhanced by the clay hindering re-crystallization during melting.  Clay content at 1wt% 

improved elongation at break while maintaining stiffness.  Brittleness increased, however, at 

higher levels of clay.  For PHB/5wt% Cloisite 30B blends versus pure PHB, modulus (MPA) 

increased by nearly 14% and tensile strength (MPA) increased by nearly 17%.  Melt intercalation 
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was a “promising way” to develop PHA/MMT polymer-clay nanocomposites for biomedical 

applications (Bordes et al., 2008). 

Polymer-clay nanocomposites were made using the aromatic-polyester poly (butylenes 

adipate-co-terephthlate) (PBAT) and montmorillonite Dellite LVF, organomontmorillonites 

Cloisite 20A, Dellite 43B, and Nanofil 804.  The Dellite LVF was an unmodified MMT while 

the other three clays were modified with dimethyl dihydrogenated tallow ammonium, benzyl 

dimethyl hydrogenated tallow ammonium, and dihydroxyethyl methyl tallow ammonium, 

respectively.  Two methods were used to enhance the matrices of the PBAT using these clays: 

solvent and melt intercalation at 3wt% to 9wt% content.  Before processing the respective 

PBAT-clay mixtures were dried overnight at 80ºC.  For solvent intercalation preparation using 

chloroform (CHCL3) approximately 700 mg of PBAT was introduced into 35 mL of CHCL3 at 

50 ºC and sonicated until solubilized.  Percentages of MMTs were mixed by sonication into the 

polymer solute at 50ºC for 4 hours.  Polymer-nanoclay mixtures were poured onto Petri dishes to 

allow the solvent to evaporate at ambient temperature over 24 hours.  For melt intercalation 

preparation, percentages of MMTs were mixed into PBAT using a counter-rotating Rheocord 

mixer at 160ºC for 15 minutes at 50 rpm and allowed to cool.  The polymer-clay nanocomposite 

was mixed for 20 minutes in chloroform (CHCL3) (700 mg of PBAT-clay nanocomposite was 

introduced into 35 Ml of CHCL3 at 50º C.  Percentages of MMTs were mixed and sonicated into 

polymer solute at 50º C for 4 hours.  The polymer-nanoclay mixtures were poured onto Petri 

dishes allowing the solvent to evaporate at ambient temperature over 24 hours (Chivrac et al., 

2006). 

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and organically modified 

montmorillonite (OMMT) clay, Cloisite 30B from Southern Clay Products, Inc., that was 
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prepared by cationic exchange between Na
+
 in the clay and tallow, bis (2-hydroxyethyl)methyl 

quaternary ammonium chloride in aqueous solution.  Solution intercalation was achieved by 

adding the OMMT to 1% µg/m
3 

chloroform solution for polymer/silicate weight ratios of 100:1 

and 100:3.  To accomplish full dispersion of the clay in the polymer, 3 hours of ultrasonication, 

and then 4 days of continual heating at 60º C was performed on the mixtures.  The resultant 

polymer-clay nanocomposites were dried for 2 days at 40º C.  Dynamic mechanical analysis and 

examination by transmission electron microscopy (TEM) characterized the composites.  

Mechanical property improvement was significant for the nanocomposites when compared to 

pure PHBV.  For the 100:0 to 100:3 ratios for the PHBV/MMT nanocomposites, the glass 

transition temperature (Tg) for the three composite blends shifted higher with higher clay 

contents.  Tensile strength and Modulus increased respective to these ratios by over 32% for 

tensile strength (MPa) and 2.8% for Modulus (MPa).  Above 3% clay content, decreases in both 

tensile strength and strain at break were observed (Chen et al., 2002). 

Maiti, Batt and Giannelis (2007) used twin screw extrusion and micro-injection molding 

to introduce two different nanoclay materials, montmorillonite (MMT) exchanged dimethyl-

octadecylamine (DmODA) and synthetic fluoromica exchanged with dimethyl ditallow 

quaternary ammonium ion, to PHB.  The PHB was powdered using an ultra-mill to 80µm. 

Particle size was determined by ring-sieving.  The powder was then premixed with the 

organoclay material using a high speed mixer and extruded using a twin screw extruder with a 5 

cm
3
 capacity.  Up to 3.6% content by weight of organoclay was employed to prepare the 

composites.  Processing temperature influenced crystallization rate and the rate of decomposition 

of the nanocomposites in soil.   
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Yu et al. (2006) and Campbell et al. (2008) used direct or master batch, melt blending 

intercalation to prepare polymer nano-clay pomposities with poly-caprolactone (PCL), Maleic 

anhydride (MA), and Polyethylene glycol (PEG).  Bordes et al. (2008) and Mungara, Chang, Zhu 

and Jane (2002) blended soy protein-based polyester compatibilized with poly vinyl-lactone and 

poly-caprolactone, through extrusion compounding and injection molding.  The composites 

tensile strengths ranged from between 16 to 22 MPa.   

Yun, Gadd, Latella, Lo, Russell, & Holden (2008) investigated the mechanical properties 

of poly (3-hydroxybutyrate) and poly (3-hydroxy octanoate) (PHO) polymer clay nanocomposite 

films containing single wall carbon nanotubes (1.2 to 1.4 nm diameter) at 0, 1, and 10wt%.  

Polymer-clay nanocomposites were prepared using high power sonication in chloroform.  The 

solvent dispersions were cast with the single wall carbon nanotubes (SWCNT).  The PHO, 

dissolved in 2% chloroform, was mixed and sonicated with the SWCNT that were separately 

dispersed at a 2% concentration in chloroform, at room temperature.  The PHB was mixed and 

sonicated with the SWCNT at 70º C.  To eliminate the agglomeration of SWCNT’s in the PHB 

and PHO polymer solutions blends during evaporation.  The blends were dried on a hot glass at 

60º C to reduce solvent evaporation times.  The nanotubes did not disperse well in the 1wt% 

organoclay/PHB composites.  Optical microscopy showed nucleated PHB crystallization.  At 

10wt% organomontmorillonite loading, less nucleating crystallization took place due to 

extensive agglomeration of SWCNTs in the polymer-clay nanocomposites.  Hardness and 

Young’s modulus increased in the PHB and PHO PCNs at all three concentration levels relative 

to the pure polymers.  The increase was more significant with the PHO nanocomposites. 

Recognizing the benefits of the compatibilizing effect a co-polymer variant, Choi, Kim, 

Park, Chang & Lee (2003) used direct melt blending intercalation of PHB with a Brabender 
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Mixer at 165º C for 15 minutes to mix constituents, introduced at 2% and 3% by weight, Cloisite 

30B (methyl tallow bis-2-hydroxyethyl quaternary ammonium ion exchanged montmorillonite) 

to Biopol D300G, poly hydroxybutyrate co-polymer hydroxyhexanoate (PHBH).  The 

introduction of the organoclay to the biopolymer increased the crystallization rate and decreased 

the melting point (Tm) determined by differential scanning calorimetry (DSC) of the 

nanocomposite compared to the neat biopolymer.  The nanosilicates within the polymer 

facilitated a heterophase nucleation effect and promoted strong hydrogen bonding that 

strengthened the resultant nanocomposites matrix.  The 3wt% content nanoclay composites 

provided a Young’s modulus (Ε) increased from 480 M Pa to >790 M Pa.  

Sanchez-Garcia, Gimenez, & Lagaron (2008) noted that biodegradable polymers such as 

PLA, PHB, and poly caprolactone (PCL) are normally immiscible when blended with pure, 

unmodified clays.  Immiscibility arises from polarity issues associated with the clay being 

hydrophilic and the bio-polymers being hydrophobic.  These researchers chose to use melt 

intercalation to combine PHB at 80 wt% to PCL at 20 wt%, a 1:1 phyllosilicate (Nanoter™ 2212 

brand), kaolinite at 1 wt% and 4wt% to 100 wt% PHB, and two separate brand (Nanoter™ 2200 

and Cloisite ™ 20A) organophilic, surface modified montmorillonite clays at 4 pphr.  The PHB 

used in the study was dried at 70° C, and the PCL was dried at 45º C for 24 hours under vacuum 

prior to use.  PHB blends were melt-mixed using a 16 CC Brabender Plastograph for 6 minutes 

at 182° C at 60 rpm with melt temperatures not exceeding 190° C.  This was performed in this 

manor to minimize polymer degradation.  Blended batches were allowed to cool to room 

temperature and then dried at 50° C for 24 hours.  Blended batches were then formed into 0.7 

and 0.1 mm thick sheet samples at 185° C at 2 MPa hydraulic pressure using compression 

molding.  Fourier transform infrared spectrometry (FTIR), differential scanning calorimetry 
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(DSC), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 

wide angle X-ray (WAXS) was used to investigate diffusivity and solubilization, thermal 

properties, oxygen transmission, and morphologies of the PCN matrices.  The PCL was non-

miscible but compatible with the PHB.  The montmorillonite clays were found to be highly 

swollen and dispersed throughout the matrices of the various PHB blends.  Blends, however, 

were found to be soft and of little use, for packaging application purposes.  This was confirmed 

by DSC and FTIR results. 

Cloisite 30B was dispersed in 50 mL of chloroform by mechanical stirring for 1 hour and 

then 160W ultra-sonication at room temperature for 30 minutes.  PHB to 30B weight ratios were 

100/0, 100/1, 100/3, 100/5, 100/7, and 100/10.  The 50mL dispersions of 1% weight/volume of 

PHB in chloroform solutions were mixed mechanically for 1 hour.  After mixing, ultra-

sonication was performed on blends at 160 W at room temperature for 30 minutes.  Upon solvent 

evaporation of cast films in petri dishes at room temperature and drying under vacuum at 40º C 

for 24 hours, kinetic analysis of non-isothermal degradation was determined by Fourier 

Transform Infrared Spectroscopy (FT-IR).  Thermal stability, onset degradation temperatures, 

and temperatures at maximum degradation rates increased for PHB/30B blends at 100/1, 100/3, 

100/5, and 100/7 weight ratios compared to pure PHB.  The 100/10 PHB/30B blend showed 

lower values for onset degradation temperatures and temperatures at maximum degradation rates. 

The clay apparently acted as a thermal insulator and as mass transport barrier against oxygen and 

volatile product degradation during decomposition (Erceg, Kovačić, & Klarić, 2008).  Han, 

Cheng, Gending, Wu, & Shen (2004) and Ou, Ho, & Lin (2004) noted similar findings with well 

dispersed layered silicates in polyurethane (PU) and polyethylene terephthlate (PET).   
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Erceg, Kovačić, & Perinović (2009) used the same solvent intercalation methodology to 

introduce OMMT, Cloisite 25A in PHB/ 25A ratios of 100/0, 100/1, 100/3, 100/5, 100/7, and 

100/10 to 50 mL of 1wt%/v solution of PHB in chloroform.  The dispersions were dried in a 

vacuum at 40° C for 24 hours.  This methodology was used to investigate thermal degradation 

rates of polymer-clay nanocomposites at 230º C, 235º C, 240º C, and 245º C in a nitrogen 

atmosphere for 120 minutes. 

Researchers Hsu, Wu, and Liao (2006) successfully prepared, by direct insertion of PHB 

polymer chains from chloroform solution into organically modified with poly (ethylene glycol) 

phosphonates (PEOPAs) layered double hydroxides (LDH) to prepare polymer-clay 

nanocomposites.  The polymer-chloroform solution was precipitated with n – hexane prior to the 

addition of modified LDH.  The PHB/modified LDH clay composites were prepared by refluxing 

0.15 g of PHB in 30 mL of chloroform with the modified LDH clay for 6 hours.  The chloroform 

was allowed to evaporate and vacuum dried at 40º C for 24 hours to remove any residual solvent. 

The effects of the isothermal crystallization behavior of the PHB and the PHB-LDH composites 

were investigated using differential scanning calorimetry (DSC) and dynamic mechanical 

analysis (DMA).  The direct insertion of the PHB polymer chains into the modified LDH clay 

successfully exfoliated and randomly dispersed LDH into to PHB matrix.  At 2 wt%, LDH 

modification the PHB composite demonstrated more heterogeneous nucleation and increased 

crystallization rate when compared to the pure polymer.  Determined by DMA, storage modulus 

increased in the 2 wt% and 5 wt% modified LDH-PHB composites compared to the neat PHB. 

Noting ineffective attempts to plasticize PHB, researchers attempted to plasticize and 

stabilize PHB with poly hydroxybutyrate co-polymer hydroxyhexanoate (PHBH), poly (3-

hydroxybutyrate-co-4-hydroxybutyrate) [P(3-4HB)], dioctyl (o-) phthalate (DOP), dioctyl 
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sebacate (DOS), antioxidant 1010, and acetyl tributyl citrate (ATBC).  Using thermo-gravimetric 

analysis (TGA), differential scanning calorimetry (DSC), melt flow index (MFI), and tensile 

testing of 0.3 to 0.4 mm by 6mm by 10cm length dumbbell samples, DOP and DOS failed to 

improve the thermal and mechanical properties of PHB.  From DSC measurements, 

incorporation of ATBC leads to a decline in the glass transition temperature (Tg) of PHB.  The 

PHB blends for the study were prepared by dissolving 3 g of PHB, along with the other 

components in the study to develop blends, in 100 mL of chloroform.  The dispersions were 

refluxed for 1 hour, cooled and then vacuum dried for 2 days allowing the chloroform to 

evaporate.  Melt Flow Index measurements determined that the incorporation of the commercial 

antioxidant, antioxidant 1010, enhanced the thermal stability of PHB.  Fully exfoliated PHB 

blends with PHBH and P (3-4HB) exhibited moderately improved tensile strength and elongation 

at break properties (Wang, Zhu, Wang, Chen, Chen, & Xu, 2008). 

Hassan et al. (2006) processed Nodax™, a commercially available poly (3-

hydroxybutyrate-co-3-hydroxyhexanoate (PBHH) polymer, into film.  Cross-linking of PBHH 

was achieved by mixing varying amounts of dibenzoyl peroxide (DBP; 0.5-10%), as an initiator, 

to Nodax chloroform.  Upon homogeneous mixing of the DBP with the Nodax PHBH to promote 

cross-linking, the resultant film produced was vacuum dried in argon atmosphere at 130º-140° C 

for 2 to 10 hours.  The film were heated to 130° C for 10 minutes, annealed for 5 minutes, 

stretched uni-axially and then air-cooled to room temperature.  After cooling to ambient 

temperature, the mechanical performance of film specimens was tested.  In the second 

experiment, the Nodax PHHH was prepared with Cloisite 30B at 1 wt%, 3 wt%, 5 wt%, 7 wt%, 

10 wt%, and 15 wt% clay content.  Chloroform was employed to delaminate and exfoliate the 

layered structure of the clay into single silicate layers for easy dispersion into the PHBH polymer 
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matrix.  Upon evaporation of the chloroform, the exfoliated montmorillonite sheets reassembled 

highly ordered, sandwiched, multilayered structures within the polymer.  Both composites with 

Nodax significantly enhanced Young’s modulus (MPa) and tensile strength (MPa).  Young’s 

modulus (MPa) and tensile strength (MPa) improved as a function of clay content up to 10 wt%. 

At 10 wt%, Young’s modulus (MPA) nearly tripled as tensile strength (MPA) doubled.  At 15 

wt% clay, both properties diminished below the mechanical values for the pure polymer. 

Elongation at break was constant as a function of clay content at a factor of 10 below the value 

for the pure polymer.  TGA indicated that thermal stability improved while maximum 

degradation temperature across all clay percent weight contents remained constant.  

Poly (3-hydroxybutyrate) and functionalized multi-walled carbon nanotubes (f-MWNTs) 

at 2wt% were prepared by solution casting by Xu and Qiu (2009).  Chloroform was added to 

disperse the f-MWNTs.  The chloroform/ f-MWNTs mixture was sonicated until the f-MWNTs 

were uniformly dispersed in suspension.  PHB was added to chloroform with stirring for an hour 

at elevated, higher than room temperature to dissolve the PHB.  The PHB/chloroform solution 

was added to the f-MWNTs/chloroform solution with sonication and stirring for six hours.  The 

combined PHB/f-MWNTs dispersion was poured onto dishes and allowed to evaporate at room 

temperature.  Samples were dried at 70° C under vacuum for one week to completely remove 

remaining chloroform.  Thermal analysis with differential scanning calorimetry indicated an 

increased shift in peak crystallization temperature by 10º C from the neat PHB to the PHB/f-

MWNTs nanocomposites. 

Differential scanning calorimetry compared melt crystallization in pure samples of PHB 

to 2wt% f-MWNTs/100wt% PHB.  A polarized optical microscope (POM) with temperature 

controller, scanning electron microscope (SEM), and transmission electron microscope (TEM) 
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determined the morphology of the nanocomposite material.  A homogeneous distribution of the 

f-MWNTs in the PHB matrix was identified.  The crystallization temperature shifted 10º C 

higher with the 2wt% f-MWNTs/100wt% PHB compared to pure PHB.  The crystallization rate 

for both the 2wt% f-MWNTs/100wt% PHB and 100wt% PHB samples decreased with 

increasing crystallization temperatures.  Crystallization rates were faster with 2wt% f-

MWNTs/100wt% PHB.  The acceleration of both nonisothermal and isothermal crystallization 

indicated the nucleation ability of the f-MWNTs.  TGA results indicated that thermal stability 

improved with the addition of the 2wt% f-MWNTs to the PHB versus the neat PHB. 

Ho and Glinka (2003), using neutron and x-ray scattering (SANS, SAXS and WAXS), 

determined that solvents that readily hydrogen bond with clay prevented exfoliation with Cloisite 

15A clay in solvent.  Chloroform and trichloroethylene, however, fully exfoliated the clay. 

Polyhydroxybutyrate, polyethylene, and colloidal silica (SiO2) were plasticized with poly 

(ethylene glycol) and poly (propylene glycol) to produce nanocomposites for mechanical 

properties testing.  The blends were processed using a single screw extruder, and then injection 

molded dog bone specimens for mechanical properties testing.  Chain orientation, after blended 

material extrusion from melt temperature to room temperature quenching, was determined. 

PHB/PE/SiO2 samples had elongation at break increases up to 80%; the pure polymer had 2% 

elongation at break.  SiO2 at 0.2 to 0.4% loading by weight increased tensile strength by 20% 

(Ohashi, Drummond, Zane, Barros, Lachtermacher, Wiebeck, Wang, 2009). 

Bruno, Tavares, Motta, Miguez, Preto, and Fernandez (2008) used chloroform (CHCl3), 

dimethylchloride (DMC) and tetrahydrofuran (THF) solvents to disperse clay in PHB at polymer 

to clay percentage ratios of 99/1, 97/3 and 95/5.  The molecular structure and intermolecular 

interaction (hydrogen spin-lattice relaxation time) between nanocomposite components were 
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determined by nuclear magnetic resonance (NMR) and X- ray diffraction (XRD).  Correlation 

between these parameters and processing were explored.  

A process involving the use of both exfoliation and solvent intercalation with a variety of 

polymeric nanoparticles (PNP) and clay nanoparticles (CNP) and additives at various weight 

percentages was patented by Bortnick and Lorah (2007) for coating applications. The resultant 

PNP to CNP dry weight ratios the of resultant polymer clay nanocomposites ranged from 1:20 to 

10:1, respectively. 
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CHAPTER 3 

 

METHOD 

The purpose of this study was to determine the feasibility of direct melt-blending 

(intercalating) montmorillonite nanoclay with polyhydroxybutyrate and poly vinylacetate, at 

different percentages by weight, through twin screw extrusion and injection molding.  The 

significance of the components upon the mechanical properties of tensile strength and flexural 

strength of the resultant PCN material was determined.  As a result of this processing, 

technology transfer regarding the use, mechanical properties, manufacture, and process ability of 

these bio-friendly materials to academia, industry, and society may have occurred.  

Understanding the materials, processes, process parameters, and mechanical properties helps to 

promote the increased use of these materials for ecologically friendly product application. 

Research Question and Hypotheses 

The following research question and hypotheses provide the basis for the research.  The 

research question that guided this study was “Can twin-screw extrusion be employed to 

compound PHB provided by Newlight Technologies, LLC and nanoclay provided by Southern 

Clay Products, Inc. together?” 

H01.  There is no significant difference between the tensile strength and flexural strength 

of batches containing neat PHB versus polymer clay nanocomposites prepared with PHB and 

nanoclay. 
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:10H µ0 (tensile strength and flexural strength) = µ1 (tensile strength and flexural strength) 

:11H µ0 (tensile strength and flexural strength) ≠ µ1 (tensile strength and flexural strength) 

 H02.  There is no significant difference between the tensile strength and flexural 

strength of batches containing PHB versus polymer clay nanocomposites containing PHB, clay, 

and poly vinylacetate.  

:20H  µ0 (PHB) = µ1 (PHB, nanoclay, PVA) 

:21H µ0 (PHB) ≠ µ1 (PHB, nanoclay, PVA) 

H03.  There is no significant difference between the tensile strength and flexural strength 

as a function of weight percentage (wt %) of clay in the PHB-clay nanocomposites.  

:30H µ0 (PHB) = µ1 (PHB, wt % nanoclay) 

:31H µ0 (PHB) ≠ µ1 (PHB, wt % nanoclay) 

H04.  There is a significant difference between the tensile strength and flexural strength 

between the different weight percentage (wt %) nanoclay and weight percentage (wt %) poly 

vinylacetate in PHB polymer clay nanocomposites.  

:40H µ0 (PHB) = µ1 (PHB, wt % nanoclay & wt % PVA) 

:41H µ0 (PHB) ≠ µ1 (PHB, wt % nanoclay & wt % PVA) 

Feasibility Study 

To facilitate the processing and mechanical properties study, a feasibility study was first 

conducted using a non-commercial, developmental grade of PHB, G2-PHA, supplied by 

Newlight Technologies, LLC, Costa Mesa, CA, and Cloisite
 
30B montmorillonite nanoclay 

provided by Southern Clay Products, Inc. of Gonzales, TX.  This particular modified organic 

nanoclay has a clay particle d-gallery (platelet) spacing (d001) of 18.5Å.  Sufficient d-gallery 

(platelet) spacing is critical to effective material intercalation and exfoliation resulting in 
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mechanical strengthening of PHB.  The poly vinylacetate (PVA), product number 189480, used 

in the study was supplied by Sigma-Aldrich from Saint Louis, MO.  This study was performed to 

ensure these constituents processed together before any further polymer clay nanocomposite 

research was to be conducted.  Information concerning the properties of these materials is found 

in Appendix A. 

Batch Preparation for Feasibility Study Processing  

Three batches were processed during the feasibility study.  The feasibility study was 

conducted at Ampacet Corporation, Research & Development Center, in Terre Haute, Indiana. 

Before materials processing, the neat (pure homopolymer) developmental grade of PHB, G2-

PHB was oven dried for 2 hours at 80° C.  After drying the PHB, moisture analysis according to 

ASTM D789 standard was conducted on both the PHB and Cloisite 30B nanoclay materials on a 

calibrated Arizona Instruments Max2000 Moisture Analyzer.  A melt flow index (MFI) was also 

conducted on both materials using a calibrated Tinius-Olsen model MP993, Extrusion 

Plastometer.  Melt flow indices were run according to ASTM D1238, Procedure A standard.  No 

established standard for PHB materials at a test load of 2.16 kg @ 170º C for 10 minutes is 

available.  The results of moisture analysis and melt flow indexing before processing is found in 

Appendix B.  

Feasibility Study Processing 

Fifteen pound batches according to weight percentages were mix-agitated together in a 

hopper-blender and side fed at 75% of barrel length to a co-rotating, TEX 28 model, non-

aggressive screws, twin-screw extruder made by Japan Steel Works, Inc. with 20:1 L/D ratio and 

28 mm diameter screws.  Material was fed to the extruder at a ¾ barrel length position.  

Extrudate was cooled using conventional water bath with air wipe and then pelletized.  Extruded 
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neat PHB was designated Pilot Batch 1.  In Table 3, extruded developmental PHB plus 1 percent 

weight (1wt %) nanoclay was designated Pilot Batch 2, and extruded developmental PHB plus 1 

weight percent (1wt %) nanoclay plus 1 wt % PVA was designated Pilot Batch 3.  

Table 3 

Feasibility Study Pilot Batches Composition 

Pilot Batch 1 Neat PHB 

Pilot Batch 2 PHB + 1 wt % Nanoclay 

Pilot Batch 3 PHB + 1 wt % Nanoclay + 1 wt % PVA 

 

 

 

Approximately ten to 15 pound batch yields of polymer clay nanocomposite material was 

manufactured during each pilot batch run during the study.  Processing parameters for the 

feasibility study are located in Appendix B.  Differential Scanning calorimetry and 

thermogravimetric analysis was conducted on samples from the three pilot batches. 

Polymer Clay Nanocomposite Study 

Based upon the results of the preceding feasibility study, the polymer clay nanocomposite 

(PCN) study continued at Ampacet Corporation, Research & Development Center in Terre 

Haute, Indiana.  Due to several limitations which included (a) the discontinuation of the original 

developmental grade of PHB, G2-PHB; (b) the limited supply of the subsequently available 

grade of PHB, LX-19110, both supplied by Newlight Technologies, LLC; (c) limited availability 

of the vinyl acetate grades originally intended for use during the study; and (d) material 

degradation and moisture issues, the original hypotheses were altered.  Due to the limited 

quantity of the of the subsequently available LX-19110 grade of PHB, Banbury mixer 

compounding and compression molding rather than using injection molding processing ensured a 

sufficient amount from each of the batches for mechanical properties testing analysis. 
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Amended Research Questions and Hypotheses for the PCN Study 

The research questions of the following hypotheses provided the basis for the polymer 

clay nanocomposite study, due to materials issues and processing deviations.  These four 

amended hypotheses are as follows: 

Research Question 1  

Can PHB provided by Newlight Technologies, LLC, nanoclay provided by Southern 

Clay Products, Inc., and EVA supplied by E.I. du Pont Company, Inc. be employed to melt-

blended together by Banbury mix compounding? 

Research Question 2 

Can compression molded be employed to compression mold PHB provided by Newlight 

Technologies, LLC, nanoclay provided by Southern Clay Products, Inc., and EVA supplied by 

E.I. du Pont Company, Inc. together? 

Hypothesis 1 

H01.  There is no significant difference between the tensile strength of individual batches 

containing PHB, nanoclay, and ethylene vinylacetate at various weight percentages. 

:10H µ0 (tensile - PHB, nanoclay, EVA) = µ1 (tensile - PHB, nanoclay, EVA) 

:11H µ0 (tensile - PHB, nanoclay, EVA) ≠ µ1 (tensile - PHB, nanoclay, EVA 

Hypothesis 2  

H02.  There is no significant difference between the flexural strength of individual 

batches containing PHB, nanoclay, and ethylene vinylacetate at various weight percentages. 

:20H µ0 (flexural - PHB, nanoclay, EVA) = µ1 (flexural- PHB, nanoclay, EVA) 

:21H µ0 (flexural - PHB, nanoclay, EVA) ≠ µ1 (flexural - PHB, nanoclay, EVA 
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PCN Study Materials, Batch Preparation, and Processing Methodology 

Due to the material issues and processing deviations, the PCN study processing 

proceeded as follows to address the amended research questions and associated hypotheses. 

Material Usage Deviations 

Due to discontinuation of supply of the developmental grade, neat (pure homopolymer) 

G2-PHB, an unknown commercial grade of Newlight Technologies PHB, designated LX-19110, 

supplied in limited quantity, was utilized for the PCN study.  The technical data sheet for this 

material is the same technical data sheet for the G2-PHB grade, entitled G2-PHA and is located 

in Appendix A.  Due also to supply availability, ecologically-friendly and chemically similar 

ethylene vinyl acetate (EVA), Elvax 3190 supplied by E. I. du Pont de Nemours and Company, 

Inc., Wilmington, DE, was substituted for the Sigma-Aldrich PVA used during the feasibility 

study.  A Honeywell International Inc., low density oxidized polyethylene homopolymer 

processing aid, AC-629 was also utilized for the PCN study.  The technical data sheets for both 

of these materials are located in the appendix A. 

PCN Study Batch Preparation and Twin Screw Extrusion Processing  

To begin processing the PCN study, the LX-191100 grade PHB and Cloisite
 
30B 

nanoclay was oven dried for 3 hours at 150° C.  Ten, 1550 gram batches of PHB, nanoclay, and 

EVA with processing aid were weighed to the various weight percentages (wt%) as represented 

in Table 4.  These percentages were based upon previous research as outlined by Bordes et al. 

(2009) and Yu (2009).  Batch materials were mix-agitated in a hopper-blender and side fed at 

75% of barrel length to the co-rotating TEX 28 model, non-aggressive screws, twin screw 

extruder made by Japan Steel Works, Inc. with 28 mm diameter screws and a 20:1 L/D ratio.  

The aggregated and mixed material was fed to the extruder at ¾ barrel length.  The extrudate was 
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cooled using conventional water bath with air wipe and pelletized.  An attempt to process each 

production run was made as delineated by Table 4 according to processing specification as noted 

in Appendix C.  During each attempt, appreciable thermal degradation was noticed in the 

extrudate upon exiting the extruder die and before entering the water bath for cooling.  The 

extrudate of each batch was dark brown and exhibited water-like viscosity.  Subsequent moisture 

analysis of batches 6, 9, and 10 indicated moisture levels at 1.43%, 1.73%, and 2.70%, 

respectively, indicated the reason for the thermal degradation in batches 1 through 5, 7, and 8. 

Batches 6, 9, and 10 maintained color and appreciable viscosity. 

Table 4 

Batch Preparation, Percentage by Weight 

 

Production 

Run 

 

LX-19110 

PHB (wt %) 

 

Clay 

(wt %) 

 

Processing 

Aid (wt %) 

 

EVA  

(wt %) 

1 80 0 5 15 

2 75 0 5 20 

3 70 0 5 25 

4 77 3 5 15 

5 75 5 5 15 

6 70 10 5 15 

7 72 3 5 20 

8 70 5 5 20 

9 65 10 5 20 

10 60 10 5 25 

 

 

 

PCN Study Batch Preparation and Banbury Mixer Compounding Processing  

In order to continue with the study another 10, 1550 gram batches of PHB, nanoclay, and 

EVA with processing aid were again weighed to the various weight percentages (wt %) as 

represented in Table 3.  The constituents of these 10 batches were compounded using a Stewart 

Bolling Company, 2 wing-rotors, 6.6 lbs. batch size, 40 HP, Banbury mixer to minimize thermal 
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degradation and to eliminate excessive moisture concerns while compounding the materials.  The 

operating parameters using the Banbury mixer to process each of the 10 batches are noted in 

Appendix D.  The clumped final product for each of the 10 batches was granulated in a grinder. 

Single Screw Extruder Processing and Pelletizing  

After intercalation with the Banbury mixer, the product from each of the 10 batches were 

extruded on a Wayne, 1” diameter, and single-flight, single-screw extruder with a 24:1 L/D ratio, 

run through a water cooling bath, air-wiped dry, and pelletized to facilitate compression molding. 

Single screw processing parameters used to extrusion process batches into pellets are found in 

Appendix D.  The 10 batches to be compression molding processed after single screw extrusion 

were stored for approximately six weeks in plastic bags in temperature-controlled (73 ºF @ 50% 

humidity) storage.  Compression molding was used to from the PCN material into dog bone and 

rectangular bar specimens for tensile strength and three-point flexural strength testing.  

Batch Degradation and Thermal Analysis 

It was discovered that all but batches 6, 9, and 10 all stowed in plastic bags at a controlled 

temperature of 73º F @ 50% humidity, physically decomposed from mold view ably growing on 

the surface of the individual pellets inside the bags.  Refer to Appendix E for photographic 

representation of mold growth of two degraded batches—batch 4 and batch 8.  Table 5 provides 

detail concerning batches that decomposed exhibiting mold.  

Compression Molding Processing 

A fully automatic, Scientific-brand, 20 ton hydraulic press, Labtech Engineering 

Company, Ltd., model LP-S-20 was then used for the compression molding of batch specimens. 

With automatic heating and cooling of 300 mm by 300 mm platens, this machine was used to 

compression mold pelletized batches 6, 9, and 10 into dog bone and rectangular bar specimens. 
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One-eighth inch thick, 5052 H32 grade, aluminum sheet was used as the mold for the dog 

bone and rectangular bar test specimens.  Compression molding of batch 6, 9, and 10 was 

according to compression operating specifications listed in Appendix F.  Approximately 12 dog 

bone and rectangular bar specimens from each batch were made for peak tensile strength and 

flexural strength testing. 

Table 5 

Decomposed Batches With Mold by Batch Preparation Percentage by Weight 

 

 

Production 

Run 

 

LX-19110 

PHB  

(wt%) 

 

 

Clay  

(wt %) 

 

 

Processing Aid  

(wt%) 

 

 

EVA  

(wt%) 

 

 

Decomposed Batches  

with Mold 

1 80 0 5 15 Mold 

2 75 0 5 20 Mold 

3 70 0 5 25 Mold 

4 77 3 5 15 Mold 

5 75 5 5 15 Mold 

6 70 10 5 15 No Mold 

7 72 3 5 20 Mold 

8 70 5 5 20 Mold 

9 65 10 5 20 No Mold 

10 60 10 5 25 No Mold 

 

 

 

Test Specimen Dimensions 

The dimensions of the dog bone specimen made through compression molding for peak 

tensile strength testing according to ASTM D 638, Standard Test Method for Tensile Properties 

of Plastics procedures, were approximately 381 mm by 12.7 mm by 3.2 mm.  Rectangular bar 

specimens were made for the three-point flexural strength test according to ASTM D 790, 

Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics 

procedures.  Specimens were made by compression molding processing.  Dimensions for the test 
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specimens for the ASTM D 790 test were approximately 127 mm by 12.7 mm by 3.2 mm 

dimensions. 

Sample Size 

Twelve compression molded dog bone samples were made from the 1550 gram, numbers 

6, 9, and 10 batches.  Twelve compression molded rectangular bar samples were made from the 

1550 gram, numbers 6, 9, and 10 batches.  

Sample Inspection 

Prior to tensile strength testing, the specimens were inspected for physical defects (stress 

cracks, fractures or surface blemishes) that might influence test results.  Two test specimen from 

batch 6 and one specimen from batch 9 were eliminated from tensile strength testing for this 

reason.  Prior to flexural strength testing, specimen were inspected for physical defects. 

Specimens observed with stress cracks, fractures, or surface blemishes were eliminated for 

testing.  Due to an observable fracture in the specimen, one rectangular bar specimen from batch 

6 was eliminated from flexural testing.  

Tensile Strength Testing  

A calibrated, digital output display, Instron 4467 universal testing machine with 30kN 

maximum load grippers at Eastern Illinois University in Charleston, Illinois, was used to conduct 

peak tensile strength testing.  Testing was conducted according to ASTM D 638, Standard Test 

Method for Tensile Properties of Plastics procedures for type 3 test specimen.  The crosshead 

speed was 50 mm/min, at a 1.5 mm/mm-minute nominal strain rate.  During tensile testing for 

each specimen, peak load in Newton (N) units and peak extension in millimeter (mm) units were 

recorded in a spreadsheet after testing.  



60 

Flexural Strength Testing  

A calibrated Instron 4467 universal testing machine with a 50 mm span and three point 

flexural test apparatus was utilized at Ampacet R & D Center in Terre Haute, Indiana, for 

flexural testing.  Flexural strength testing according ASTM D 790 Standard Test Methods for 

Flexural Properties of Unreinforced and Reinforced Plastics procedures proceeded using a 

0.50000in. /minute displacement rate.  Measurements from each specimen were averaged for 

width and depth.  To facilitate flexural strength testing, test specimens were placed across the 50 

mm horizontal span of the testing apparatus.  Downward travel of the Instron’s test head was 

then actuated upon the horizontal specimen at the span. 

Data Collection 

Digital calipers were used to measure width and depth for each of the dog bone specimen 

from batches 6, 9, and 10 for tensile testing purposes.  The measurements were recorded on a 

software spreadsheet.  The average width and depth, through spreadsheet calculations, individual 

specimen determined the cross-sectional area.  Peak load in Newton (N) units and peak extension 

in millimeter (mm) units were collected.  Cross-sectional area, peak tensile strength at break 

(psi), percent elongation (inches/inch), and Young’s modulus (psi) was calculated and recorded 

in the spreadsheet.  

Results for stress at flexural yield maximum (psi), strain at flexural yield maximum 

(inches/inch), and load @ flexural yield maximum (lbf), displacement @ flexural yield 

maximum (in.), tangent modulus of elasticity (psi), average thickness (in.) and width (in.) for 

batches 6, 9, and 10 were automatically collated, calculated, and generated when using the Intron 

4467 computer-interfaced digital calipers for average width and depth measurements.  
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Data Analysis 

Data for tensile strength analysis including peak tensile strength at break (psi), percent 

elongation (%), and modulus of elasticity (psi) determination was collected.  IBM SPSS 

Statistics software (SPSS) version 19.0 was utilized for statistical analysis purposes.  Data for 

stress @ flexural yield maximum (psi), strain at flexural yield maximum (inches/inch), and 

tangent modulus of elasticity (psi) for flexural strength were collected.  IBM SPSS Statistics 

software (SPSS) version 19.0 software was employed for statistical analysis. 

Statistical Analysis  

The statistical analysis by independent samples t-test was used to determine whether 

there was a significant difference in mechanical properties associated to peak tensile strength at 

break and flexural strength between batches 6, 9, and 10.  Independent samples t-test is an 

inferential statistical test used to compare the means between two unrelated groups.  With this 

type of statistical test, the mean of one independent, categorical variable at two levels versus the 

means of one dependent variable are examined.  The weight percentages of PHB and EVA of 

individual batches were used as the independent variables and peak tensile strength and flexural 

strength values were used as the dependent variables for the analysis.  As noted in Table 6, this 

analysis determined whether the combination of PHB and EVA at weight percentages 70% PHB 

and 15% EVA for batch 6, 65% PHB and 20% EVA for batch 9, and 60% PHB and 25% EVA 

for batch 10 influenced these PCN materials’ mechanical properties performance when 

compared to each other. 
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Table 6 

Weight Percentage of Batches Used for Statistical Analysis Mechanical Properties 

 

Production 

Run 

 

LX-19110 PHB 

(wt %) 

 

Clay 

(wt %) 

 

Processing 

Aid (wt %) 

 

EVA  

(wt %) 

 

6 

 

70 

 

10 

 

5 

 

15 

 

9 

 

65 

 

10 

 

5 

 

20 

 

10 

 

60 

 

10 

 

5 

 

25 

 

 

 

Significance determination 

Regarding the level of significance, α, for the research questions and data, the following 

was considered.  The level of significance, α, for statistical purposes specifies how important 

falling outside of the critical region or within the region of rejection, samples must be in order to 

support rejection of a null hypothesis, H0.  A Type 1 error occurs when H0 is rejected but is true. 

A Type 2 error occurs when H0 is accepted but is false.  The level of significance can be 

calculated based upon the power and effect size of the sample population.  An alpha (α) value of 

.05 is common in business and industry.  Due to limited sample sizes, α = .05 is used as the level 

of significance for mechanical properties testing purposes. 
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CHAPTER 4 

 

RESULTS 

The purpose of this research was to determine the feasibility of direct melt-blending 

(intercalation) montmorillonite nanoclay into polyhydroxybutyrate, at different percentages by 

weight, along with vinyl acetate to enhance plasticization using typical plastic processing 

equipment and methodology.  The effectiveness of the processing was determined by comparing 

the specific mechanical properties of tensile strength and flexural strength.  Two settings of 

results are discussed in this chapter.  The first set of results is the findings of the initial feasibility 

study conducted during research.  The second set of results is the findings of the subsequent 

polymer clay nanocomposites study conducted as a result of the feasibility study.   

As a result of both of these studies in this research, technology transfer is promoted 

regarding the use of certain plastic processing techniques, mechanical properties development, 

and the process ability of these bio-friendly materials to academia, industry, and society. 

Understanding the materials, processes, process parameters, and resultant mechanical properties 

promote the increased use of these materials for ecologically friendly product application. 

Feasibility Study Results  

Thermogravimetric analysis results for the three pilot batches indicate thermal 

degradation for each pilot batch occurred between 225º C to 295º C.  The thermal degradation 

temperatures are close to processing temperatures for PHB.  This has been a primary concern for 
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processors.  Processing temperatures that are significantly below thermal degradation 

temperatures, and close to the 162º C to 164º C to range for peak melt transition temperature 

(Tm) determined through differential scanning calorimetry were commercially important.  

The use of aggressive flighting screws during twin screw extrusion processing was 

attempted using pilot batch 1.  Excessive shear upon the PHB resulted disallowing the clay and 

PVA to be direct melt-blended with the PHB.  Success was found using side feed, twin screw 

extrusion processing with non-aggressive screw flighting processing to direct melt-blend each 

pilot batch containing the PHB, nanoclay, and PVA materials.   

As noted in Appendix B, for melt flow index values and moisture analysis before and 

after batch processing, the melt flow index value for the PHB prior to processing was 3.2 g/10 

minutes.  After processing pilot batch 1 containing neat PHB, the melt index value increased to 

4.0 g/10min.  The melt index value increased to 3.9 g/10min and 8.7 g/10 minutes, after 

processing pilot batch 2 containing PHB and 1 wt% nanoclay, and pilot batch 3 containing PHB, 

1 wt% nanoclay, and 1 wt% PVA.  The initial % moisture content in the PHB was 0.204% and 

2.17% nanoclay.  The % moisture content in pilot batch 1, pilot batch 2, and pilot batch 3 

resulted in values of 0.2958%, 0.2712%, and 0.2775%, respectively.  

Both differential scanning calorimetry and thermogravimetric analysis were run on the 

pilot batches after processing.  Differential scanning calorimetry results for each pilot batch for 

the feasibility study for peak glass transition temperature (Tg), peak crystallization temperature 

(Tc), and peak melt transition temperature (Tm) are represented in Table 7.  
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Table 7 

Differential Scanning Calorimetry Results for the Feasibility Study 

 

 

 

 

Pilot Batch 

 

Glass 

transition 

temperature        

(Tg) (ºC) 

 

 

 

Crystallization 

temperature (Tc) (ºC) 

 

Melt 

transition 

temperature 

(Tm) (ºC) 

 

Pilot Batch 1 

 

101.97 

 

117.3 

 

164.20 

 

Pilot Batch 2 

 

102.80 

 

119.8 

 

163.37 

 

Pilot Batch 3 

 

107.13 

 

Not Determined 

 

162.37 

 

 

 

Graphical representations of the DSC results for pilot batch 1, 2, and 3 are located in 

Appendix G.  Table 8 provides TGA results for the beginning and final thermal degradation 

temperatures, moisture content, and inert residue percentages.  Graphical representations of the 

TGA results for pilot batches 1, 2, and 3 are located in Appendix H. 

Table 8 

Thermogravimetric Analysis Results for the Feasibility Study 

 Pilot Batch 

 

Thermal 

degradation, 

Beginning 

temperature 

(Td) (ºC) 

 

Thermal 

degradation, 

End 

temperature 

(Td) (ºC) 

 

 

%  

Moisture 

Liberation 

(100% - ΔY) 

 

 

%  

Inert  

Residue   

(100% - ΔY) 

 

Pilot Batch 1 

 

225 

 

295 

 

1.7285 

 

1.2492 

 

Pilot Batch 2 

 

225 

 

295 

 

2.4422 

 

1.3833 

 

Pilot Batch 3 

 

225 

 

295 

 

2.9170 

 

2.0589 
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In summary, the findings from the feasibility study indicated that 

1. The PHB, nanoclay, and PVA used in the study could be processed together. 

2. The materials could be processed together utilizing co-rotating, non-aggressive 

screws with a 20:1 L/D ratio, twin screw extrusion processing, side feeding materials 

at 75% of barrel length to direct melt-blending materials. 

3. Use of aggressive screws to process batches created excessive shear, discoloring the 

PHB and diminishing material viscosity, disallowing it as the direct blend-blend 

processing parameters for the nanoclay and PVA. 

4. Greater weight percentages of nanoclay and PVA could be introduced to the PHB. 

5. To process the nanoclay and PVA with the PHB, during water trough cooling at 114º 

F, rather than water trough cooling at ambient temperature, was optimal.  

Polymer Clay Nanocomposites Study Results 

Data collected from mechanical properties testing to determine peak tensile strength at 

break, and flexural strength provided the basis for the statistical analysis.  Statistical analysis for 

peak tensile strength at break was generated using 10 samples from batch 6, 11 samples from 

batch 9, and 12 samples from batch 10 data.  This was due to samples being thrown out from 

statistical analysis due to physical defects observable in the test specimens.  Independent samples 

t-test was conducted on each pair of batches using SPSS version 19.  Batch 6 data was compared 

to batch 9, batch 6 was compared to batch 10, and batch 9 was compared to batch 10.  Raw data 

from tensile strength testing is found in Appendix I.  Raw data from flexural strength testing is 

found in Appendix J. 
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Results for Peak Tensile Strength at Break 

As noted in Table 9, group statistics are provided for batches 6, 9, and 10 concerning 

peak tensile strength at break detailing sample size, mean, standard deviation, and standard error 

of the mean for each batch.  Referring to the Appendix K tables, there was a significant 

difference upon peak tensile strength at break (psi), t(19) = -3.66, p < .01, between batches 6 and 

9.   

Table 9 

Group Statistics for Peak Tensile Strength at Break (psi) 

   

 

N 

 

 

Mean 

 

 

SD 

 

SE 

Mean 

 

Peak Tensile 

Strength at 

Break (psi) 

 

Batch 6  

 

10 

 

61.97 

 

10.87 

 

3.44 

 

Batch 9  

 

11 

 

75.87 

 

6.12 

 

1.84 

 

Batch 10 

 

12 

 

73.73 

 

5.62 

 

1.62 

 

 

 

There was a significant difference for the peak tensile strength at break (psi), t(20) =  

-3.27, p < .01, between batches 6 and 10.  There was no significant effect upon peak tensile 

strength at break (psi), t(21) = 0.87, p = .39 between batches 9 and 10.    

Results for Percent Elongation 

As noted in Table 10, group statistics are provided for batches 6, 9, and 10 concerning 

percent elongation, detailing sample size, mean, standard deviation, and standard error of the 

mean for each batch.  Referring to the Appendix K tables, there was a significant difference upon 

percent elongation (%), t(19) = -12.90, p < .01, between batches 6 and 9.  There was a significant 

difference of percent elongation (%), t(20) = -15.30, p < .01, between batches 6 and 10.  There 
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was significant difference upon percent elongation (%), t(21) =  -5.76 , p < .01, between batches 

9 and 10.  

Table 10 

Group Statistics for Percent Elongation 

  

 

 

N 

 

 

Mean 

 

 

SD 

 

SE 

Mean 

 

Percent 

Elongation 

(%) 

 

Batch 6  

 

10 

 

1.00 

 

.00 

 

.00 

 

Batch 9  

 

11 

 

1.00 

 

.00 

 

.00 

 

Batch 10 

 

12 

 

1.00 

 

.00 

 

.00 

 

 

 

Results for Modulus of Elasticity 

Group statistics are provided for batches 6, 9, and 10 concerning modulus of elasticity 

detailing sample size, mean, standard deviation, and standard error of the mean for each batch in 

Table 11.  Referring to the Appendix K tables, there was a significant difference of the modulus 

of elasticity, t(19) = -3.60, p < .01, between batches 6 and 9.  There was significant effect upon 

moduli, t(20) = -3.16, p = .01, between batches 6 and 10.  There was no significant difference 

upon moduli t(21) = .94, p > .05, between batches 9 and 10.  

Table 11 

Group Statistics for Modulus of Elasticity 

   

N 

 

Mean 

 

SD 

 

SE Mean 

 

Modulus of 

Elasticity 

(psi) 

 

Batch 6  

 

10 

 

61.79 

 

10.81 

 

3.42 

 

Batch 9  

 

11 

 

75.37 

 

6.03 

 

1.82 

 

Batch 10 

 

12 

 

73.09 

 

5.57 

 

1.61 
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Results for Flexural Strength, Stress at Maximum Yield  

In Table 12, group statistics are provided for batches 6, 9, and 10 detailing sample size, 

mean, standard deviation, and standard error of the mean for each batch.  Referring to Appendix 

L tables, there was a significant difference upon stress at yield maximum, t(21) = 4.22, p < .01, 

between batches 6 and 9.  There was significant difference upon stress at yield maximum (MPa), 

t(21) = 3.94, p <.01, between batches 6 and 10.  There was no significant difference upon stress 

at yield maximum (MPa), t(22) = -0.36, p >.05, between batches 9 and 10. 

Table 12 

Group Statistic for Stress @ Flexural Yield (Max.) 

   

N 

 

Mean 

 

SD 

 

SE Mean 

 

Stress @ 

Flexural 

Yield 

(Max.)  

(psi) 

 

Batch 6 

 

11 

 

1279.79 

 

216.91 

 

65.40 

 

Batch 9  

 

12 

 

979.47 

 

113.33 

 

32.71 

 

Batch 10 

 

12 

 

992.49 

 

54.44 

 

15.72 

 

 

 

Results for Flexural Strength, Strain at Maximum Yield 

In Table 13, flexural strain at yield maximum, group statistics are provided for batches 6, 

9, and 10 detailing sample size, mean, standard deviation, and standard error of the mean for 

each batch.  Referring to the table in the Appendix L, there was significant difference upon strain 

at yield maximum, t(21) = -2.70, p = .01, between batches 6 and 9.  There was also significant 

difference upon strain at yield maximum (MPa), t(21) = -8.45, p <.01, between batches 6 and 10.  

The difference was significant upon strain at yield maximum (MPa), t(22) = -6.48, p <.01, 

between batches 9 and 10. 
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Table 13 

Group Statistics for Strain @ Flexural Yield (Max.) 

    

 

N 

 

 

Mean 

 

 

SD 

 

SE 

Mean 

 

Strain @ 

Flexural 

Yield (Max.) 

(inches/inch) 

 

Batch 6 

 

11 

 

0.0143 

 

0.0038 

 

0.0012 

 

Batch 9 

 

12 

 

0.0185 

 

0.0036 

 

0.0010 

 

Batch 10 

 

12 

 

0.0295 

 

0.0047 

 

0.0014 

 

 

 

Results for Flexural Strength, Tangent Modulus of Elasticity  

Group statistics are provided for batches 6, 9, and 10 detailing sample sizes, mean, 

standard deviation, and standard error of the mean for each batch concerning flexural strength 

tangent modulus of elasticity in Table 14.  There was a significant difference between moduli, 

t(21) = 12.5, p < .01, for batches 6 and 9.  The difference was a significant between moduli, t(21) 

= 19.78, p < .01, for batches 6 and 10.  There was a significant difference between moduli, t(22) 

= 6.56, p < .01, for batches 9 and 10. 

Table 14 

Group Statistics for Flexural Strength Modulus 

   

N 

 

Mean 

 

SE 

 

SE Mean 

 

Flexural 

Strength 

Modulus 

(psi) 

 

Batch 6 

 

11 

 

152152.73 

 

14754.07 

 

4448.519 

 

Batch 9 

 

12 

 

85508.50 

 

10659.92 

 

3077.260 

 

Batch 10 

 

12 

 

63409.75 

 

4760.577 

 

1374.260 
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Differential Scanning Calorimetry (DSC) Results 

Differential scanning calorimetry was run on batches 6, 9, and 10 after Banbury mixer 

compounding and single screw extrusion pelletizing processing, prior to the compression 

molding of test specimens.  As noted in Appendix M, DSC analysis of batch 6, 9, and 10 had a 

temperature range from 25° C to 170° C at a heating rate of 20° C per minute. Concerning all 

three batches, no discernible glass transition (Tg), crystallization temperature (Tc), or Melt 

transition temperature (Tm) for either batch 6, batch 9, or batch 10 was apparent from test 

results.  Concerning batch 6, only a slight change at 65° C appeared in the slope of the heat flow 

versus the temperature.  Concerning DSC analysis of batch 9, only a slight change in the slope at 

70° C appeared in the slope of the heat flow versus the temperature.  Considering DSC analysis 

of batch 10, a slight change in the slope appears only at 80° C.  

Thermogravimetric Analysis (TGA) and Melt Flow Indices (MFI) Results 

Thermogravimetric analysis was run on batches 6, 9, and 10 after Banbury mixer 

compounding and single screw extrusion pelletizing processing, prior to the compression 

molding of test specimens.  The graphical representations of thermogravimetric analysis for 

batches 6, 9, and 10 are found in Appendix N and Table 15.  The heating temperature range for 

the test for all three batches occurred from 25° C to 900° C at a heating rate of 20° C per minute.  

Thermal degradation for all three individual batches began approximately at 80° C.  Beginning 

and ending temperatures for thermal degradation, for all three individual batches were 

approximately 250° C and 525° C, respectively.  Melt flow indices (MFI) analysis indicated flow 

rates of 1.98 grams/10 minutes, 0.86 grams/10 minutes, and 5.1 grams/10 minutes at 2.16kg @ 

170° C for batches 6, 9, and 10, respectively. 
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Table 15 

Thermogravimetric Analysis Results for the PCN Study 

   

Thermal 

degradation, 

Beginning 

temperature 

(Td) (ºC) 

 

Thermal 

degradation, 

End 

temperature 

(Td) (ºC) 

 

 

 

% Moisture 

Liberation 

(100% - ΔY) 

 

 

 

% Inert 

Residue   

(100% - ΔY) 

 

Batch 6 

 

250 

 

525 

 

15.0191 

 

2.8754 

 

Batch 9 

 

250 

 

525 

 

15.0368 

 

2.1680 

 

Batch 10 

 

250 

 

525 

 

14.1426 

 

2.0589 

 

 

 

Summary of Results 

From processing, thermogravimetric analysis (TGA), differential scanning calorimetry 

(DSC) analysis, melt flow analysis, and moisture analysis results during the feasibility it was 

concluded PHB and nanoclay and the PVA, at various weight percentages could be processed 

together using twin screw extrusion.  As noted in Tables 7 and 8, constituent materials of the 

three pilot batches used during the feasibility study were processed at temperatures much lower 

than the thermal degradation temperatures that were determined through DSC and TG analysis.  

Due to this conclusion the polymer clay nanocomposite (PCN) study was undertaken using batch 

compositions outlined in Table 4. 

Due to processing, material availability, moisture and storage degradation issues, 

processing methodology had to deviate from the planned extrusion processing by using Banbury 

compounding and direct-melt research materials together.  Along with Banbury compounding, 

single screw extrusion and thermoforming was used on an alternative grade of PHB and vinyl 

acetate. Instead of G2-PHB grade, LX-19110 grade PHB was used.  Instead of PVA, ethylene 
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vinyl acetate, and an oxidized low density polyethylene, AC-629 processing aid, by Honeywell 

International, Inc., was also introduced to the PHB and nanoclay admixture.  Table 5 detailed the 

batches and their constituent materials processed by Banbury compounding and single screw 

extrusion, and the batches that decomposed during storage.  Table 6 detailed the three batches 

used—batches 6, 9, and 10—to continue the research.  Note that the nanoclay and processing aid 

were constant in batches, and at 10 wt% and 5 wt%, respectively. 

In batches 6, 9, and 10, the effect the levels of PHB and EVA were associated with peak 

tensile strength and flexural strength, mechanical properties.  Statistical analysis concerning the 

polymer clay nanocomposite study was performed to determine the influence 

polyhydroxybutyrate (PHB), and ethylene vinyl acetate (EVA) had on peak tensile strength and 

flexural strength.  TGA, DSC, and melt flow indices were measured to establish the thermal and 

flow properties of the resultant polymer clay nanocomposites developed during the study. 

Summary of Statistical Analysis Results  

Considering tensile strength properties, statistical analysis using independent samples t-

test to compare batches 6, 9, and 10 indicated significant differences between batches 6 and 9 

and 6 and 10, but not between batches 9 and 10, for peak tensile strength (psi) and modulus of 

elasticity (psi).  Concerning percent elongation (%), even though ductility averaged roughly 1% 

for each of batches 6, 9, and 10, statistical analysis indicated significant ductility differences 

between all three batches.  Statistical analysis using independent samples t-test to compare 

flexural strength properties between batches 6, 9, and 10 indicated significant differences 

between batches 6, 9, and 10 for flexural strain (inches/inch) at maximum yield and tangent 

modulus of elasticity (psi).  Concerning flexural strength, stress at maximum yield (psi) there 
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was only significant differences between batches 6 and 9 and 6 and 10, but not between batches 

9 and 10. 

Summary of DSC and TGA Results  

Concerning DSC analysis of batches 6, 9, and 10 there were no noticeable peaks to 

indicate a specific glass transition temperature (Tg) (ºC), crystallization temperature (Tc) (ºC) or 

melt transition temperature (Tm) (ºC) for any of the three batches.  Without noticeable peaks on 

the slopes, test results indicate no strong crystalline structure within this polymer clay 

nanocomposite material.  The composite stayed in mostly an amorphous glassy state below the 

glass transition temperature (Tg) for this PCN material.  

Results from thermogravimetric analysis of batch 6 indicate thermal degradation of the 

polymeric material, mostly likely beginning with the EVA in the polymer clay nanocomposite 

occurred starting at approximately 180° C.  Substantial thermal degradation of polymeric 

material in the batch and most likely the PHB occurred from between 290° C to 320° C.  From 

about 320° C to 450° C substantial char from the PHB formed.  Between approximately 450° C 

and 520° C residues already not consumed during testing burned off.  Test results indicate 

approximately 12% inorganic material, most likely nanoclay, was left at the end of the test at 

900° C in a nitrogen atmosphere.   

Individual results from thermogravimetric analysis of batches 6, 9, and 10 indicate 

thermal degradation of the polymeric material began at approximately 200° C.  Thermal 

degradation at this temperature is most likely representative of degradation of the EVA in the 

polymer clay nanocomposite.  Substantial thermal degradation of polymeric material in the batch 

occurred from between 280° C to 320° C.  The thermal degradation taking place in this range 

was most likely the PHB.  From about 320° C to 450° C substantial char from the PHB likely 
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formed.  Between approximately 450° C and 520° C residues from constituents in the batches 

already not consumed during testing, burned off.  Test results again indicate approximately 12% 

inorganic material, most likely nanoclay, was left at the end of the test at 900° C.  Observations 

and recommendations concerning the feasibility study and polymer clay nanocomposite study 

are found in the subsequent chapter. 
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CHAPTER 5 

 

CONCLUSIONS 

The initial purpose of the feasibility study conducted during this research was to 

determine the feasibility of direct-melt blending polyhydroxybutyrate with nanoclay and poly 

vinyl acetate through twin screw extrusion.  The feasibility study with subsequent processing, 

moisture and material availability issues, led to research using Banbury compounding, twin 

screw extrusion, and thermoforming to determine the influence the PHB and ethylene vinyl 

acetate, at various weight percentages, had on the peak tensile strength and flexural strength 

properties of the resultant polymer clay nanocomposites.  The final purpose of this study was to 

promote technology transfer.  Reporting upon the mechanical properties, manufacture ability, 

and process ability of these bio-friendly materials toward increased research and use in 

academia, industry, and society in general promotes this transfer.  Understanding the processes, 

process parameters, and resultant mechanical properties have the potential to help product 

developers and processors regarding the use of PHB and nanoclay composites for product 

application.  

Conclusions of the Feasibility Study 

The following research question and hypotheses provided a basis for the feasibility study. 

Conclusions for these hypotheses were based upon observations and data collected associated 

with the research questions.  Research Question 1 stated, The PHB provided by Newlight 
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Technologies, LLC and nanoclay provided by Southern Clay Products, Inc. can be twin-screw 

extruded together.   

Research Question 1 Conclusion 

Three batches, one batch containing neat developmental grade G2-PHB, one containing 

developmental grade G2-PHB with an additional 1 wt % nanoclay, and a third batch  containing 

developmental grade G2-PHB in addition to 1 wt % nanoclay and 1 wt % PVA were twin screw 

extruded with no noticeable degradation.  Thermogravimetric analysis verified the range in 

which thermal degradation would occur.  Differential scanning calorimetry verified minimal 

departure of glass transition temperature (Tg), melt transition temperature, and crystallization 

temperature (Tc) between batches.  The extrudate for all three batches exhibited a smooth clear 

appearance with no visual indication (darkening) by thermal degradation.  

Hypothesis 1  

H01.  There is no significant difference between the tensile strength and flexural strength 

of batches containing neat PHB versus polymer clay nanocomposites containing neat PHB and 

nanoclay. 

:10H µ0 (PHB) = µ1 (PHB, nanoclay) 

:11H µ0 (PHB) ≠ µ1 (PHB, nanoclay) 

Hypothesis 2 

H02.  There is no significant difference between the tensile strength and flexural strength 

of batches containing PHB versus polymer clay nanocomposites containing PHB, nanoclay, and 

poly vinylacetate.  

:20H  µ0 (PHB) = µ1 (PHB, nanoclay, PVA) 

:21H µ0 (PHB) ≠ µ1 (PHB, nanoclay, PVA) 
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Hypothesis 3  

H03.  There is no significant difference between the tensile strength and flexural strength 

as a function of weight percentage (wt %) polymer clay nanocomposites containing nanoclay 

with PHB.  

:30H µ0 (PHB) = µ1 (PHB, wt % nanoclay) 

:31H µ0 (PHB) ≠ µ1 (PHB, wt % nanoclay) 

Hypothesis 4 

H04.  There is a significant difference between the tensile strength and flexural strength 

between the different weight percentage (wt %) nanoclay and weight percentage (wt %) poly 

vinylacetate with PHB polymer clay nanocomposites.  

:40H µ0 (PHB) = µ1 (PHB, wt % nanoclay & wt % PVA) 

:41H µ0 (PHB) ≠ µ1 (PHB, wt % nanoclay & wt % PVA) 

Conclusion for Feasibility Study Hypotheses 1 through 4 

The research questions for Hypotheses 2 through 6 could neither be accepted nor 

rejected.  Due to an unforeseeable change in grades by the supplier of PHB, the limited quantity 

of substitute grade PHB supplied, and change from PVA to EVA due to lack of availability of 

PVA, the study never proceeded to the original purpose of the research: to twin screw extrude 

G2-PHB, a developmental grade of PHB, nanoclay, processing aid, and PVA at various weight 

percentages to facilitate direct-melt blending intercalation and injection mold the resultant 

batches to determine tensile strength and flexural strength as a function of composite 

composition.  Attempts were made to twin screw extrude supplied grade of PHB, LX-19110, 

plus nanoclay, processing aid, and substituted EVA was compromised by substantial thermal 

degradation (darkened with severe, noticeably diminished viscosity).  
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Amended Hypotheses for the Polymer Clay Nanocomposite Study 

The following amended research questions of hypotheses provided the basis for the 

polymer clay nanocomposite study due to materials issues and processing deviations. 

Conclusions for these hypotheses were based upon observations, collected data, and statistical 

analysis of the mechanical properties.   

Due to the material issues and processing deviations, the PCN study processing 

proceeded as follows to address the amended research questions and associated hypotheses: 

Amended Research Question 1  

Can PHB provided by Newlight Technologies, LLC, nanoclay provided by Southern 

Clay Products, Inc., and EVA supplied by E.I. du Pont Company, Inc. be employed to melt-

blended together by Banbury mix compounding? 

Amended Research Question Conclusion 1 

Referring to Table 6, 10 batches, at various weight percentages of grade LX-191100 

PHB, nanoclay, processing aid, and EVA was direct melt compounded together using a 

production-scale Banbury compounding mixer.  For batches 6, 9, and 10, thermogravimetric 

analysis verified the range in which thermal degradation occurs.  Differential scanning 

calorimetry verified minimal departure of glass transition temperature (Tg), melt transition 

temperature, and crystallization temperature (Tc) between batches.  The extrudate for all three of 

these batches upon single screw extrusion to pelletize these batches after Banbury mixing 

exhibited rough sharkskin appearance with only minimal visual indication (darkening) of thermal 

degradation. 
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Amended Research Question 2 

Can compression molded be employed to compression mold PHB provided by Newlight 

Technologies, LLC, nanoclay provided by Southern Clay Products, Inc., and EVA supplied by E. 

I. du Pont Company, Inc. together? 

Research Question Conclusion 2 

Only three batches were compression molded due to the growth of mold on batches 1 

through 5, 7, and 8, while batches 6, 9, and 10 were compression molded at 315° F and for 210 

seconds. 

Amended Hypothesis 1 

There is no significant difference between the tensile strength of individual batches 

containing PHB, nanoclay, and ethylene vinylacetate at various weight percentages. 

:30H µ0 (tensile - PHB, nanoclay, EVA) = µ1 (tensile - PHB, nanoclay, EVA) 

:31H µ0 (tensile - PHB, nanoclay, EVA) ≠ µ1 (tensile - PHB, nanoclay, EVA 

Amended Hypothesis 1 Conclusion  

The null hypothesis for amended Hypothesis 1 could not be rejected.  Though only three 

batches, 6, 9, and 10 could be tested, statistical analysis of independent samples t-test results 

comparing batches indicated a significant difference in peak tensile strength at break and 

modulus of elasticity for batches 6 and 9 and batches 6 and 10.  Concerning percent elongation, 

there was significant differences in ductility between batches 6and 9, 6 and 10, and 9 and 10. 

There was no significance in differences in peak tensile strength at break or modulus of elasticity 

between batches 9 and 10. 
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Amended Hypothesis 2  

There is no significant difference between the flexural strength of individual batches 

containing PHB, nanoclay, and ethylene vinylacetate at various weight percentages. 

:40H µ0 (flexural - PHB, nanoclay, EVA) = µ1 (flexural- PHB, nanoclay, EVA) 

:41H µ0 (flexural - PHB, nanoclay, EVA) ≠ µ1 (flexural - PHB, nanoclay, EVA 

Amended Hypothesis 2 Conclusion  

The null hypothesis for amended Hypothesis 2 could not be rejected.  Only three batches, 

6, 9, and 10 could be tested.  Statistical analysis of independent samples t-test results comparing 

batches indicated a significant difference in stress at flexural yield maximum between batches 6 

and 9, and 6 and 10, but no significant difference between batches 9 and 10.  Concerning strain 

at flexural yield maximum and tangent modulus of elasticity, there were significant differences 

between batches 6 and 9, 6 and 10, and 9 and 10 for both of these properties. 

Research Limitations 

The polymer clay nanocomposite study was limited by the change of PHB grade during 

the study by the supplier.  Between the feasibility study and the beginning of the PCN study, 

Newlight Technologies, LLC, no longer supplied the initial, G2-PHB grade of PHB.  Only 

developmental grade designated LX-191100 grade was supplied and in limited quantity.  This 

study was also limited by the change in grades of vinyl acetate used.  Due to back order delay of 

the PVA supplied by Sigma-Aldrich after the feasibility study, EVA supplied by Dupont ™ was 

used for the PCN study.  A limitation of the study was the change in process methodology during 

the PCN study.  Due to thermal degradation during attempts at twin screw extrusion with the 

LX-191100 grade PHB, at various wt percentages of nanoclay, processing aid, and EVA 

regarding the thermal degradation and moisture concerns, Banbury mixer compounding was 
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substituted for the direct melt blending intercalation of constituent materials.  Due to the limited 

quantity of material produced, compression molding was substituted for injection molding to 

make test specimens.  A final limitation of the study was the number of batches that could be 

mechanically tested due to the unexpected growth of mold on batches 1 through 5, 7, and 8. 

Observations  

The following observations were based upon the knowledge and experience gained and 

analysis performed during both the feasibility study and polymer clay nanocomposite study 

facilitated during research.  

Relative to the PCN study and the statistical analysis results concerning tensile strength 

and flexural strength properties, it was of particular interest that there was no significant 

difference between composite batches 9 and 10 for peak tensile strength, a measure of stress over 

an area, and modulus of elasticity, indication of characteristic material ductility due to the stress, 

and no significant difference relative to stress at flexural yield maximum concerning flexural 

strength properties.  Batch 9 consisted of 65% by weight PHB, 10 wt % nanoclay, 5 wt% 

oxidized LDPE and 20 wt% EVA.  Batch 10 consisted of 60% by weight PHB, 10 wt % 

nanoclay, 5 wt% oxidized LDPE and 25 wt% EVA.  This lack of significant differences between 

these two batches, at these proportions of constituent materials, suggests a point of terminal 

useful interaction between the PHB and the EVA.  With PHB recognized as a brittle polymer and 

EVA as a thermoplastic elastomer recognized for its ductility, with each of the three batches 

exhibited limited ductility, averaging just 1% of elongation to failure.  This suggested a terminal 

point of influence of the EVA upon the other constituents in these nanocomposites.   

When comparing the results of differential scanning calorimetry and thermogravimetric 

analysis between the feasibility study and the PCN study, it is interesting to note the differences 
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between the well-established values for peak glass transition temperature (Tg), peak 

crystallization temperature (Tc), and peak melt transition temperature (Tm) of the feasibility 

study juxtaposition to the indiscernible glass transition  temperatures (Tg), crystallization 

temperatures (Tc), or melt transition temperatures (Tm) during the PCN study for batches 6, 

batch 9, or batch 10.  Crystallinity influences both brittleness and ductility in polymers.  With the 

weight percentages of nanoclay and AC-629 processing aid held constant at 10 wt% and 5 wt%, 

the results suggest an influence of the EVA upon the PHB in respective polymer clay 

nanocomposite blends.   

Concerning research limitations, the research was limited by the use of oven drying to 

eliminate moisture from the PHB and clay components.  The polymer clay nanocomposites 

developed during research were influenced by moisture content.  Either continuous, vacuum 

drying, or desiccant drying equipment is recommended for utility in future PHB and nanoclay 

processing-related research to ensure minimal moisture levels in the materials being processed. 

Various processing methodology including twin screw and single screw extrusion, 

Banbury compounding, and thermoforming was utilized during research.  Dynamic mechanical 

analysis of tensile strength and flexural strength was conducted to establish the mechanical 

properties of the PCN produced.  Differential scanning calorimetry and thermogravimetric 

analysis and melt flow analysis were used to determine the thermal and flow properties of the 

materials produced during the research.  Understanding the processing, dynamic mechanical 

analysis, and thermal and flow properties testing with this research is valuable toward technology 

transfer concerning polymer clay nanocomposite development. 
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Recommendations for Future Research 

Polymer nanoclay composite research using PHB, nanoclay and EVA or PVA should be 

performed using the initial developmental grade of PHB supplied for the research, G2-PHB 

rather than the cumbersome to process LX -191100 grade.  Using similar parameters to single 

screw extrude and twin screw extrude the LX -191100 grade of PHB, the extrudate appeared 

porous and scaly akin to sharkskin.  Quoted by Newlight Technologies, LLC, as having fewer 

residues than the LX-191100 grade, the G2-PHB developmental grade performed better during 

processing.  The quaternary ammonium ion that was exchanged onto the montmorillonite is 

known for having antimicrobial and preservative properties.  The nanoclay at 10 wt % 

concentration in batches 6, 9, and 10, inhibited the biodegradation of the PHB in the polymer 

clay nanocomposites during the PCN study.  After the Banbury mixer compounding and single 

screw extrusion pelletizing, batches 1 through 10 were stored at 73° C at 50% humidity for 

approximately six weeks before being compression molding.  Although the pelletized material of 

batches 1 through 5, 7 and 8, with lesser weight percentages of nanoclay, exhibited substantial 

mold growth, batches 6, 9, and 10 exhibited no mold growth. 

Polymer nanoclay composite research using PHB, nanoclay and EVA /PVA should 

examine the effect EVA and PVA together, and then EVA versus PVA with regard to 

mechanical properties of the PCN.  Polymer nanoclay composite research using PHB, nanoclay 

and EVA or PVA should examine the effect EVA and PVA and processing aid, and EVA versus 

PVA versus processing aid as significant independent variables on the dependent mechanical 

properties.  Vinyl acetates PVA and EVA, and the oxidized petroleum wax Honeywell AC-629 

are low molecular weight materials.  Future research should examine the influence the petroleum 

based oxidized, Honeywell AC-629 petroleum wax, PVA, and EVA separately and together has 
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upon clay dispersion in these types of polymer clay nanocomposites.  The influence of EVA 

glass transition temperature (Tg), crystallization temperature (Tc), and melt transition 

temperature (Tm) in polymer clay nanocomposites should be investigated.  
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APPENDIX A: ENSURANCE OF CONSTITUENTS PROCESSED TOGETHER BEFORE 

FURTHER POLYMER CLAY NANOCOMPOSITE RESEARCH WAS CONDUCTED.   
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APPENDIX B: RESULTS OF MOISTURE ANALYSIS AND MELT FLOW INDEXING 

BEFORE PROCESSING 

Feasibility Study - MFI and % Moisture Results 

Sample 

Melt Flow Index 

[2.16kg @ 

170°C] 

% Moisture 

Content 

Before twin screw extrusion processing 

Neat PHB 3.2 0.204 

Nanoclay Not Applicable 2.17 

 

Feasibility Study - MFI and % Moisture Results 

Sample 

Melt Flow 

Index 

[2.16kg @ 

170°C] 

% Moisture 

Content 

After twin screw extrusion processing 

Pilot Batch 1 - Neat PHB 4 0.2958 

Pilot Batch  2 - PHB + 1 wt% 

nanoclay 
3.9 0.2712 

Pilot Batch 3 - PHB + 1 wt% 

nanoclay + 1 wt% + PVA 
8.7 0.2775 
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Feasibility Study 

Pilot Batch 1 (Newlight Tech. Grade G2-PHB) 

Processing Sheet - JSW, Tex28 Twin Screw Extruder 

Zone 
Process Temperature 

(ºF) Settings 

Actual 

Temperature (ºF) 

Measurements 

1 Ambient Ambient 

2 80 91 

3 125 125 

4 150 149 

5 300 299 

6 300 299 

7 300 301 

8 300 300 

(Side) Feed Section 

9 
330 307 

10 330 342 

11 330 341 

12 320 325 

Die Temp  325 327 

Melt Temp 
 

301 

Thru Put 15 PPH 15 PPH 

Die Press 
 

140 

Extruder RPM 250 250 

Motor Amp 
 

14 

Water Batch Room Temp Room Temp 

Pellet RPM Slow Slow 

Add. Feed 15 RPM 15 RPM 

Side Screw Feed 

Location 
75% 75% 

Comments: 

 

  

2 Hole die with small diameter orifice, 2 vents open,  

& Non-Aggressive Screws   
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Pilot Batch 2 (Newlight Tech. Grade G2-PHB + 1 wt% 

Cloisite 30B) 

Processing Sheet - JSW, Tex28 Twin Screw Extruder 

Zone 

Process 

Temperature 

(ºF) Settings 

Actual 

Temperature (ºF) 

Measurements 

1 Ambient Ambient 

2 80 91 

3 125 125 

4 150 149 

5 300 299 

6 300 299 

7 300 301 

8 300 300 

(Side) Feed Section 9 330 307 

10 330 342 

11 330 341 

12 320 325 

Die Temp  325 327 

Melt Temp 

 

301 

Thru Put 15 PPH 15 PPH 

Die Press 

 

140 

Extruder RPM 250 250 

Motor Amp 

 

14 

Water Batch Room Temp Room Temp 

Pellet RPM Slow Slow 

Add. Feed 15 RPM 15 RPM 

Side Screw Feed 

Location 
75% 75% 

Comments: 

 

  

2 Hole die with small diameter orifice, 2 vents open,  

& Non-Aggressive Screws   
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Pilot Batch 3 (Newlight Tech. Grade G2-PHB + 1 wt% 

Cloisite 30B + 1 wt% PVA) 

Processing Sheet - JSW, Tex28 Twin Screw Extruder 

Zone 
Process Temperature 

(ºF) Settings 

Actual 

Temperature (ºF) 

Measurements 

1 Ambient Ambient 

2 80 90 

3 125 125 

4 150 150 

5 300 300 

6 300 302 

7 300 300 

8 300 300 

(Side) Feed Section 

9 335 335 

10 340 339 

11 340 340 

12 320 320 

Die Temp 325 325 

Melt Temp 

 

302 

Thru Put 15 PPH 15 PPH 

Die Press 

 

120 

Extruder RPM 225 225 

Motor Amp 

 

14 

Water Batch Hot - 114F Hot - 114F 

Pellet RPM Slow Slow 

Add. Feed 232 RPM 232 RPM 

Side Screw Feed 

Location 
75% 75% 

Comments: 

  2 Hole die with small diameter orifice, 2 vents open, 

& Non-Aggressive Screws 
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APPENDIX C: PCN STUDY TWIN SCREW EXTRUSION PROCESSING DETAILS 
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APPENDIX D: BANBURY PROCESSING AND SINGLE SCREW EXTRUSION 

PELLETIZING PROCESSING 

Banbury Production Run 1 

   Dried 3 Hours @ 

150F 

  

    Batch Size 1550 Notes    

Ram Press. 40 PSI All runs purged w/ Elvax 750 

 Flux Time  2 sec.       
 Drop Temp. 285 

    Water temp. Off 

    
    

    
PHB Clay AC629 

EVA 

Elvax3190 

  80 0 5 15 

          

  Wayne 

Extruder/Pelletizer 
Die1 

Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 292 319 319 310 310 

Set 290 320 315 310 310 

          
 

Melt 278 Notes 
   

Amps 8 All runs purged w/ Elvax 750 

 Screens 14-40-150-40       
 Screw RPMS 78 

    
Water  107 

    
PSI 730 

    
No Ribbon   
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Banbury Production Run 2 

   Dried 3 Hours @ 

150F 

  

    Batch Size 1550 Notes    

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.         

Drop Temp. 280 

    Water temp. Off 

        

    
PHB Clay 

AC629

A 

EVA 

Elvax3190 

  75 0 5 20 

          

  Wayne 

Extruder/Pelletizer 
Die1 

Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 287 317 327 313 310 

Set 290 320 315 310 310 

            

Melt 285 Notes    

Amps 8 All runs purged with Elvax 750   

Screens 14-40-

150-40 Dark "ribbon" on extrudate 

Screw RPMS 78 

    Water  107 

    PSI 730 
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Banbury Production Run 3 

 

   Dried 3 Hours @ 

150F 

  

    Batch Size 1550 Notes    

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.   8/29/2012     

Drop Temp. 270 

    Water temp. Off 

        

    
PHB Clay AC629 

EVA 

Elvax3190 

  70 0 5 25 

          

  Wayne 

Extruder/Pelletizer 
Die1 

Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 298 319 326 326 310 

Set 300 320 315 310 310 

            

Melt 295 Notes 10/26/2012   

Amps 8 All runs purged with Elvax 750   

Screens 14-40-150-40 Dark "ribbon" on extrudate at die 

Screw RPMS 80 

    Water  107 

    

PSI 
760-810 
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Banbury Production Run 4 

 

   Dried 3 Hours @ 

150F 

  

 

8/29/2012 

  Batch Size 1550 Notes    

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.         

Drop Temp. 290 

    Water temp. Off 

        

    
PHB Clay AC629 

EVA 

Elvax3190 

  70 0 5 25 

          

 

10/26/2012 

Wayne 

Extruder/Pelletizer 
Die1 Die adapt Zone 3 Zone 2 Zone 1 

Actual 297 320 327 321-310 310 

Set 300 320 315 310 310 

            

Melt 279 Notes    

Amps 8 All runs purged with Elvax 750   

Screens 14-40-

150-40 Dark "ribbon" on extrudate at die 

Screw RPMS 80 

    Water  107 

    PSI 570-600 

     

 

 

 

 

 

 

 

 

 



113 

 

Banbury 

 

Production Run 5 

   Dried 3 Hours @ 

150F 

  

    Batch Size 1550 Notes 
 

8/29/2012 
 

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.         

Drop Temp. 285 

    Water temp. Off 

        

    
PHB Clay AC629 

EVA 

Elvax3190 

  75 5 5 15 

          

  Wayne 

Extruder/Pelletizer 
Die1 

Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 296 317 324 324 310 

Set 300 320 315 310 310 

            

Melt 291 Notes 
 

10/26/2012 
 

Amps 7 All runs purged with Elvax 750   

Screens 14-40-150-40 NO dark "ribbon" on extrudate at die 

Screw RPMS 80 

    Water  107 

    PSI 740 to 900 
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Banbury Production Run 6 

 

   Dried 3 Hours @ 150F   

    Batch Size 1550 Notes 
 

8/29/2012 
 

Ram Press. 40 PSI All runs purged with Elvax 750   

Flux Time  2 sec.         

Drop Temp. 290 

    Water temp. Off 

        

    

PHB Clay AC629 
EVA 

Elvax3190 

  70 10 5 15 
          
  

Wayne 

Extruder/Pelletizer 
Die1 Die adapt Zone 3 Zone 2 Zone 1 

Actual 396 319 327-329 311-308 310 

Set 300 320 315 310 310 

            

Melt 289 Notes 
 

10/26/2012 
 

Amps 8 All runs purged with Elvax 750   

Screens 14-40-

150-40 NO dark "ribbon" on extrudate at die 

Screw RPMS 80 New screen pack put in after this run 

Water  107 

    

PSI 

1000-

1050  
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Banbury Production Run 7 

 

   Dried 3 Hours @ 

150F 

  

    Batch Size 1550 Notes 
 

8/29/2012 
 

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.         

Drop Temp. 290 

    Water temp. Off 

        

    
PHB Clay AC629 

EVA 

Elvax3190 

  80 0 5 15 

          

  Wayne 

Extruder/Pelletizer 
Die1 

Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 295 320 321 315 310 

Set 300 320 315 310 310 

            

Melt 295 Notes 
 

10/26/2012 
 

Amps 8 All runs purged with Elvax 750   

Screens 14-40-

150-40 NO dark "ribbon" on extrudate at die 

Screw RPMS 80 New Screen pack used 

Water  107 

    PSI 740-780 
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Banbury Production Run 8 

 

   Dried 3 Hours @ 

150F 

  

    Batch Size 1550 g Notes 
 

8/29/2012 
 

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.         

Drop Temp. 290 

    Water temp. Off 

        

    
PHB Clay AC629 

EVA 

Elvax3190 

  70 5 5 20 

          

  

Wayne 

Extruder/Pelletizer 

Die1 
Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 294 318 329 315 310 

Set 300 320 315 310 310 

            

Melt 294 Notes 
 

10/26/2012 
 

Amps 8 All runs purged with Elvax 750   

Screen Pack 14-40-

150-40 NO dark "ribbon" on extrudate at die 

Screw RPMS 80   

Water  107 

    PSI 740-900 
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Banbury Production Run 9 

 

    Dried 3 Hours @ 

150F 

  

    Batch Size 1550 g Notes 
 

8/29/2012 
 

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.         

Drop Temp. 305 

    Water temp. Off 

        

    

PHB Clay AC629 

EVA 

Elvax319

0 

  65 10 5 20 

          

  

Wayne 

Extruder/Pelletizer 

Die1 
Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 328 324 330 313 310 

Set 330 325 320 310 310 

            

Melt 290-304 Notes 
 

10/26/2012 
 

Amps 7 All runs purged with Elvax 750   

Screen Pack 14-40-150-40 NO dark "ribbon" on extrudate at die 

Screw RPMS 80   

Water  107 

    PSI 930-870 
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Banbury Production Run 10 

 

   Dried 3 Hours @ 

150F 

  

    Batch Size 1550 g Notes 
 

8/29/2012 
 

Ram Press. 40 PSI All runs purged with Elvax 750   
Flux Time  2 sec.         

Drop Temp. 305 

    Water temp. Off 

        

    

PHB Clay AC629 

EVA 

Elvax319

0 

  65 10 5 20 

          

  

Wayne 

Extruder/Pelletizer 

Die1 
Die 

adapt 
Zone 3 Zone 2 Zone 1 

Actual 326 327 320-331 310 310 

Set 330 325 320 310 310 

            

Melt 292-301 Notes 
 

10/26/2012 
 

Amps 9 All runs purged with Elvax 750   

Screen Pack 14-40-

150-40 NO dark "ribbon" on extrudate at die 

Screw RPMS 80   

Water  107 

    

PSI 

1280-

1180 
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APPENDIX E: DECOMPOSED BATCHES OF PHB, CLAY, AC629 PROCESSING AID, 

AND EVA AFTER BANBURY COMPOUNDED BEFORE COMPRESSION MOLDING, 

BATCH 4 AND BATCH 8 
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APPENDIX F: COMPRESSION MOLD PARAMETERS FOR DOG BONE AND 

RECTANGULAR BAR TEST SPECIMEN 

Scientific-brand, Labtech Engineering Company, Ltd.   

Model LP-S-20, automatic heating and cooling, 20 Ton Hydraulic Press 

 

      Compression Molding Operating Specifications: 

1)  Pre-heat for 70 seconds to 315 °F 

 2) Press at 1595 PSI for 30 seconds at 315 °F 

3) De-pressurize to gas vent release for 40 seconds 

4)  Press at 1595 PSI for 30 seconds at 315 °F 

5)  Cool for 40 seconds and then platen release. 

      Picture of the 1/8” thick grade 5052 sheet aluminum to make test specimens to ASTM D 790 and 

ASTM D638 dimensions. 
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APPENDIX G: DSC FEASIBILITY RESULTS 

Pilot Test 1 - Differential scanning calorimetry, Neat PHB (Annealed at 180°C) 

 

Pilot Test 2 - Differential scanning calorimetry, PHB + 1 wt% nanoclay (Annealed at 180°C) 
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Pilot Test 3 - Differential scanning calorimetry, PHB + 1wt% nanoclay + 1wt% PVA (Annealed 

at 180°C) 
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APPENDIX H: TGA RESULTS FROM FEASIBILITY STUDY 

Pilot Test 1 - Thermogravimetric analysis, Neat PHB 

 

Pilot Test 2 - Thermogravimetric analysis, PHB + 1 wt% nanoclay 
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Pilot Test 3 - Thermogravimetric analysis, PHB + 1wt%  nanoclay + 1 wt% PVA 
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APPENDIX I: RAW DATA TENSILE STRENGTH TESTING 

Batch 6 Data 

Sample 1 Length (in.) Width (in.) Peak Break (N) Peak Extension 

10.5g 0.5735 0.1285 18.04 (mm) (inches) 

  0.566 0.1285 0.224808944 0.42 / 0.0165 

  0.5655 0.128 4.055553347   

Ave 0.568333 0.128333333 0.072936111   

  
 

Psi =  55.60418955   

  
 

M Pa = 0.383335283   

Sample 2 Length Width Peak Break Peak Extension 

10.5g 0.555 0.129 21.26 (mm) (inches) 

  0.5545 0.127 0.224808944 0.48 /0.0189 

  0.5705 0.13 4.779438147   

Ave 0.56 0.128666667 0.072053333   

  
 

Psi = 66.33195059   

    M Pa = 0.457292467   

Sample 3 Length Width Peak Break Peak Extension 

10.4g 0.572 0.1275 22.31 (mm) (inches) 

  0.582 0.1275 0.224808944 0.54 / 0.0213 

  0.572 0.1295 5.015487538   

Ave 0.575333 0.128166667 0.073738556   

  
 

Psi = 68.01716551   

  
 

M Pa  = 0.468910339   

Sample 4 Length Width Peak Break Peak Extension  

10.6g 0.5895 0.1295 21.82 (mm) (inches) 

  0.5835 0.1285 0.224808944 0.51 / 0.0201 

  0.603 0.127 4.905331155   

  0.592 0.128333333 0.075973333   

  
 

Psi = 64.5664859   

    M Pa  = 0.445121354   
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Sample 5 Length Width Peak Break Peak Extension  

10.5g 0.5835 0.1275 13.93 (mm) (inches) 

  0.585 0.127 0.224808944 0.3 / 0.0118 

  0.5825 0.1265 3.131588588   

Ave 0.583667 0.127 0.074125667   

  
 

Psi =  42.24702089   

    M Pa  = 0.291250962   

Sample 6 Length Width Peak Break Peak Extension  

10.5g 0.5845 0.1285 18.76 (mm) (inches) 

  0.575 0.127 0.224808944 0.45 /0.0177 

  0.573 0.127 4.217415787   

Ave 0.5775 0.1275 0.07363125   

  
 

Psi = 57.27752533   

    M Pa  = 0.39487126   

Sample 7 Length Width Peak Break Peak Extension  

10.5g 0.5705 0.128 23.27 (mm) (inches) 

  0.5965 0.129 0.224808944 0.53 / 0.0209 

  0.5855 0.1285 5.231304124   

Ave 0.584167 0.1285 0.075065417   

  
 

Psi = 69.68993654   

    M Pa  = 0.480442423   

Sample 8 Length Width Peak Break Peak Extension  

10.6g 0.5695 0.1315 20.46 (mm) (inches) 

  0.5535 0.1285 0.224808944 0.49 /0.0193 

  0.561 0.1285 4.599590992   

  0.561333 0.1295 0.072692667   

  
 

Psi = 63.27448424   

    M Pa = 0.436214294   

Sample 9 Length Width Peak Break Peak Extension  

10.4g 0.558 0.1295 26.01 (mm) (inches) 

  0.561 0.1255 0.224808944 0.65 / 0.0256 

  0.5715 0.1275 5.84728063   

Ave 0.5635 0.1275 0.07184625   

  
 

Psi = 81.38602405   

    M Pa = 0.56107525   
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Sample 10 Length Width Peak Break Peak Extension  

10.7g 0.571 0.1305 16.75 (mm) (inches) 

  0.578 0.127 0.224808944 0.39 / 0.0154 

  0.5655 0.1275 3.76554981   

  0.5715 0.1283 0.0733   

  
 

Psi = 51.34198875   

    M Pa = 0.35395167   

 

Batch 9 Data 

 

Sample 1 Length Width Peak Break Peak Extension 

10.7g 0.5815 0.1290 29.4 (mm)(inches) 

  0.5840 0.1310 0.2248089 1.24 / 0.0488 

  0.5805 0.1325 6.60938166   

Ave 0.5820 0.1308 0.0761   

  

 
Psi =  86.799943   

    M Pa = 0.598398807   

Sample 2 Length Width Peak Break Peak Extension 

10.2g 0.562 0.127 25.77 (mm)(inches) 

  0.57 0.126 0.2248089 1.16 / 0.0457 

  0.5795 0.127 5.793325353   

  0.5705 0.1267 0.0723   

  

 
Psi =  80.16963909   

    M Pa = 0.552689492   

Sample 3 Length Width Peak Break Peak Extension 

10.9g 0.5975 0.1325 28.43 (mm)(inches) 

  0.6075 0.1345 0.2248089 1.13 / 0.0445 

  0.598 0.1355 6.391317027   

  0.6010 0.1342 0.0806   

  

 
Psi =  79.26313734   

    M Pa = 0.546440069   

Sample 4 Length Width Peak Break Peak Extension 

9.8g 0.5795 0.1335 24.4 (mm)(inches) 

  0.581 0.13 0.2248089 0.95 /0.0374 

  0.576 0.1285 5.48533716   

  0.5788 0.1307 0.0756   

  

 
Psi =  72.5245398   

    M Pa = 0.499984177   
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Sample 5 Length Width Peak Break Peak Extension 

10.1g 0.5715 0.126 25.45 (mm)(inches) 

  0.583 0.1295 0.2248089 1.2 / 0.0472 

  0.575 0.125 5.721386505   

  0.5765 0.1268 0.0731   

  

 
Psi =  78.2471574   

    M Pa = 0.539435903   

Sample 6 Length Width Peak Break Peak Extension 

10.9g 0.5815 0.138 27.54 (mm)(inches) 

  0.5795 0.138 0.2248089 1.11 / 0.0437 

  0.585 0.136 6.191237106   

  0.582 0.137333333 0.079928   

  
 

Psi =  77.46017799   

    M Pa = 0.534010467   

Sample 7 Length Width Peak Break Peak Extension 

10.0g 0.571 0.1315 22.23 (mm)(inches) 

  0.5705 0.1275 0.2248089 0.97 / 0.0382 

  0.578 0.129 4.997501847   

  0.5732 0.1293 0.0741   

  

 
Psi =  67.41578051   

    M Pa = 0.464764391   

Sample 8 Length Width Peak Break Peak Extension) 

10.2g 0.5725 0.1305 24.16 (mm) (inches 

  0.5715 0.128 0.224808944 0.93 /  0.0366 

  0.5705 0.128 5.431384084   

Ave 0.5715 0.128833333 0.07362825   

  

 

Psi = 73.76766505   

    M Pa = 0.508554283   

Sample 9 Length Width Peak Break Peak Extension  

10.2g 0.572 0.126 23.92 (mm (inches) 

  0.566 0.1275 0.224808944 1 / 0.0394 

  0.587 0.1275 5.377429937   

Ave 0.575 0.127 0.073025   

  

 

Psi = 73.63820524   

    M Pa = 0.507661787   
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Sample 10 Length Width Peak Break Peak Extension 

10.1g 0.572 0.126 21.26 (mm) (inches)  

  0.566 0.1275 0.224808944 0.96 / 0.0378 

  0.587 0.1275 4.779438147   

Ave 0.575 0.127 0.073025   

  

 

Psi = 65.44934128   

    M Pa = 0.451207759   

Sample 11 Length Width Peak Break Peak Extension 

10.1g 0.56 0.1295 26.01 (mm) (inches) 

  0.576 0.127 0.224808944 1.18 / 0.0465 

  0.587 0.126 5.84728063   

Ave 0.574333333 0.1275 0.0732275   

  

 

Psi = 79.8508843   

    M Pa = 0.550491996   

 

Batch 10 Data 

Sample 1 Length (in) Width (in.) Peak Break (N) Peak Extension 

9.5g 0.5705 0.126 22.95 (mm) (inches) 

  0.576 0.126 0.2248089 1.46 / 0.0575 

  0.5695 0.124 5.1593653   

Ave 0.572 0.125333 0.0716907   

  

 

Psi = 71.967043   

    M Pa = 0.4961408   

Sample 2 Length Width Peak Break Peak Extension 

9.3g 0.5565 0.125 25.21 (mm) (inches) 

  0.563 0.1275 0.2248089 1.57 / 0.0618 

  0.5605 0.123 5.6674335   

Ave 0.56 0.125167 0.0700933   

  

 

Psi = 80.855528   

    M Pa  = 0.557418   

Sample 3 Length Width Peak Break Peak Extension 

9.8g 0.566 0.1275 22.55 (mm) (inches) 

  0.565 0.129 0.2248089 1.43 / 0.0563 

  0.5675 0.127 5.0694417   

Ave 0.566167 0.127833 0.072375   

  

 

Psi 70.044126   

    M Pa  = 0.4828842   
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Sample 4 Length Width Peak Break Peak Extension 

9.8g 0.5655 0.1275 24.48 (mm) (inches) 

  0.561 0.134 0.22481 1.55 / 0.0610 

  0.5635 0.125 5.50332   

Ave 0.563333 0.12883 0.07258   

  
 

Psi = 75.82829752   

    M Pa  = 0.522760283   

Sample 5 Length Width Peak Break Peak Extension 

9.9g 0.566 0.127 22.23 (mm) (inches) 

  0.565 0.128 0.22481 1.41 / 0.0555 

  0.5705 0.1295 4.9975   

Ave 0.567167 0.12817 0.07269   

  

 

Psi = 68.74913843   

    M Pa = 0.47395656   

Sample 6 Length Width Peak Break Peak Extension 

9.9g 0.5725 0.123 27.54 (mm) (inches) 

  0.576 0.1265 0.22481 1.11 / 0.0437 

  0.58 0.127 6.19124   

Ave 0.576167 0.1255 0.07231   

  

 

Psi = 85.62205879   

  
 

M Pa  = 0.590278473   

Sample 7 Length Width Peak Break Peak Extension 

9.9g 0.5715 0.128 22.23 (mm) (inches) 

  0.5615 0.1245 0.22481 1.24 /  0.0488 

  0.578 0.126 4.9975   

Ave 0.570333 0.12617 0.07196   

  

 

Psi = 69.45118562   

    M Pa = 0.478796474   

Sample 8 Length Width Peak Break Peak Extension 

9.8g 0.5655 0.1265 22.07 (mm) (inches) 

  0.5675 0.1265 0.22481 1.41 / 0.0555 

  0.5745 0.125 4.96153   

Ave 0.569167 0.126 0.07172   

  
 

Psi = 69.18403948   

    M Pa  = 0.476954768   
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Sample 9 Length Width Peak Break  Peak Extension 

9.8g 0.5715 0.1275 24.4 (mm) (inches) 

  0.57 0.129 0.22481   1.41 / 0.0555 

  0.5705 0.1275 5.48534   

Ave 0.569167 0.128 0.073   

  
 

Psi = 75.09498527   

    M Pa  = 0.517704828   

Sample 10 Length Width Peak Break Peak Extension 

9.7g 0.571 0.1265 24.64 (mm) (inches) 

  0.5675 0.1285 0.22481 1.72 / 0.0677 

  0.5715 0.1265 5.53929   

Ave 0.57 0.12717 0.07249   

  
 

Psi = 76.41984379   

    M Pa  = 0.526838403   

Sample 11 Length Width Peak Break Peak Extension 

10.0g 0.5835 0.1275 21.91 (mm) (inches) 

  0.5855 0.1285 0.22481 1.2 / 0.0472 

  0.583 0.127 4.92556   

Ave 0.584 0.12767 0.07456   

  
 

Psi = 66.0641112   

    M Pa = 0.455445983   

Sample 12 Length Width Peak Break Peak Extension 

9.9g 0.571 0.1255 24.72 (mm) (inches) 

  0.5655 0.1295 0.22481 1.59 / 0.0626 

  0.5695 0.1295 5.55728   

Ave 0.568667 0.12817 0.07288   

  
 

Psi = 76.24812881   

    M Pa = 0.5256546   
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APPENDIX J: FLEXURAL STRENGTH OUTPUT DATA FOR BATCH 6, 9, AND 10 
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134 

Flexural Strength Output Data for Batch 9 
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Flexual Strength Output Data for Batch 9 
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APPENDIX K: INDEPENDENT SAMPLES T-TEST OUTPUT FOR PEAK TENSILE 

STRENGTH (PSI) AT BREAK  

Batches 6 and 9  

   

Independent Samples Test 

  
Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

       

95% Confidence 

Interval of the 

Difference 

  

F Sig. 
 

 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Peak 

Tensile 

Strength 

at Break  

(psi) 

Equal 

variances 

assumed 

2.39 0.14 -3.66 t 0.00 -0.10 0.03 -0.15 
-

0.04 

Equal 

variances 

not 

assumed 

    -3.56 13.88 0.00 -0.10 0.03 -0.15 
-

0.04 

 

Batches 6 and 10  

 

Independent Samples Test 

  
Levene's  

Test for 

Equality of 

Variances 

t-test for Equality of Means 

  

          

95% Confidence 

Interval of the 

Difference 

    
F Sig. t df 

Sig. (2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Peak 

Tensile 

Strength 

At Break  

(psi) 

Equal 

variances 

assumed 

3.16 0.09 -3.27 
2

0 
0.00 -11.76 3.60 -0.13 -4.25 

Equal 

variances 

not 

assumed 

    -3.09 
1

2.93 
0.01 -11.76 0.03 3.80 -3.54 
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Batches 9 and 10  

 

Independent Samples Test 

  Levene's 

Test for 

Equality 

of 

Variances 

t-test for Equality of Means 

       

95% 

Confidence 

Interval of the 

Difference 

  

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Peak 

Tensile 

Strength 

at Break 

(psi) 

Equal 

variances 

assumed 

0.06 0.81 0.87 21 0.39 2.14 2.45 -2.95 7.23 

Equal 

variances 

not 

assumed 

    0.87 20.38 0.39 2.14 2.46 -2.98 7.26 

 

 

Batches 6 and 9 for Percent Elongation  

 
Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 
Sig. (2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

Batches 6 

and 9 

Percent 

Elongation 

(%) 

Equal 

variances 

assumed 

2.20 0.15 -12.90 19.00 0.00 0.00 0.00 0.00 0.00 

Equal 

variances 

not 

assumed 

    -13.01 18.90 0.00 0.00 0.00 0.00 0.00 
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Batches 6 and 10 for Percent Elongation  

 
Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

Batches 6 

and 10 

Percent 

Elongation 

(%) 

Equal 

variances 

assumed 

2.66 0.12 -15.30 20 0.00 -0.01 0.00 -0.01 -0.01 

Equal 

variances 

not 

assumed 

    -16.11 17.46 0.00 -0.01 0.00 -0.01 -0.01 

 

 

 

Batches 9 and 10 for Percent Elongation  

 
Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% 

Confidence 

Interval of the 

Difference 

Lower Upper 

Batches 9 

and 10 

Percent 

Elongation 

(%) 

Equal 

variances 

assumed 
0.76 0.39 -5.76 21 0.00 0.00 0.00 0.00 0.00 

Equal 

variances 

not 

assumed 

    -5.87 18.94 0.00 0.00 0.00 0.00 0.00 
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Batches 6 and 9 for Modulus of Elasticity  

 
Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% 

Confidence 

Interval of the 

Difference 

Lower Upper 

Batches 6 

and 9 for 

Modulus 

of 

Elasticity 

(psi) 

Equal 

variances 

assumed 

2.47 0.13 -3.60 19 0.00 -13.58 3.77 -21.48 -5.69 

Equal 

variances 

not 

assumed 

    -3.51 13.82 0.00 -13.58 3.87 -21.90 -5.27 

 

 

Batches 6 and 10 for Modulus of Elasticity 

 
Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

taile

d) 

Mean 

Difference 

SE 

Difference 

95% 

Confidence 

Interval of the 

Difference 

Lower Upper 

Batches 6 

and 10 for 

Modulus of 

Elasticity 

(psi) 

Equal 

variances 

assumed 

3.31 0.08 -3.16 20 0.01 -11.30 3.57 -18.76 -3.85 

Equal 

variances 

not 

assumed 

    -2.99 12.91 0.01 -11.30 3.78 -19.47 -3.13 
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Batches 9 and 10 for Modulus of Elasticity 

 

Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% 

Confidence 

Interval of the 

Difference 

Lower Upper 

Batches 9 

and 10 for 

Modulus 

of 

Elasticity 

(psi) 

Equal 

variances 

assumed 

0.06 0.81 0.94 21 0.36 2.28 2.42 -2.75 7.31 

Equal 

variances 

not 

assumed 

    0.94 20.41 0.36 2.28 2.43 -2.77 7.34 
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APPENDIX L: INDEPENDENT SAMPLES T-TEST OUTPUT FOR FLEXURAL 

STRENGTH, STRESS @ YIELD 

Batches 6 and 9 FOR Flexural Strength, Stress @ Yield 

Independent Samples Test 

  
Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

       

95% Confidence 

Interval of the 

Difference 

    
F Sig. t df 

Sig. (2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Stress @ 

Flexural 

Yield 

Max.  

(psi) 

Equal 

variances 

assumed 

4.00 0.06 4.22 21 0.00 300.32 71.25 152.15 448.48 

Equal 

variances 

not 

assumed 

    4.12 14.79 0.00 300.32 73.13 144.26 456.38 
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Batches 6 and 10 for Flexural Strength, Stress @ Yield 

 

Independent Samples Test 

  
Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

       

95% Confidence 

Interval of the 

Difference 

    F Sig. t df 
Sig.  

(2-tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Stress @ 

Flexural 

Yield 

Max.  

(psi) 

Equal 

variances 

assumed 

13.57 
0.0

0 
3.94 21 0.00 274.81 69.72 129.82 419.81 

Equal 

variances 

not 

assumed 

    3.78 10.98 0.00 274.81 72.64 114.90 434.73 

 

 

 

Batches 9 and 10 for Flexural Strength, Stress @ Yield 

 

Independent Samples Test 

  Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

       

95% Confidence 

Interval of the 

Difference 

  
F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Stress @ 

Flexural 

Yield 

Max.  

(psi) 

Equal 

variances 

assumed 

5.05 0.04 -0.36 22 0.72 -13.02 36.29 -88.29 62.25 

Equal 

variances 

not 

assumed 

  
-0.36 15.82 0.72 -13.02 36.29 -90.04 63.99 
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Batches 6 and 9 for Flexural Strength, Strain @ YIELD 

 

Independent Samples Test 

  Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

       

95% Confidence 

Interval of the 

Difference 

    

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Strain @ 

Flexural 

Yield 

Max.  

(in/in) 

Equal 

variances 

assumed 

0.15 0.71 -2.70 21 0.01 0.00 0.00 -0.01 -0.00 

Equal 

variances 

not 

assumed 

    -2.69 20.44 0.01 0.00 0.00 -0.01 -0.00 

 

 

 

Batches 6 and 10 for Flexural Strength, Strain @ Yield 

 

Independent Samples Test 

  Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

       

95% Confidence 

Interval of the 

Difference 

  
F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Strain @ 

Flexural 

Yield 

Max.  

(in/in) 

Equal 

variances 

assumed 

0.92 0.35 -8.45 21 0.00 -0.02 0.00 -0.02 -0.01 

Equal 

variances 

not 

assumed 

    -8.53 20.78 0.00 -0.02 0.00 -0.02 -0.01 
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Batches 9 and 10 for Flexural Strength, Strain @ Yield 

 

Independent Samples Test 

  
Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

       

95% Confidence 

Interval of the 

Difference 

    

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 
Lower Upper 

Strain @ 

Flexural 

Yield 

Max.  

(in/in) 

Equal 

variances 

assumed 

1.82 0.19 -6.48 22 0.00 -0.01 0.00 -0.01 -0.01 

Equal 

variances 

not 

assumed 

    -6.48 20.56 0.00 -0.01 0.00 -0.01 -0.01 

 

 

 

Batches 6 and 9 for Flexural Strength, Tangent Modulus of Elasticity 

 

Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

Flexural 

Strength 

Modulus  

Equal 

variances 

assumed 

0.84 0.37 12.5 21 0.00 66644.23 5332.26 55555.18 77733.28 

Equal 

variances 

not 

assumed 

    12.32 18.09 0.00 66644.23 5409.14 55284.26 78004.20 
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Batches 6 and 10 for Flexural Strength, Tangent Modulus of Elasticity 

 

Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

Flexural 

Strength 

Modulus  

Equal 

variances 

assumed 

9.06 0.01 19.78 21 0.00 88742.98 4486.66 79412.45 98073.50 

Equal 

variances 

not 

assumed 

    19.06 11.90 0.00 88742.98 4655.96 78589.18 98896.78 

 

 

 

Batches 9 and 10 for Flexural Strength, Tangent Modulus of Elasticity 

 

Independent Samples Test 

  

Levene's 

Test for 

Equality of 

Variances 

t-test for Equality of Means 

F Sig. t df 

Sig. 

(2-

tailed) 

Mean 

Difference 

SE 

Difference 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

Flexural 

Strength 

Modulus  

Equal 

variances 

assumed 

8.64 0.01 6.56 22 0.00 22098.75 3370.18 15109.43 29088.07 

Equal 

variances 

not 

assumed 

    6.56 15.22 0.00 22098.75 3370.18 14924.42 29273.08 
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APPENDIX M: DSC GRAPH, POLYMER CLAY NANOCOMPOSITE STUDY 

Batch 6 
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Batch 9 
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Batch 10 
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APPENDIX N: TGA GRAPH, POLYMER CLAY NANOCOMPOSITE STUDY 

Batch 6 
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Batch 9 
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Batch 10 

 

 


