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ABSTRACT

MEASUREMENT OF THE NEWLY DEFINED “CONSTRAINED POLYMER 

REGION” IN POLYMER CLAY NANOCOMPOSITES

by

Daniel Adame, B.S.

Texas State University-San Marcos 

December 2006

SUPERVISING PROFESSOR: GARY W. BEALL

Measurements on two exfoliated polymer-clay nanocomposites systems, Nylon 6 

and Nylon-MXD6, were conducted to determine the size of the constrained polymer 

regions. Analysis performed through Atomic Force Microscopy established that the 

range fell in agreement with speculated values proposed by Beall, which extend 50-100 

nm away from the surface of the clay. With an increase in clay loading, topographical 

hills and valleys became more frequent for a given area. In higher clay loaded samples 

the clay plates were closer to each other and as a result the frequency of hills and valleys 

were higher than on those of the lower clay loaded PCNs. Experimentally measured 

distances between clay plates were in reasonable agreement with the expected values. In 

systems with lower clay loading, the distances between clay plates were higher. Lower
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distances between clay plates were seen in systems with higher clay contents. The 

swelling behavior of the studied PCNs is attributed to their crystalline makeup along with 

H-bonding. The addition of clay turns the amorphous Nylon-MXD6 polymer into one 

with a pseudo-crystalline character. This crystalline behavior is observed in areas which 

are in close proximity to the surface of the clay, the constrained polymer region. When 

comparing the unconstrained to the constrained polymer region of Nylon-MXD6, a 

decrease in free volume is observed in the areas which act crystalline. As a result the 

swelling effect caused by the solvent is amplified in the areas in which clay is absent, the 

unconstrained polymer region. The distinct amplitude of hills and valleys of Nylon- 

MXD6 was a result of a transition from a crystalline domain to an amorphous one. The 

swelling imparted by the solvent on Nylon 6, already in a crystalline state, was more 

uniform. The topographical relief on the surface was significantly lower than those on 

Nylon-MXD6. In Nylon 6 the transition was between two crystalline forms and therefore 

the swelling amplitude for both areas acted quite similarly.
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CHAPTER 1

INTRODUCTION

1.1 Background

The incorporation of nanotechnology for improving the physical and mechanical 

properties of polymers has become an emerging trend in polymer chemistry. The 

addition of nano-fillers to polymeric materials significantly increases modulus and 

strength, increases solvent and heat resistance, and decreases flammability and gas 

permeability.1 The most commonly applied system incorporates organic polymers and 

inorganic smectic clay minerals that have been organically modified. The enhancements 

produced by these systems greatly depend on the large aspect ratio and large surface area 

of the clay mineral, the strong interactions between the polymer chains and layered 

silicate, and the nano-scale structure of the newly formed polymer “nanocomposite”.2’3 

The nano-scale structure is normally divided into two types including intercalated and 

exfoliated. The exfoliated system is preferred since the optimum interaction between 

clay and polymer is observed.

tilPolymer clay interactions have been extensively studied since the mid-20 

century.4 In 1974, Shepard proposed the first single layered aluminum silicate, mica, as 

an excellent candidate for the reinforcement of polymers.5 In Shepard’s study, the

1
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properties of acrylonitrile butadiene styrene polymer, acrylonitrilestryene polymer, and 

nylon 66 were improved by the addition of mica. These improvements included a higher 

modulus, comparable tensile strength, and lower impact strength than conventional 

reinforced polymers. This proposal was supported by mica’s ideal nanometer thick 

single clay layer and high aspect ratio.

The first organoclay-polyamide nanocomposite hybrid was reported by Fujiwara 

and Sakamoto in 1976.6 Nylon clay systems were refined in the late 1980s by Toyota 

Central Research and Development Labs. In 1990 a major breakthrough was reported by 

Okada at Toyota Central R&D Labs, with the first in-situ polymerization of Nylon 6
n

nanocomposite. Toyota reported a doubling in the tensile modulus and strength with a 

clay loading of 4.7 %. These properties extended to relatively higher temperatures 

allowing for the application of the material such as a timing belt cover on the Toyota 

Camry. Later research on these systems would reveal improvements in many physical 

and mechanical properties.

1.1.1 Barrier Properties

Gas permeability rates are of great interest for food packaging. The food 

packaging industry is regularly searching for ways to reduce the gas permeability rate of 

packaging materials to extend the shelf life of products. The lower the gas permeability, 

the longer a product will stay fresh. Lowered gas permeability not only improves the 

shelf life of products, but it can open up many other applications, such as beer bottles to 

plastics where the escape of carbon dioxide is the issue rather than the ingress of oxygen. 

The addition of clay to a conventional polymer, thus creating a polymer-clay
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nanocomposite (PCN), significantly lowers the gas permeation. This improvement in 

barrier performance depends strongly on the aspect ratio (the ratio between two 

dimensions of an object) of the “impermeable” dispersed clay filler. Increasing the 

aspect ratio increases the effective path length, of the permeant, to penetrate through the 

system. The gas permeability rates of polymer nanocomposites are reduced extensively 

at very low clay loading rates as low as 0.5 % by weight of the nanoparticles.

Current theories of gas diffusion through these nanocomposites assume a tortuous 

path around the clay particle. The increase in barrier performance of PCNs is correlated 

with the highly tortuous pathway that particles must travel through to permeate a film. 

The simple tortuous path model fails in many cases, as pointed out by Beall, and a more
Q

complex model was proposed that involved a constrained polymer effect. A better 

understanding of the tortuous pathway through PCNs is needed to properly predict 

diffusion characteristics. Predicting the diffusion characteristics of PCNs will greatly 

benefit consumers and the packaging industry.

1.2 Polymer Layered Silicates

Polymer layered silicates (PLS) have been observed to exhibit remarkable 

improvements on numerous physical properties. These improvements include flame 

resistance, improved tensile strength and modulus, and decreased gas permeability
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1.2.1 Montmorillonite

Smectite clays, like montmorillonite, (Na,Ca)o 33(Al,Mg)2Si4 0 io(OH)2 nH20, are 

composed of hydrated sodium calcium aluminum magnesium silicate hydroxide arranged 

m a monoclinic crystal system, see Figure l .12 Its structure was solved by Hofmann, 

Endell, and Wilm in 1933.13,14,15 Aluminum silicate clays have a sheet-like structure, and 

consist of two silica tetrahedra (Si0 4 ) layers bonded to a single alumina octahedron 

(AlOe) layer. The basic building block of the aluminum silicate mineral is the silicon- 

oxygen tetrahedron. These tetrahedra form the backbone and other ions are 

accommodated based on their size. Smectite clays have a three-layer crystalline 

structure, a 2:1 tetrahedra to the octahedral expanding crystal lattice, with platelet 

dimensions of one nanometer in thickness m one dimension and 150 ~ 250 nanometers m 

the other two. Smectite clays are known to contain very high aspect ratios. When 

completely dispersed, these plates have a large surface area in the range of 700 -  800 

m2/g, allowing an enormous range, both in number and variety, to become intercalated 

with the clay sheets.16 The high surface area of the clay plate is responsible for

1 7increasing the mechanical properties of conventional polymers, see Figure 2.
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Figure 1. Structure of Montmorillonite: 2 Tetrahedral Sheets Surrounding a
Central Octahedral Sheet.18

Top View Side View

1.2.2 Cation Exchange Character of Montmorillonite

In montmorillonite, isomorphic substitution in the tetrahedral lattice of aluminum 

and silicon [Si2 0 4  SiAlO^ and in the octahedral lattice of magnesium and aluminum
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[(0H)2A120 2 -» (OH)2AlMg02] results in a negative charge between layers. Cations like 

Na+ and Ca2+ located in the interlayer galleries compensate the net negative charge on the 

surfaces of the silicate plates that generate from the oxide layers. This is depicted in 

Figure 3. The counter ions, embedded between the galleries, that hold the individual 

plates together via van der Waals forces form stacks of plates (10-20 plates) called 

tactoids. Water molecules are generally coordinated to the cations on the surface due to 

their relative high hydration energy. This makes the clay hydrophilic in nature and 

incompatible with most organic matrices. The surface must be treated before it can be 

processed into PCNs.

© © © © ©

Figure 3. Ions Balance the Negative Charge on the Surface of Montmorillonite. The
circles represent cations on the surface and the rectangles depict the clay platelets.

Montmorillonite as a mineral is unique in that it retains the cations at the surface 

in an exchangeable fashion. The cation exchange capacity for montmorillonite is 

between 80 and 150 milliequivalent per 100g, but varies from deposit to deposit.19 Ion

exchanging of the cations on the surface of the clay with organic onium ions renders the
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clay hydrophobic (organophilic) and compatible with a wide array of organic matrices. 

This is done by exchanging the cations on the surface with a variety of positively charged 

species, most commonly by ion-exchanging reactions with primary, secondary, tertiary, 

and quaternary alkylammonium cations. Figure 4 depicts the exchange of the surface 

cation with a quaternary ammonium. Exchanging surface cations greatly lowers the 

surface energy of the clay, which enhances its wetting character and, as a result, raises the 

interlayer spacing (higher degrees of swelling). Montmorillonite’s ability to show such 

character is dependent on particle size, amount and site of isomorphic substitution as well 

as the nature of the saturated cation.

Figure 4. Cation Exchange of Alkylammonium Ions for Sodium Cations.20

1.2.3 Formation of Polymer Clay Systems

Once the clay has been treated, it becomes possible to produce polymer 

nanocomposites from polymers of varying polarities. There are a variety of ways to 

produce polymer-clay nanocomposites. An example is seen in Figure 5. The most 

common techniques are in-situ polymerization, melt compounding, and solvent aided. 

The extrusion, or melt compounding, method is most suitable to our needs and, therefore,

a 1 kylamrnoniurn ions clav* organophilic clay
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is used throughout this study. The extrusion method facilitates the mixing process of the 

polymer and clay. In some situations, it has been observed that nearly perfect dispersion 

of nanoparticles with polymer can be achieved through twin screw extrusion. This can 

be explained by the shear force produced by the screws and the processing temperatures 

exerted on the mixture. Both variables allow the clay particles to slip past one another to 

create a dispersed system.

organophilic
clay

nu,* m s
l..I...Z 5 Z Z I

blending
4*

annealing 
—►

thermoplastic
polymer M erc  a lût ion

Figure 5. Melt Compounding Intercalation Process.22

There are two main types of polymer nanocomposite systems formed; intercalated 

and exfoliated (Figure 6). In the former, the polymer chains alternate with the inorganic 

layer in an ordered and well defined manor. Intercalated systems exhibit distinct x-ray 

diffraction peaks. Exfoliated PLS nanocomposites are highly disordered and are 

considered to be completely dispersed within the matrix. This exfoliation causes the 

heterogenous mixture to act in such a manner that it operates much like a homogeneous

entity.
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Nanocomposite

Figure 6. Intercalated and Exfoliated Polymer Layered Silicate Nanocomposite.23

The advantage of using nano-size particles over conventional fillers, like carbon 

fiber, is the ability of the end product to exhibit the improvements formerly discussed at 

much lower filler loading rates, 1-5 % versus 30 % for a conventional composite.

1.3 Tortuous Pathway

In 1967 Nielsen developed a simple theory pertaining to barrier properties of 

polymer-clay nanocomposites.24 Nielsen’s theory focuses on a tortuous path (Barrier 

Model) around the clay plates, in which a gas permeant must travel a longer distance to 

penetrate through a system. The clay plates create a maze which slows down the 

permeant as it travels through the matrix. The increase in path length is a consequence of 

the high aspect ratio of the clay filler. This theory only takes into account the aspect ratio 

of the clay plates and the volume percent of the filler in the composite. Nielsen’s 

equation for permeability as a function of aspect ratio,
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pf _ v„
Pu \ + {L/2W)Vf

Equation 1. Nielsen’s equation for permeability, 2-Dimentional.

where Pf is the permeability coefficient of the composite, and Pu is the permeability 

coefficient of the pristine polymer, Vp is the volume fraction of the polymer and Vf is the 

volume fraction of the filler, L is the average length and W is the average thickness of the 

filler.

A

d

y

Figure 7. Tortuous Pathway in PLS Nanocomposite.25

At very low clay loading rates, Nielsen’s model predicts the permeability 

behavior of a system quite well, especially at clay loading rates of less than one percent. 

The experimental data deviates greatly from predicted values from the tortuous path 

model at higher clay loading rates and in certain polymers. In Nylon 6 nanocomposites, 

the gas permeability decreases by a factor of two, the tortuous path model predicts a 

factor of about three, while Nylon-MXD6 (an aromatic nylon) nanocomposites decrease 

by a factor of forty. This phenomenon cannot be explained by the simple tortuous path

model.
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The simple tortuous path model cannot explain many of the experimental 

observations published in the literature. One such observation involves the relative 

permeability from various permeants on the same polymer nanocomposite. Experiments 

conducted on polyimide nanocomposite with water, O2, and CO2, reveal aspect ratios of

Ofi132, 87, 83, respectively. The measured aspect ratio of montmorillonite is about 200.

This model cannot explain the effects of humidity on relative permeability. Work 

conducted on polyimide nanocomposites revealed that the relative permeability of these 

composites decreased with increasing relative humidity, for a pure polyimide polymer the 

relative permeability increased with increasing relative humidity. The tortuous path 

model could not explain these data.

A major disadvantage of this model is that it cannot correlate between aspect ratio 

and relative permeability even though it predicts the relative permeability to be a function 

of the aspect ratio. This model assumes that the clay plates are perfectly oriented and 

spaced evenly with the plane of the polymer film. Predictably, perfect orientation and 

even spacing does not occur.

1.4 Conceptual Model

Q
A new model has been recently proposed by Beall. The “conceptual model” 

focuses on the polymer-clay interface as the governing factor in addition to the tortuous 

path. It defines three regions around the clay plates: the surface modifier region, the 

constrained polymer region, and the unconstrained polymer region. The surface modifier 

region binds the clay with the polymer and owes its size (1-2 nm) to the surface modifier 

type. This area can be measured by x-ray diffraction. The unconstrained polymer region
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is not affected much by the clay and will experience properties to a large extent like a 

pristine polymer. The constrained polymer region is less well defined, but has been 

indirectly confirmed. This region is in direct contact with the surface modifier and may 

extend 50-100 nm, depending on polymer’s intermolecular force from the surface of the 

clay. This model also assumes the existence of four individual phases: a clay phase, a 

surface modifier phase, a constrained phase, and a polymer phase.

By modifying the tortuous path model to account for various regions around the 

clay plates and assuming the existence of four distinct phases, it is believed that a model 

can be developed that can accurately predict the diffusion of gases through PLS 

nanocomposites.

The tortuous path model for PLS nanocomposites contains clay platelets in a 

polymer film which make the path of the gases greater than the geometric path. The 

model we are proposing focuses on the region around the clay plates. This constrained 

polymer region will yield different results when compared to the tortuous path model. 

The path in which the gases are diffused is much greater than that of the tortuous path 

model. This is because the constrained polymer region has a lower permeability than the 

polymer that is not affected by the clay platelet since it has less disorder and lower free 

volume.

Computations performed by Beall, calculated with the tortuous path model, show 

great deviation in predicted diffusion rates compared to experimentally accepted values. 

Calculated diffusion rates on the same systems with the modified conceptual model were 

in better agreement with experimental values. This analysis however had to assume two 

parameters which include the size of the constrained polymer region and the relative
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permeabilities of the constrained region. The aim of this research is to attempt to 

measure one of these parameters, the size of the constrained polymer region.

1.5 Analysis

Nylon 6 and Nylon-MXD6 are processed into well oriented-exfoliated polymer 

nanocomposites. The pristine polymers along with their nanocomposites are extruded 

into thin film for analysis. X-ray diffraction data, CuKa radiation, is used to measure the 

extent of exfoliation in all system and to obtain the crystal structure of the Nylon 6 

nanocomposites. All films were microtomed normal to the film direction and analyzed 

with an Atomic Force Microscope (AFM) operating in contact mode in order to 

determine the position of the clay plates and topographical relief in the samples around 

the clay plates. Microtomed samples were placed in a 98% relative humidity chamber in 

order to swell the polymer. The unconstrained polymer regions will swell more than the 

constrained regions. AFM measurement may confirm this phenomenon.

Our intended research is focused on measuring the size and shape of the 

constrained polymer region. Future research will correlate the data with commonly 

applied polymer interaction parameters to determine if general predictions can be made 

on the size of the constrained polymer region. Relative diffusion coefficients will then be 

derived from the measured size of the constrained and unconstrained polymer regions. 

Based on these calculations, a comparison will be made between the calculated relative 

permeability and experimentally measured permeability. It is our belief that a universally 

accepted model can be developed to accurately predict the diffusion of gases through

PCNs.



CHAPTER 2

EXPERIMENTAL

2.1 Materials

The list of all materials used throughout the course of this study is outlined in 

Table 1.

Table 1. Experimental Materials.
Nam e Supplier Am ount G rade or Lot #

M ontm orillonite 
(Cloisite Na*)

Southern Clay  
Products

- 92.6 m eq/100g  
clay

Nylon-M XD6 M itsubishi Gas 
Chem ical

25 kg 6007

Polyam ide 6 
(Nylon 6)

DuPont 25 kg Zytel 211

Stearylam ine
(O ctadecylam ine)

Sigm a-Aldrich 1 5  kg 112K3711

H ydrochloric Acid EM D 2.5 L 43282
Sodium  Chloride M allinckrodt 2.5 kg 7581V17613

C alcium  Chloride EM  Science 500 g 43008307

Cupric Sulfate Spectrum 500 g 6D289

Drierite Acrös 2 kg A01749130

Vinylcyclophene
Dioxide
(VCD)

SPI Supplies 250 ml 1091220

D iglycidyl Ether of 
Polypropylene Glycol 
(DER 736)

SPI Supplies 250 g 1090915

Nonenyl Succinic
Anhydride
(NS A)

SPI Supplies 450 g 1090707

Dim ethylam inoethanol SPI Supplies ________ 25j5________ 1100601

14
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2.2 Organoclay Formation

The organoclay was prepared via the “dry process method”. Cloisite Na+ was 

modified by protonating octadecylamine with hydrochloric acid and water. The guideline 

used was to combine a mixture at 95 meq/100 g of cloisite Na+, with the addition of 

110% octadecylamine and 110% acid to produce an optimum exchange of the sodium 

cations on the surface of the clay with the newly formed quaternary ammonium salt. 

Octadecylamine was first brought to a melt and introduced to 250 g of cloisite Na+ clay, a 

blend of hot distilled water and hydrochloric acid was added and mixed with a household 

stand mixer.

The mixture was processed through a Hobert commercial single screw Auger 

extruder model 4522. After the extrusion process, the organoclay was placed in a 70°C 

oven overnight until dry. Once the clay had dried, it was ground and washed to remove 

any residual salt. The organoclay was then returned to a 70°C oven.

The dried organoclay was ground and sieved with the help of a Humboldt 

Intermatic vibratory sieve shaker. A 325 mesh (45 micron grating) sieve was used to 

produce the desired organoclay particle size. The sieved organoclay was placed in a 

70°C oven, under vacuum, until further use.

2.3 Extrusion of Nylon 6 PLS Nanocomposite

Nylon 6 was processed into PLS nanocomposites by melt compounding using a 

HBI System 90 computer drive attached to a Haake Rheomix CTW100 twin screw
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extruder. Prior to each processing step, all materials were dried in a vacuum oven set at 

70°C until further use to prevent moisture build-up.

2.3.1 Nylon 6 PLS Nanocomposite Monofilament Formation

Nylon 6 PLS nanocomposites were prepared at clay loading of 0.5 %, 2.0 %, and 

5.0 % by weight of clay. This was accomplished by mixing the appropriate amounts of 

polymer and clay in sealed plastic bags, Ziploc style, to create the desired clay loading. 

The content of the bag was shaken to create a uniform mixture. The mixture was then 

transferred into glass beakers and dried.

The set processing parameters for all PLS nanocomposite formations are listed in 

Table 2. The Nylon 6 PLS nanocomposites were extruded into monofilaments using a 3 

mm die head. Once the composites passed the die head, they were quenched in a water 

bath. The monofilaments were pelletized through a Haake PPI Pelletizer Postex and 

stored dried, waiting further use.

Table 2. Temperature and RPM Parameters for Extruding Nylon 6
Nanocomposites into Monofilaments.

Clay loading

Processing Tem perature (°C)

RPMRear M iddle Front

0.5 % 230 240 245 85

2.0% 230 245 245 85

5.0% 235 245 245 85
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2.3.2 Nylon 6 PLS Nanocomposite Film Formation

Dried pellets from the previously made nanocomposites were introduced into the 

Haake Rheomix CTW100 twin screw extruder. A 15.24 cm thin film die head with a 2 

mm slit opening was attached to the extruder. The processing parameters used for 

making the films are tabulated in Table 3. The RPM’s for each were varied at different 

time intervals during the extrusion process (85-100 RPM). The films were immediately 

quenched in a water bath and placed to dry in the vacuum oven.

Table 3. Temperature and RPM Parameters for Extruding Nylon 6 
___________ Nanocomposites into Thin Films.__________ _______

Nylon 6 

N anocom posite 

(Clay loading)

Processing Tem perature (°C)

RPM  

(Varied at 

times)

Rear M iddle Front Die Head

0.5 % 260 245 245 235 85-100

2.0% 260 250 245 235 85-100

5.0% 260 250 250 240 85-100

The films were further processed into thinner films ( < 1 mm) using a Carver 

Model C Platen Press set at 235°C. A constant force of 5000 lbs/in2 was applied to each 

film for 5 minutes. Once the films were removed from the press they were cooled in a

water bath, and dried.
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2.4 Extrusion of NyIon-MXD6 PLS Nanocomposite

The same instruments and processing techniques used to produce Nylon 6 

nanocomposites into monofilaments and thins films were used in the fabrication of 

Nylon-MXD6 nanocomposite.

2.4.1 Nylon-MXD6 PLS Nanocomposite Monofilament Formation

Nylon-MXD6 nanocomposites were manufactured at clay loading of 0.5 %, 2.0 

%, and 5.0 % by weigh. The set processing parameters for extruding Nylon-MXD6 into 

monofilament nanocomposites are listed in Table 4.

Table 4. Temperature and RPM Parameters for Extruding Nylon-MXD6 
______ ______ Nanocomposites into Monofilaments.______ ____________

Clay loading

Processing Tem perature (°C)

RPMRear M iddle Front

0.5 % 245 245 250 85

2.0% 245 250 250 85

5.0% 245 250 250 85

2.4.2 Nylon-MXD6 PLS Nanocomposite Film Formation

The processing parameters for making thin films (~ 5mm) are tabulated in Table

5. Thinner films (less than 1 mm) of these nanocomposites were made using the Carver 

heated press in the same manner previously discussed in section 2.3.2 for the Nylon 6 

nanocomposites, but at a press set temperature of 250°C.
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Table 5. Temperature and RPM Parameters for Extruding Nylon-MXD6 
______________ Nanocomposites into Thin Films.__________ _________

Nylon-M XD6  

N anocom posite 

(Clay loading)

Processing Tem perature (°C)

RPM  

(Varied at 

times)

Rear M iddle Front Die Head

0.5 % 265 255 255 255 85-100

2.0% 265 265 255 255 85-100

5.0% 265 265 255 255 85-100

2.5 Characterization Techniques

2.5.1 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed for all nanocomposite films of 

Nylon 6 and Nylon-MXD6 on a TGA Q50. These analyses were conducted on a 

platinum pan, under air, at a scan rate of 20°C/minute from room temperature to 800°C. 

All samples were dried before analysis.

2.5.2 X-ray Diffraction

All nanocomposite films were scanned with a Bruker AXS D8 Focus X-ray 

Diffraction Instrument. CuKa radiation was utilized to carry out the study. Nylon-MXD6 

and Nylon-MXD6 nanocomposites were scanned from 1° to 22° 2-Theta. Nylon 6 and its 

nanocomposites were scanned from 1° to 28° 2-Theta.
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2.5.3 Atomic Force Microscopy

All samples were embedded using the method described by Spurr.28,29 The 

standard formula to cure all samples was utilized, as in Table 6. Before the embedding 

process, all nanocomposites were cut into smaller pieces and dried to achieve proper 

curing. The nanocomposites were placed into size 00 BEEM capsule along with the 

embedding resin. The capsules were then placed in a 70°C oven for curing.

Table 6. Standard and Modified Embedding Formulations.20
W EIG H T OF SPURR C O M PO NENTS (gram s)

CO M PO NENT STANDARD  
FO RM ULA FIRM

HARD SOFT

VCD 10.0 10.0 10.0

DER 736 6.0 4.0 7.0

NS A 26.0 26.0 26.0

DM AE 0.4 0.4 0.4

The embedded nanocomposites were microtomed using a Boeckeler RMC 

Product PowerTome XL with a RMC MTXL computer attachment. A diamond knife 

was used to obtain 100 nm thick nanocomposite slices. The sliced samples were placed 

on silicon oxide wafers, which were previously cut into 2.00 cm2 plates, and dried under 

vacuum in a glass dissicator filled with Drierite. Once dried, the samples were 

sandwiched between silicon oxide plates and placed in an 85°C oven under vacuum. 

They were then transferred into a 98 % R.H. chamber and later scanned with the Atomic 

Force Microscope. The samples were scanned at hourly intervals.
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Atomic Force Microscopy (AFM) was done with a Veeco Dimension 3100 

Atomic Force Microscope attached to a Nanoscope Dimension 3100 Controller. Contact

mode AFM was used for all analysis.



CHAPTER 3

RESULTS AND DISCUSSION

3.1 Monofilaments and Films Visual Appearance

The monofilament PCNs of Nylon 6 and Nylon-MXD6 showed signs of 

yellowing with increased clay loadings when compared to the pristine polymers. In both 

the Nylon 6 and Nylon-MXD6 systems, the 0.5 % clay loaded nanocomposites showed 

the least coloration. The 2 % clay loaded nanocomposites showed a darker hint of 

yellowing while the 5 % clay loaded nanocomposites exhibited the greatest color 

distortion.

All extruded films (> 2 mm) showed the same yellowing characteristics as the 

monofilaments. When the films were pressed (< 1 mm) into thinner sections, it became 

harder to distinguish between the pristine polymer, the 0.5 % PCN, and the 2 % PCN. 

The 5 % clay loaded systems differed slightly in coloration, but was still difficult to 

distinguish from the others.

3.2 Thermogravimetric Analysis

Thermogravimetric analysis was used to determine the actual clay loadings of the 

newly made nanocomposites. The remaining residual mass after the TGA experiments
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for each nanocomposite was compared to that of pristine polymers. The relative clay 

loadings were calculated based on the percent difference from their corresponding 

residual mass.

3.2.1 TGA of Nylon 6 and Nanocomposites

Nylon 6 acted as the benchmark for all other Nylon 6 nanocomposites. All 

samples were run in triplicate. At 800°C, TGA gave a mass residue of 0.01964 mg from 

a sample initially weighing 10.1920 mg. After the analysis, 0.1927 % of the original 

sample was left after the experimental run. The TGA graph of Nylon 6 is depicted in 

Figure 8. Table 7 contains TGA data for all Nylon PCNs along with the pristine polymer. 

Figure 9 illustrates an overlay for the TGA graphs of the Nylon 6 samples.
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Figure 8. Thermogravimetric Analysis of Nylon 6. Data was collected at 800°C.
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Table 7. TGA Results of Nylon 6 and PCNs. Data was recorded at 800°C.
Sam ple Initial mass 

(mg)

Residue (mg) Percent residue Clay loading (% )

Nylon 6

Pristine polym er

10.1920 0.01964 0.193

Nylon 6

0.5 % clay loading

6.5790 0.04291 0.652 0.58

Nylon 6

2 % clay loading

9.9540 0.1681 1.689 1.87

Nylon 6

5 % clay loading

5.6588 0.2288 4.044 4.85

T e m p e r a tu r e  ( ° C )  Universal V3.9A TA Instruments

Figure 9. TGA Overlay of Nylon 6 and PCNs. Data was collected at 800°C.
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3.2.2 TGA of Nylon-MXD6 and Nanocomposites

Nylon-MXD6 was the marker for all nanocomposites of this type. All samples 

were run in triplicate. TGA gave a mass residue of 0.02658 mg, at 800°C, from a sample 

initially weighing 24.5900 mg. From the original sample, 0.1081 % residue was left after 

the experimental run. The TGA graph for Nylon-MXD6 is seen in Figure 10 and the 

overlay of all MXD6 systems in Figure 11. Table 8 contains the experimental data, 

collected at 800°C, for all Nylon-MXD6 samples.

Figure 10. Thermogravimetric Analysis of Nylon-MXD6. Data was collected at
800°C.
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Table 8. TGA Results of Nylon-MXD6 and PCNs. Data was recorded at 800°C.
Sam ple Initial mass

(mg)

Residue (m g) Percent residue Clay loading (% )

NyIon-M XD6  

Pristine polym er

24.5900 0.0265 0.108

NyIon-M XD6 

0.5 % clay loading

5.0980 0.0276 0.542 0.54

Nylon-M XD6  

2 % clay loading

6.0007 0.0869 1.448 1.68

Nylon-M XD6  

5 % clay loading

14.3070 0.5303 3.707 4.53

Figure 11. TGA Overlay of Nylon-MXD6 and PCNs. Data was collected at 800°C.
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3.2.3 Experimental Clay Loading

It is easy to speculate possible reasons for underloading the samples. The 

polymer-organoclay mixtures were not introduced into the extruder in proper amounts.

In all cases, small amounts of organoclay were left attached to the Ziploc bag. When the 

systems were extruded, a considerable amount of the organoclay did not pass through the 

melt process, but was found inside the rear chamber of the extruder.

3.3 X-ray Diffraction

The goal in producing thin films was to create oriented-exfoliated systems since it 

is well established that the platy morphology of the clay orients strongly along flow lines. 

X-ray diffraction data was also used to establish whether or not the clay platelets in the 

PCNs were exfoliated into the polymer matrix.

X-ray diffraction data of monofilament pressed films originally indicated that 

some level of intercalation (small diffraction peaks at low 2-Theta) was present in some, 

but not all polymer clay nanocomposites. This was especially true for the Nylon-MXD6 

PCNs, which when melt compounded produced uneven exfoliation, see Figure 12. After 

the thm film extrusion process, the absence of peaks at low 2-Theta angles indicated the 

absence of an intercalated system and the presence of an exfoliated system. The 

orientation of the clay in the thin films makes the x-ray much more sensitive to

intercalates.
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Figure 12. SEM Image of Etched Nylon 6 (top) and Nylon-MXD6 (bottom) at 5 % 
Clay Loading. Evidence of uneven exfoliation is seen for Nylon-MXD6.

3.3.1 X-ray Diffraction of Nylon 6 and Nanocomposites

In recent years, it has been observed that clay nanoparticles, like montmorillonite, 

affect the crystallization behavior of Nylon 6. It has been reported, for Nylon 6 PLS, that 

the addition of a silicate favors the transformation from the a-crystalline form to the y-
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OA "2 1 2A Q O
crystalline form. ’ ’ ’ The addition of clay favors the y-crystalline form with 

increasing clay loading regardless of preparation type.

Figure 13 contains the x-ray diffraction data for Nylon 6 and Nylon 6 

nanocomposites, individual x-ray diffraction data can be seen m the Appendix. The data 

acquired is in agreement with the experimental data obtained by Liu .34 Nylon 6 exhibits 

two stable crystal structures, the a and y monoclinic forms. The peaks observed at 

20.275° and 23.422° 2-Theta for pristine Nylon 6 are characteristic of a-crystalline form, 

represented as a-1 and a-2 by Wu.

These characteristic a-crystalline form peaks are observed for the 0.5 % clay 

loaded nanocomposite at 20.285° and 23.961° 2-Theta. The intensity of these peaks has 

changed with the addition of the nanoclay. For the 0.5 % clay loaded nanocomposite, the 

a-2 diffraction peak was more intense than the a-1 diffraction peak when compared to 

Nylon 6.

The 2 % clay loaded Nylon 6 nanocomposite exhibited a different crystal 

structure conformation altogether. The y and not the a-crystal structure was now the 

dominate form. The weak diffraction peak at 10.999° and the strong diffraction peak at 

21.545° 2-Theta are characteristic of the y-crystal structure.

The higher clay loaded nanocomposite (5 %) expressed the same characteristic 

crystalline behavior as the previously discussed PCN. The y-crystalline diffraction peaks 

are observed at 11.062° and 21.712° 2-Theta.
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2-Theta - Scale

Figure 13. X-ray Diffraction Data of Nylon 6 and Nanocomposites.

Nylon 6 is well known for forming the maximum number of hydrogen bonds 

between polymer chains. These H-bonds dictate the crystal structure present in a 

polyamide system. Two crystalline structures form in Nylon 6, a and y. These two 

structures have been well documented in the literature via X-ray diffraction.36,37,38,39,40

For Nylon 6, the plane of the (CH2)s group and the amide group in the a- 

crystalline form are parallel to each other, while in the y-crystalline they offer a more 

perpendicular arrangement.41 There are two chain conformations demonstrated by Nylon 

6, the full-extended chain and the twisted chain as illustrated in Figure 14. H-bonding in 

a parallel chain arrangement results in a y-crystalline form, and an antiparallel chain 

arrangement is characteristic of an a-crystal structure. With the addition of clay, H-bonds 

form between parallel chains creating a more favorable y-crystalline form. The



relationship with the silicate and the polymer governs this behavior, while the organic 

modifier plays an insignificant role in this event.
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H-bonds between 
amiparallcl chains

H-bonds between 
parallel chains

H-bonds between I I-bonds between
antiparallel chains parallel chains

Figure 14. Conformational Crystal Structures of Nylon 6.40 In all there are 8 classes 
and 14 stacking schemes for a total of 112 regular infinite chain crystal structures.

3.3.2 X-ray Diffraction of Nylon-MXD6 and Nanocomposites

The absence of low 2-Theta peaks in the x-ray diffraction data of the Nylon- 

MXD6 nanocomposites indicated a fully exfoliated system, as noted in section 3.2.1. 

Compared to the Nylon 6 systems, sharp and intense peaks were not seen at higher 2- 

Theta values. Instead, one broad peak was seen throughout the study. The broad peaks 

at higher 2-Theta values are characteristic of an amorphous type system. Figure 15 

contains the x-ray diffraction data for all Nylon-MXD6 samples.
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Figure 15. X-ray Diffraction Data of Nylon-MXD6 and Nanocomposites.

3.4 Atomic Force Microscopy

Through topographical analysis, AFM experiments located the constrained and 

unconstrained polymer regions in the PCN. Table 9 contains theoretical distances 

between clay plates in fully oriented-exfoliated PCNs.
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Table 9. Theoretical Clay Distances in an Oriented-Exfoliated PCN.
weight % w/m odifier W eight % clay Volum e % clay D istance between clay

plates (nm)

0.5 0.4 0.154 648

2.0 1.6 0.615 162

5.0 4.0 1.54 64

Before any discussion in regards to measured topographical distances in AFM, it 

must be noted that it was desirable to measure the same area multiple times over a pre- 

established period, it was however difficult to do as a result of drift in both the y axis 

(slow axis) and x axis (fast axis) in the scans. In turn, it was easier to see the degree of 

swelling (shrinkage) over time in the systems in which the same area was captured. 

Throughout this paper, discussions began with the Nylon 6 samples, in the next section 

Nylon-MXD6 will be discussed first. All topographical measurement analysis (2-D, 3-D, 

and graphs) for all systems are located in the Appendix

3.4.1 AFM Analysis of Nylon-MXD6 PCNs

As discussed earlier, in section 1.2.1, the average dimensions of the clay are one 

nanometer in thickness in one dimension and from 150 ~ 250 nanometers in the other 

two. In the AFM experiments, it was assumed that the topographical valleys and hills 

correspond to the constrained and unconstrained polymer regions. In Nylon-MXD6 at 

0.5% clay loading, pits were observed throughout each scan. Analysis of the pits 

revealed measured distances in the range of 200 nm. The distances correlated well with 

the dimensions of the clay, in view of the fact that the clay was oriented perpendicular to



the surface of the film, the dimensions were approximately what was expected for 

montmorillonite.

The average distance from clay plate to clay plate was acknowledged in Table 9 

for each clay loaded PCN, section 3.3. In the area between the clay, due to the absence of 

clay in this region, the unconstrained polymer region dominates. The distance from clay 

plate to plate for a 0.5 % clay loaded system was calculated at 648 nm (refer to Table 9, 

section 3.4). AFM measurements approximately confirmed the calculated distance 

between the clay platelets. The distances measured between clay plates were about 600 

nm which falls reasonably well with what was expected. These measurements can be 

seen m most topographical line graphs for this composite. All diagrams (located in the 

Appendix) contain 3-D and 2-D depictions of this system’s surface at time zero through 

time 2 hours along with topographical measurement data. The green and blue lines, m 

the 2-D diagram, correspond to the examined topographical surface measurements of the 

sample. The green topographical line measurements in the 2-D models are depicted first 

throughout the Appendix.

Similarly to the previously discussed system, the dimension of the pits for Nylon- 

MXD6 at 2 % clay loading measured 200 nm. This strengthens the notion that the pits 

are in fact, clay plates. Nylon-MXD6 at 2 % clay loading contains more clay than at 0.5 

% which is verified through AFM. As a result, more hills and valleys on the 3-D and 2-D 

models are visible on this PCN than on the one previously discussed. The calculated 

distance from clay plate to clay plate for this system is 162 nm. At time zero, 

measurements made were inconclusive regarding clay plate separation. Topographical 

hills and valleys were not as pronounced and therefore could not be interpreted, however
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the distance became more apparent with time. At time 1 hour, the distance from clay 

plate to clay plate was in the range of 200 nm, this number is comparable with the 

calculated value of 162 nm. At time 2 hours similar observation were made. As 

expected, the unconstrained polymer region has diminished with increasing clay loading.

The 5 % clay loaded Nylon-MXD6 system displayed more but less pronounced 

features than at 2 %. Measurements of the unconstrained areas were relevant throughout 

each scan. More hills and valleys were present than in the other two systems which, 

again, was expected. As time progressed, these observations were accentuated. At time 

zero several indentations measured closely to the dimension of the clay, which provided 

convincing evidence of the presence of clay in these areas. Topographical measurements 

compared well with the calculated distance between clay plates for this system. The 

distance roughly measured 100 nm, compared to the calculated value of 64 nm. This was 

particularly observable after a lapse of time 2 hours.

3.4.2 AFM Analysis of Nylon 6 PCNs

AFM experiments conducted for the Nylon 6 at 0.5 % clay loading were at times 

difficult to interpret. The effects caused by water absorption did not help with the 

identification of the constrained and unconstrained polymer regions. The unconstrained 

polymer region was expected to swell, for a 100 nm thick slice, significantly. This was 

not the case for this type system. Topographical features illustrated the same frequency 

of hills and valleys observed in the Nylon-MXD6 nanocomposites at the same clay 

loading, but unfortunately, height measurements were on the order of 1-3 nm. As a 

result, it was harder to determine the areas in which the constrained and unconstrained
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polymer regions were located. The system, over time, did not experience many 

topographical changes, which led to the idea that longer time intervals (water 

evaporation) were needed for all Nylon 6 type nanocomposites. The locations of the clay 

platelets were at times indistinguishable.

Nylon 6 at 2 % clay loading contained characteristic topographical style 

features seen in the Nylon-MXD6 PCNs. Swelling effects were considerable and more 

apparent than at 0.5 % clay loading. All Nylon 6 PCNs were expected to swell to a 

higher degree than those of the Nylon-MXD6 PCNs. This expected occurrence only 

happened at 2 % clay loading. Hills and valleys were highly recognizable in this type 

system and increased with time. Pits on the surface of the material measured closely to 

clay dimensions, signifying a presence in this area. This characteristic was not seen well 

at 0.5 % clay loading. Measurements of the clay plate separations were in the range of 

about 400 nm, the calculated size was 648 nm.

Nylon 6 at 5 % clay loading resembled the 0.5 % clay loaded system. The 

topographical height measurements were also in the range of 1-3 nm. As in the Nylon- 

MXD6 at 5 % clay loading, more hills and valleys were seen on the surface, and these 

increased with time. Detailed analysis of the constrained and unconstrained polymer 

regions were again difficult to interpret and therefore inconclusive.

3.4.3 Constrained Polymer Region

As discussed earlier in the introductory section of this paper, the expected range 

of the constrained polymer region predicted by Beall theoretically extends 50-100 nm 

from the surface of the clay. AFM analysis clearly demonstrated this to be true. Most of
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the measured values for the constrained polymer region fell in agreement with the 

theoretically assumed values. Tables 10-13 contain measurement data of the constrained 

polymer region for all except two systems. Topographical measurements of Nylon 6 at 

0.5 % and 5 % clay loading were difficult to analyze.

The simplest topographical measurements for the constrained polymer regions 

occurred in the areas in which pits were present, as valley to hill measurements were not 

as trivial. These measurements were made from the centers of the pits and valleys then 

extended to the midpoint of a hills maximum. Figures 16 and 17 represent typical style 

measurements for the constrained polymer region.

Analysis of the constrained polymer region depended greatly on the extent of the 

gradient m which a pit or valley met with its corresponding hill. At higher gradients, 

reference points established lower values for the constrained polymer region. 

Consequently, areas with broader gradients corresponded with higher values for the 

region.
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Table 10. Constrained Polymer Region at Time 2 Hours for Nylon-MXD6 at 0.5% 
Clay Loading. The values are expressed in nm, standard deviation 20.559.

65 85 83 74 81 76 103
102 90 96 86 88 93 94

78 72 79 90 90 95 72
87 86 75 84 88 93 116
65 124 130 75 126 104 77
97 57 84 71 118 141 67

113 121 61 88 92 51 56
78 46 4 5 57 78 99 70
59 63 88 72 59 84 84
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Table 11. Constrained Polymer Region at Time 2 Hours for Nylon-MXD6 at 2 % 
Clay Loading. The values are expressed in nm, standard deviation 20.375.

79 87 71 96 79 99 77
80 114 54 108 96 83 128
68 117 123 98 64 76 78
87 92 78 79 66 90 4 9
99 4 7 68 52 4 4 50 83
41 66 82 44 84 118 76
93 100 86 93 86 118 92
92 86 93 86 96 100 67
83 70 71 62 65 55 59

Table 12. Constrained Polymer Region at Time 2 Hours for Nylon-MXD6 at 5 % 
Clay Loading. The values are expressed in nm, standard deviation 19.492.

94 92 82 85 9 5 77 92
58 100 35 87 62 41 68
68 39 30 78 70 37 39
37 51 60 79 70 32 33
4 7 94 61 64 42 39 43
67 51 45 38 74 68 70
62 44 68 65 84 82 62
81 98 87 78 69 52 43
59 73 50 68 68 4 4 89

Table 13. Constrained Polymer Region at Time 2 Hours for Nylon 6 at 2 % Clay
Loading. The values are expressed in nm, standard deviation 14.395.

74 81 78 93 62 99 75
89 91 92 85 97 62 59
77 76 81 103 77 74 78
84 75 75 58 97 63 87
86 69 67 104 71 90 73
79 88 93 57 63 72 78
86 93 56 56 87 89 72
84 88 78 86 88 87 101

126 86 120 75 95 96 97
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v u v  \ ŝ&\\ n\u / A  Yw \\v 

F 5 M f ^ N \ \ \  NSmitUV J i  /////>
, m v \ \ \ \ \ \ \  L - ^ ™ V
'A \\\\\\\ M i
■ jm $ \

,  \ U \ A 1  u
1  J l l  \  ti ? . n ' / n ) i \ v \
W W W  t / / /  /  f  / / / / W W - m
AW m m  f rJ ))// u  ((((I 
u i  S r u w m  w r r 1/\ ^
> } \ ^ w m \ w u n \ ( r ^ ~ i i m
l ~ ~  \  i t m « m i  i r \ \ \ \
: \  \ \ \ j \ \ \ \ \ m m \ \ \ \ \ \ \  { \ \ \ \
k -L i_ ^  „ \ m v

Figure 16. Typical Topographical Surface Measurements for all PCNs. A
scanned surface area of 1pm x 1pm is depicted.
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Figure 17. Typical Topographical Surface Measurements for the 
Constrained Polymer Region. A scanned surface area of 1pm x 1pm is depicted.



CHAPTER 4

CONCLUSION

An attempt was made to measure the constrained polymer regions for several 

PCNs. It was theorized that the constrained polymer region extends 50 to 100 nm away 

from the surface of the clay. Analysis performed through AFM established that the range
o

did in fact fall in agreement with the speculated values proposed by Beall.

AFM topographical information of the PCNs proved to be of great importance. 

With an increase in clay loading, topographical hills and valleys became more frequent 

for a given area as seen in Figure 18. This occurred because of the decrease in the 

distance between clay plates. In higher clay loaded samples, the clay plates were closer 

to each other and as a result the frequency of hills and valleys were higher than on those 

of the lower clay loaded PCNs.

Figure 18. Increase of Topographical Features with an Increase in Clay 
Loading. Nylon-MXD6 at 0.5, 2.0, and 5.0 % clay loading are depicted respectively, a 

scanned surface area of 1 pm x 1 pm is portrayed.

Experimentally measured distances between clay plates were in reasonable

agreement with expected values. Trends were apparent when the distances between clay

40



41

plates were measured. In systems with lower clay loading, the distances between clay 

plates were higher. Lower distances between clay plates were seen in systems with 

higher clay contents.

Water evaporation played a role in determining and measuring the areas in which 

the constrained polymer regions relied. As water vapor escaped from the systems into 

the surroundings, the swelling character (shrinkage) and resolution of the hills and valley 

also became more apparent. It was determined that a higher time interval or increase 

temperature, for the evaporation of water to the surroundings was necessary.

The swelling behavior of the studied PCNs is also attributed to their crystalline 

makeup. The addition of clay turns the amorphous Nylon-MXD6 polymer into one with 

a pseudocrystalline character. This crystalline behavior is observed in areas which are in 

close proximity to the surface of the clay, the constrained polymer region. When 

comparing the unconstrained to the constrained polymer region of Nylon-MXD6, a 

decrease in free volume is observed in the area which acts crystalline. As a result the 

swelling effect caused by the solvent is amplified in the areas in which clay is absent, the 

unconstrained polymer region. These areas are clearly seen in the AFM analysis.

Nylon 6 acted in a different manner than Nylon-MXD6. The polymer is already 

in a crystalline state and so the swelling imparted by the solvent was more uniform in 

these samples. The topographical relief on the surface was significantly lower than those 

on Nylon-MXD6. The distinct amplitude of hills and valley of Nylon-MXD6 was a 

result of a transition from a crystalline domain to an amorphous one. In Nylon 6 the 

transition was between two crystalline forms and therefore the swelling amplitude for 

both areas acted quite similarly.
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APPENDIX 1

X-ray Diffraction

1. X-ray Diffraction of Nylon 6.

2. X-ray Diffraction of Nylon 6 at 0.5 % clay loading.

3. X-ray Diffraction of Nylon 6 at 2.0 % clay loading.

4. X-ray Diffraction of Nylon 6 at 5.0 % clay loading.

5. X-ray Diffraction of Nylon-MXD6.

6. X-ray Diffraction of Nylon-MXD6 at 0.5 % clay loading.

7. X-ray Diffraction of Nylon-MXD6 at 2.0 % clay loading.

8. X-ray Diffraction of Nylon-MXD6 at 5.0 % clay loading.
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2-Theta - Scale

1. X-ray diffraction of Nylon 6.

2. X-ray Diffraction of Nylon 6 at 0.5 % clay loading.
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3. X-ray Diffraction of Nylon 6 at 2.0 % clay loading.

2-Theta - Sc&e

4. X-ray Diffraction of Nylon 6 at 5.0 % clay loading.
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5. X-ray Diffraction of Nylon-MXD6.

6. X-ray Diffraction of Nylon-MXD6 at 0.5 % clay loading.
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2-Theta - Scale

7. X-ray Diffraction of Nylon-MXD6 at 2.0 % clay loading.

8. X-ray Diffraction of Nylon-MXD6 at 5.0 % clay loading.



APPENDIX 2

Atomic Force Microscopy Analysis

1. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero

2. 2-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero, green
and blue lines represent topographical surface measurement.

3. Topographical Analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero, the
graph represents the green line in 2.

4. Topographical Analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero, the
graph represents the blue line in 2.

5. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes.

6. 2-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes,
green and blue lines represent topographical surface measurement.

7. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes,
the graph represents the blue line of 6.

8. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes,
the graph represents the blue line of 6.

9. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour.

10. 2-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour,
green and blue lines represent topographical surface measurement.

11. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour, the
graph represents the green line of 10.

12. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour, the
graph represents the blue line of 10.

13. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours.
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14. 2-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours,
green and blue lines represent topographical surface measurement.

15. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours, the
graph represents the blue line of 14.

16. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours, the
graph represents the blue line of 14.

17. 3-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time Zero.

18. 2-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time Zero, green
and blue lines represent topographical surface measurement.

19. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero, the
graph represents the green line of 18.

20. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time Zero, the
graph represents the blue line of 18.

21. 3-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time 1 Hour.

22. 2-D AFM Image of Nylon-MXD6 at 2 % Clay Loading at Time 1 Hour, green and
blue lines represent topographical surface measurement.

23. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 1 Hour, the
graph represents the green line of 22.

24. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 1 Hour, the
graph represents the blue line of 22.

25. 3-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours.

26. 2-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours,
green and blue lines represent topographical surface measurement.

27. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours, the
graph represents the green line of 26.

28. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours, the
graph represents the blue line of 26.

29. 3-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time Zero.

30. 2-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time Zero, green
and blue lines represent topographical surface measurement.
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31. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time Zero, the
graph represents the green line of 30.

32. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time Zero, the
graph represents the blue line of 30.

33. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time Zero, the
graph represents a cross section from 30.

34. 3-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour.

35. 2-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour,
green and blue lines represent topographical surface measurement.

36. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour, the
graph represents the green line of 35.

37. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour, the
graph represents the blue line of 35.

38. 3-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 2 Hours.

39. 2-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 2 Hours,
green and blue lines represent topographical surface measurement.

40. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time 2 Hours, the
graph represents the green line of 39.

41. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time 2 Hours, the
graph represents the green line of 39.

42. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time Zero.

43. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time Zero, green and
blue lines represent topographical surface measurement.

44. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time Zero, the graph
represents the green line of 43.

45. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time Zero, the graph
represents the blue line of 43.

46. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes.
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47. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes,
green and blue lines represent topographical surface measurement.

48. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes, the
graph represents the green line of 47.

49. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes, the
graph represents the blue line of 47.

50. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour.

51. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour, green
and blue lines represent topographical surface measurement.

52. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour, the graph
represents the green line of 51.

53. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour, the graph
represents the blue line of 51.

54. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours.

55. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours, green
and blue lines represent topographical surface measurement.

56. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours, the graph
represents the green line of 55.

57. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours, the graph
represents the blue line of 55.

58. 3-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time Zero.

59. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time Zero, green and
blue lines represent topographical surface measurement.

60. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time Zero, the graph
represents the green line of 59.

61. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time Zero, the graph
represents the blue line of 59.

62. 3-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 30 Minutes.

63. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 30 Minutes, green
and blue lines represent topographical surface measurement.
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64. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 30 Minutes, the
graph represents the green line of 63.

65. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 30 Minutes, the
graph represents the blue line of 63.

66. 3-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 1 Hour.

67. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 1 Hour, green and
blue lines represent topographical surface measurement.

68. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 1 Hour, the graph
represents the green line of 67.

69. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 1 Hour, the graph
represents the blue line of 67.

70. 3-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 2 Hours.

71. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 2 Hours, green
and blue lines represent topographical surface measurement.

72. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 2 Hours, the graph
represents the green line of 71.

73. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 2 Hours, the graph
represents the blue line of 71.

74. 3-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time Zero.

75. 2-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time Zero, green and
blue lines represent topographical surface measurement.

76. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time Zero, the graph
represents the green line of 75.

77. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time Zero, the graph
represents the blue line of 75.

78. 3-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time 1 Hour.

79. 2-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time 1 Hour, green and
blue lines represent topographical surface measurement.
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80. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 1 Hour, the graph
represents the green line of 79.

81. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 1 Hour, the graph
represents the blue line of 79.

82. 3-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time 2 Hours.

83. 2-D ATM Surface Image of Nylon 6 at 5 % Clay Loading at Time 2 Hours, green
and blue lines represent topographical surface measurement.

84. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 2 Hours, the graph
represents the green line of 83.

85. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 2 Hours, the graph
represents the blue line of 83.
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1. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero.
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topographical Analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero, the 
graph represents the green line of 2.

4. Topographical Analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time Zero, the
graph represents the blue line of 2.
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5. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes.

6. 2-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes, 
green and blue lines represent topographical surface measurement.
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Dpographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes, 
the graph represents the blue line of 6.

8. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 30 Minutes,
the graph represents the blue line of 6.
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9. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour.

10. 2-D AFM Surface Image ofNylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour,
green and blue lines represent topographical surface measurement.
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"opographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour, the 
graph represents the green line of 10.

12. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 1 Hour, the
graph represents the blue line of 10.
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13. 3-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours.

14. 2-D AFM Surface Image of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours,
green and blue lines represent topographical surface measurement.
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opographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours, the 
graph represents the blue line of 14.

16. Topographical analysis of Nylon-MXD6 at 0.5 % Clay Loading at Time 2 Hours, the
graph represents the green line of 14.
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17. 3-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time Zero.

18. 2-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time Zero, green
and blue lines represent topographical surface measurement.
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Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time Zero, the 
graph represents the green line of 18.

X(nm)

20. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time Zero, the
graph represents the blue line of 18.
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21. 3-D AFM Surface Image ofNylon-MXD6 at 2 % Clay Loading at Time 1 Hour.

22. 2-D AFM Image of Nylon-MXD6 at 2 % Clay Loading at Time 1 Hour, green and
blue lines represent topographical surface measurement.
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Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 1 Hour, the 
graph represents the green line of 22.

24. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 1 Hour, the
graph represents the blue line of 22.
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25. 3-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours.

26. 2-D AFM Surface Image of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours
green and blue lines represent topographical surface measurement.
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ropographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours, the 
graph represents the green line of 26.

28. Topographical analysis of Nylon-MXD6 at 2 % Clay Loading at Time 2 Hours, the
graph represents the blue line of 26.
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29. 3-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time Zero.

30. 2-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time Zero, green
and blue lines represent topographical surface measurement.
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Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time Zero, the 
graph represents the green line of 30.

32. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time Zero, the
graph represents the blue line of 30.
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33. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time Zero, the 
graph represents a cross section from 30.

34. 3-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour.
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35. 2-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour, 
green and blue lines represent topographical surface measurement.

36. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour, the
graph represents the green line of 35.
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37. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time 1 Hour, the
graph represents the blue line of 35.

38. 3-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 2 Hours.
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39. 2-D AFM Surface Image of Nylon-MXD6 at 5 % Clay Loading at Time 2 Hours, 
green and blue lines represent topographical surface measurement.

40. Topographical analysis of Nylon-MXD6 at 5 % Clay Loading at Time 2 Hours, the
graph represents the green line of 39.



74

4 -

41. Topographical analysis ofNylon-MXD6 at 5 % Clay Loading at Time 2 Hours, the
graph represents the green line of 39.

42. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time Zero.
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43. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time Zero, green and 
blue lines represent topographical surface measurement.

X[nm]
44. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time Zero, the graph

represents the green line of 43.
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X[nm]
45. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time Zero, the graph

represents the blue line of 43.
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46. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes.

47. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes,
green and blue lines represent topographical surface measurement.
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X[mn]
. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes, the 

graph represents the green line of 47.

X[nm]
49. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 30 Minutes, the

graph represents the blue line of 47.
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50. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour.

51. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour, green
and blue lines represent topographical surface measurement.
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X[mn]
52. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour, the graph

represents the green line of 51.

X[nm]
53. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 1 Hour, the graph

represents the blue line of 51.
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54. 3-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours.

55. 2-D AFM Surface Image of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours, green
and blue lines represent topographical surface measurement.
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X[nm]
Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours, the graph

represents the green line of 55.

X[nm]
57. Topographical analysis of Nylon 6 at 0.5 % Clay Loading at Time 2 Hours, the graph

represents the blue line of 55.
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58. 3-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time Zero.

59. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time Zero, green and
blue lines represent topographical surface measurement.
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X[nm]
Topographical analysis of Nylon 6 at 2 % Clay Loading at Time Zero, the graph

represents the green line of 59.

X[nm]
61. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time Zero, the graph

represents the blue line of 59.
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63. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 30 Minutes, green
and blue lines represent topographical surface measurement.
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X[nm]
. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 30 Minutes, the 

graph represents the green line of 63.

X[nm]
65. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 30 Minutes, the

graph represents the blue line of 63.
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66. 3-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 1 Hour.

67. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 1 Hour, green and
blue lines represent topographical surface measurement.
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X[nm]
. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 1 Hour, the graph

represents the green line of 67.

X[mn]
69. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 1 Hour, the graph

represents the blue line of 67.
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70. 3-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 2 Hours.

71. 2-D AFM Surface Image of Nylon 6 at 2 % Clay Loading at Time 2 Hours, green
and blue lines represent topographical surface measurement.
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X[nm]
72. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 2 Hours, the graph

represents the green line of 71.

X[mn]
73. Topographical analysis of Nylon 6 at 2 % Clay Loading at Time 2 Hours, the graph

represents the blue line of 71.
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74. 3-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time Zero.

75. 2-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time Zero, green and
blue lines represent topographical surface measurement.
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X[nm]
76. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time Zero, the graph

represents the green line of 75.

X[nm]
77. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time Zero, the graph

represents the blue line of 75.
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78. 3-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time 1 Hour.

200nm

79. 2-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time 1 Hour, green and
blue lines represent topographical surface measurement.



Z[n
m| 

oo 
Z[n

mj

94

X[nm]
. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 1 Hour, the graph

represents the green line of 79.

X[nm]
81. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 1 Hour, the graph

represents the blue line of 79.
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82. 3-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time 2 Hours.

83. 2-D AFM Surface Image of Nylon 6 at 5 % Clay Loading at Time 2 Hours, green
and blue lines represent topographical surface measurement.
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X[nm]
84. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 2 Hours, the graph

represents the green line of 82.

X[nm]
85. Topographical analysis of Nylon 6 at 5 % Clay Loading at Time 2 Hours, the graph

represents the blue line of 82.
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