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ABSTRACT

Recently, nanoclay/epoxy composites (NCs) have attracted much attention by

researchers from different fields. Many studies have reported that the mechanical

properties of epoxy can be improved with only mixing a small amount of

nanoclays (3-5 wt.%). Polymer and advance composite industries can highly

benefit from such achievements both economically and practically. From recent

researches, it was reported that the degree of exfoliations of nanoclay platelets in

epoxy is extremely important for altering the mechanical properties of the NCs.

Due to an increase of interfacial bonding surface area of exfoliated nanoclay

platelets, the bonding strength as well as stress transferability between nanoclays

and epoxy therefore increase, which result in improving the overall mechanical

properties of the NCs.

Nevertheless, purely exfoliated nanoclay platelet structures can only be found in

carefully controlled laboratory environments. It is difficult to achieve through

traditional manufacturing processes, such as, extrusion and injection moldings.

Non-uniform pressure distribution in mixtures is always the major cause of

agglomerations of nanoclays during the manufacturing process.
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Many studies have reported that agglomerations of particles decrease the total

kinetic energy in a two-phase mixture. Therefore, the movements of particles

decrease and they adhere to each other to form larger molecules that consist of

many single particles, which are called clusters. The agglomerating phenomenon

in particles explains the cause of formation of nanoclay clusters with intercalated

structures in the NCs. Hence, there is a need to have an indepth study on the effects

of the inclusion of intercalated nanoclay clusters in the NCs in order to suit the real

engineering applications.

In this project, the mechanical properties of the NCs with intercalated nanoclay

clusters (hereafter called “nanoclay clusters”) are studied in detail. With the

X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy

Dispersive X-ray (EDX) materials characterizations, the co-relation of the size

and shape of the nanoclay clusters formed in the NCs with different

manufacturing parameters are investigated. Vickers micro-hardness, wear

resistance and creep tests are conducted on NC samples for the visualization of

the mechanical properties by the reinforcements of nanoclay clusters. Nucleation

of nanoclay clusters in the NCs is explained by the nucleation theory while the

distribution of nanoclay clusters in the NCs is examined by nanoindentation.
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Mathematical models are proposed to facilitate the estimation of the mechanical

properties of the NCs with different amount of nanoclay clusters. The importance

of the thermo-mixing process during production of the NCs is analyzed from the

Flory’s principle. Creep mechanism of the NCs with intercalated nanoclay

clusters is also studied by nanoindentation and a modified model with the aid of

the Kelvin-Voigt model.

From the various mechanical property tests and mathematical models, maximal

mechanical properties were found at 4 wt.% of nanoclays in the NCs. With the

analyses in this project, the principles of the formation of nanoclay clusters and the

mechanical properties of NCs with nanoclay clusters are interpreted in detail that

have not been studied elsewhere previously.
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1. INTRODUCTION

In the past decade, a great deal of research wakicted to investigate the use of
nanofillers to enhance the mechanical propertiepa¥ymers. The form of
nanocomposites was found to have better mechamioaperties than the
enhancement by microcomposites. The resulting csitg@roperties can be
improved because the nanoparticles have a verydpghific surface area. This
area can generate a new material behavior, whicwidely determined by
interfacial interactions, offering unique propestend a completely new class of
materials. Therefore, it is obvious to expect aidbakange in the mechanical
properties. For instance, if a small crack starfgropagate in the nanocomposites,
then it is required to break through many nanogladior shear off the bonding
between the nanoparticles and their surroundingixnas compared with just a
few microparticles. As a result, the energy congionpfor the small crack to go

through the nanocomposites is higher and thus#oture toughness is improved.

In the recent development of nanocomposites, laysiecate (hereafter called
“nanoclays”)/polymer nanocomposites have attracteuch attention in the

composites community. In a low dosage of nanogesti€3 — 5 wt.%), the
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mechanical properties of polymer matrix have alyedsken significantly

improved. For examples, increased elastic modulesteased the coefficient of

thermal expansion, reduced gas permeability, iseaolvent resistance and

enhanced ionic conductivity when compared to prstgpolymers. In previous

research, different nanofillers and polymers inglgd epoxy thermosets,

polyamide, polyimide, polystyrene, polyurethane aoné/propylene were mixed

to investigate the efficiency of enhancement oir tlechanical properties.

Nanoclay/epoxy composites (NCs) demonstrate a fgignt improvement in

their mechanical properties in comparison to préstepoxy with no weight

penalty. Hardness, fracture toughness, stiffnesk leat resistance are greatly

upgraded by the introduction of a small amount (84¢%%) of nanoclays into

epoxy. Exfoliation of nanoclay platelets is sigcafnt for the improvement of

mechanical and thermal abilities in the NCs. Fig. shows three possible forms

of nanoclay platelets inside the NCs.

Doctor of Philosophy Thesis 8



The Hong Kong Polytechnic University C. K. Lam

ESNG
N2
(©)

Figure 1.1 Three typical forms of montmorillonit®INIT) inside polymer
matrix. (a) intercalated, (b) flocculated, and @}foliated

Fully exfoliated nanoclay platelets provide a teoetl path for heat and

mechanical force penetration inside NCs. Thus, Aedtmechanical energies can
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be dissipated and reduced by the exfoliation ofrtheoclay platelets. Another
reason for supporting fully exfoliated NCs is thecrease in the number of
interacting surface areas between the nanoclay®poxly. This can increase the
efficiencies in mechanical adhesion and interfabmiding between nanoclays
and epoxy, and thus improve the mechanical pragsedf the NCs. However,
fully exfoliated nanoclay structures can only benied under strictly controlled
laboratory conditions. Uneven internal pressuredsiced in general industrial
production process of the NCs, especially duringusion and injection molding
processes. From the nucleation theory, the pasticigide a liquid tend to form
tiny clusters due to the increase of surface energgterfacial tension when the

size of clusters increases. For a cluster contginiratoms, its surface energy

oA(n) is given by:

4m[3 nj (1.1)

4

whereo is the interfacial tension per unit areg(n) is the surface area of the

cluster, ands is the volume per molecule in the bulk liquid.
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Thus, when uneven pressure is introduced into peecdNC mixtures, the

probability for the nanoclays to collide and nutéeavith each other naturally

increases. Intercalated nanoclay clusters are dwemingly formed during

extrusion and injection molding processes. Theifoggimce of investigations on

the improvements of mechanical properties by ilated nanoclay clusters in

the NCs is growing dramatically in order to sui¢ tlorm of the NCs during the

manufacturing processes. Several papers have egpibdt intercalated nanoclay

clusters exist in the NCs. Nevertheless, a sysieraatlysis of the effects on the

mechanical properties of the NCs by intercalatedonky clusters has not

previously been conducted elsewhere.

In the project, the mechanical properties of thesN(th intercalated nanoclay

clusters were studied through Vickers micro-hardnegear resistance, creep

mechanism. The optimized wt. % of nanoclays inNi@é&s was proved through

rigorous experimental interpretations and matherabsinalysis. It is important to

visualize the factors that may affect the sizeansfatlay clusters of the NCs during

manufacturing processes before in-depth studyeim thechanical properties. The

environmental factors that control the size of rdan clusters in the NCs were
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experimentally studied. During the preparationhe NCs, the following factors

affected the ease of formation of nanoclay clusters

1. Weight percentage of nanoclays in the NCs

2. Sonicating time of NC mixtures before curing

3. Reaction temperature of the NC mixtures

4. Vacuuming time of the NC mixtures before curing

Firstly, the weight percentage of the nanoclayheNCs plays an important role

in the dispersion effect of the nanoclay platelétse dispersion effect is limited

by adding more nanoclays in the epoxy when themelis unchanged.

Secondly, the sonicating times of the NC mixtunesaso very important to the

exfoliation of the nanoclay platelets. Extra eneigygiven to the nanoclay

platelets to move around when sonicating the NQumes. If less energy is given

to the mixture, the nanoclay platelets do not hameugh energy to exfoliate

within the nanoclay clusters, thus, the aid fopdrsion is limited. However, if the

nanoclay platelets have too much energy to movarakothen the frequency of

collision between each single nanoclay plateletreiases. The chance of
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nanoclay platelets to tangle up and react to folanger nanoclay cluster increases.

Hence, the dispersion mechanism may be adversédgtedl when too much

energy is given to the nanoclay platelets. Theegfan optimum sonicating time

must be achieved in order to have the maximum dsgpe ability.

Thirdly, just like the sonicating mechanism, thaating temperature affects the

dispersion effects of the NC mixtures by providergrgy to the nanoclays. When

the reacting temperature is increased, so doesiteegy for each nanoclay

platelets to break apart from others. Thus, inéngathe reacting temperature of

the NC mixtures increases the tendency for the claplatelets to break the

bonding and enhances the dispersion effects.

Finally, gas bubbles inside the NC mixtures alsteri®rate the mechanical

properties as the bonding between the nanoclayeckigind epoxy is altered.

Hence, vacuuming the NC samples is significantrtsuee that the mechanical

properties of the NCs have not been adverselytaffieéds a result, it is important

to control the vacuuming time of the NCs.

Doctor of Philosophy Thesis 13



&

The Hong Kong Polytechnic University C. K. Lam

Therefore, the mechanical property tests conduatéhis project were based on

studying these four factors that would affect trechanical properties of resultant

composites.

Chapter 2 presents the literature review on reas@mnks on nanocomposites and

illustrates the structure and building blocks ofneeays. The method of

exfoliation of nanoclay platelets in epoxy is obvset, such as, by adding organic

solvents. Moreover, the study of mechanical progef the NCs from previous

researches is shown.

Chapter 3 describes the methods used to charactbazmaterials properties of

the NCs, they are (i) x-ray diffraction (XRD), (8canning electron microscopy

(SEM) and (iii) energy dispersive x-ray analysiDg. They are important to

characterize the internal structure of the NCs fgefoarrying out mechanical

property tests.

In Chapter 4, the mechanical properties of the N@s studied. Mechanical

property tests that were employed in this projeetiatroduced and explained in

detail. The principles and the apparatus of Vickeigo-hardness test, ultrasound
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sonication, wear resistance test and nanoindentatie presented. Experimental

results of the mechanical properties of the NCshwiainoclay clusters are

demonstrated. The mechanical properties of the B\Catroducing nanoclay

clusters are then explained from the results obthiithe chapter concludes with

an explanation of the optimization effects by tla@aclay clusters in the NCs.

After measuring the mechanical properties of irdlated nanoclay clusters in the

NCs, several mathematical models use to prediatnnhanical properties of the

NCs with intercalated nanoclay clusters are edstlabdl in Chapter 5.

Mathematical models of Vickers micro-hardness, wessistance and creep

mechanism of the NCs with intercalated nanoclaystelis are proposed. In

addition, the effect of thermo-mechanical mixing®gy in the preparation of the

NCs is modeled. Finally, the formation of inter¢ath nanoclay clusters is also

explained mathematically. From the mathematical ehatbnstructed in this

chapter, the behavior of intercalated nanoclay tetgsin the NCs can be

understood and predicted.

Chapter 6 concludes the project and proposes fpgsible research areas.
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2. LITERATURE REVIEW

The development on mechanical, bio-medical engingeand aeronautical

components has recently been miniaturized int@wdfit scale levels. Because of

the increasing need of micro/nano-sized devices stndctural members in

nano-tech and space industries, the developmemtewaf advanced materials

which are able to sustain their strength despiteeee temperatures and in all

chemical environments without being mechanicallyerically or thermally

degraded and to be manufactured to high degreeefdcidfree properties,

particularly for space and automotive applicatiovis become a challenge in

this decade.

In the past few years, National Aeronautics andc8psdministration (NASA)

and John Space Centre (JSC) have driven breakthri@etinologies to expand

human exploration of space. The goal is to devetmw materials with

strength-to-weight ratio that far exceeds any ofdags materials.

Nanocomposites have emerged as a very efficieategly to upgrade properties

of synthetic polymers to the level where perforngant these nanocomposites

exceed those of conventional composites. Veprekalethave found that
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nanocomposites exhibit superior hardness and @tgstand a high level of

thermal stability. Carbon nanotubes and nanoclay® lbeen recognized as the

best nano-fillers for the polymer-based compositefulfill these requirements

by Lau et al.. Bradley et al. have stated that esgful use of nanotube/polymer

and nanotube/metal composites in space applicatisndependent on the

structural integrity and mechanical performanceshef composites at extreme

low temperatures, under heat and radiation, andvaiouum environments,

particularly for reusable launch vehicles. Howeuay et al., Schadler et al.,

Sandler et al. and Qian et al. have reported b@abh&notubes do not bond well to

aerospace-used polymer matrices because of thefecpenexagonal atomic

architecture on the nanotubes’ surface. Zhou etnal.Lau et al. have proven that

a good bonding strength between internal reinfoergm and matrix is a

dominant factor in the outstanding mechanical prigee of advanced composite

structures. By using chemical catalysts to imprake bonding strength of

composite systems, may damage the carbon-carbash thah accounts for the

extraordinary mechanical and electrical propemiesanotubes.

LeBaron et al. and Alexandre et al.. have found tmanmercial organoclays

(layered silicates such as montmorillonite whicls laafairly large aspect ratio,
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hereafter called “nanoclays”) could be used to maerospace epoxy

nanocomposites with excellent mechanical strengil ®w coefficient of

thermal expansion at relatively low cost and eddalwication. Companies such

as Nanocor, Southern Clay Products and Zhejiangheeng Clay Chemicals Co.

in the United States, Japan and China have pateigethologies for the

production of nanoclays. Fig. 2.1 shows the schematomic structure of

nanoclays by Ray et al..
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Figure 2.1 Schematic diagram of the atomic struetuof nanoclays
(Captured from Sinha Ray S. et. al., Prog Polym &&,i 1539-1641; 2003)

Several polymer companies in the United StatesJapa@n are producing nylon

nanocomposites for automotive and packaging agmicet Giannelis and Vaia

et al. have reported that a few weight percentagesnoclays with a thickness
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of about 1 nm in polymer boots the heat distortemperature by 80°C, making

structural applications possible under conditiohat tpristine polymer would

normally fail. The existence of silicate platelatshibits the polymer chain

rotation that influences the mechanical and therrpabperties of the

nanocomposites. Dietsche et al. found that in soases, these platelets could

inhibit the crack propagation due to the formatmminmicro-voids when the

nanocomposites are under stress, thus increasiag fricture toughness.

Alexandre et al. and Lau et al. have proven that rtiechanical and thermal

properties of composites could be modulated by +fabdcation process of

intermetallic compounds. A latest literature hagealed that intercalated and

exfoliated morphologies of nanoclay/polymer comfessare highly affected by

the manufacturing time and temperature, which imn tunfluenced the

cross-linking interaction of polymer. The amounnahoclays inside the polymer

also appeared to show different mechanical, theanelelectrical properties of

nanocomposites. The permeability of water, oxyged ather gases of the

nanoclay composites also decreased, making thesposites ideal for building

advanced composite fuel tanks for tomorrow’s relgsalaunch vehicles.

Timmerman et al. clearly demonstrated that the rarmlbtransverse cracking of

carbon fibre/epoxy laminates as a response to enjogycling was significantly
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reduced when nano-fillers were used. The developmkthese polymer-based

nanocomposite materials allows the manufacturedvhiced structures with

high strength and thermal stability. It thus mirzes the risk of geometrical and

thermal distortions caused by changes in the armib@nperature and therefore

maintains the aerodynamic profiles of the struguBecause the layered silicate

nanocomposites achieve composite properties at riowgdr volume fraction of

reinforcements, they avoid many of the costly amunlzersome fabrication

technigues common to conventional fibre-reinforpetymer materials.

Ke et al. and Song et al. claimed that the appatgraddition of a small amount

of nanoclays, typically in the range of 3 - 5 wt.2euld provide an efficient

upgrade on the mechanical and thermal performanaesconventional

polymer-based composites. From an industrial pofiniew, the lightest particles

could be used to produce greater stiffness andmidestability in structural

components at low cost and no weight penalty. Récemany product

manufacturing organizations and commercial comani@ve started to

investigate the possibility of producing this typenanocomposites in order to

fabricate plastic products with high strength amd thermal distortion. However,

these properties depend on the dispersion propadynter-planar arrangements
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of nanoclays inside the composites, as reporteSitiya Ray et al..

Wetzel et al. and Ng et al. have reported thatrthgact and wear resistance, as
well as fracture toughness of advanced compostekl e improved by mixing
an optimal amount of nanoclays. The optimal amafnthe nanoclays in the
composites depends on patrticle size and shape,denaity, dispersion property
and interfacial bonding properties between theiglast and matrix. Figure 2.2

shows Sinha Ray et al.’s three possible structfre@anoclays in epoxy resin.
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Figure 2.2 Three possible structures of nanoclayspoxy resins (Captured
from Sinha Ray S. et. al., Prog Polym Sci, 28, $38@1; 2003)

Many researchers have investigated the fully exfeti nanoclay platelets in

nanoclay/polymer mixture. They propose that fubkjodiated nanoclay platelets
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can maximize the interfacial area for mechanicaldaag between nanoclays and

the polymer matrix. Hence, the study of intercalatganoclay clusters in

nanoclay/polymer structure has never been conductathte. Both exfoliated

and intercalated planar structures can only bedaonaboratory studies, since

this is difficult to achieve during the extrusiondainjection moulding processes.

During the processes, uneven pressure is alwaysodited into a

nanoclay/epoxy mixture and so nanoclays tend téoaggrate into tiny nanoclay

clusters in everyday manufacturing procedures.

Sheng et al. have proposed a mathematical modestimate the mechanical

properties of nanocomposites with an estimatiofetiective clay particles” by

multi-scale modeling techniques. Figures 2.3 andl ghows the schematic

diagram of an effective particle in nanocomposi@sl the micromechanical

modeling techniques of nanocomposites reproducesm frfSheng et al.

respectively.
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Figure 2.3 lllustration of the “matrix” and “partite” domain in (a)
conventional composite and (b) nanocomposite (Gagtirom Sheng N. et. al.,
Polymer, 45, 487-506; 2004)
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Figure 2.4 Micromechanical modeling techniques ahactomposites with
nanoclays (Captured from Sheng N. et. al., Poly@#&r487-506; 2004)

Nevertheless, the mathematical modeling is only approximation and

estimation of nanoclay clusters in polymer mathixreal situations, the shape of

intercalation and agglomeration of nanoclay clissiarpolymer matrix has not

been studied carefully and explained through rigerexperimental techniques.

This project is aimed at studying the mechanicalopmance of nanoclay/epoxy
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composites (NCs) with intercalated nanoclay clssierdetail. With the XRD,

SEM and EDX material characterization techniquég formation, size and

shape of nanoclay clusters in the NCs will be erplh by changing the

manufacturing parameters. Vickers micro-hardnessarwesistance and creep

mechanism will be conducted on NC samples for tisualization of the

mechanical performance by the inclusion of nanoclagters in the NCs. The

nucleation of nanoclay clusters in the NCs will dglained by the nucleation

theory. Distribution of nanoclay clusters in the :\N@ill be examined by the use

of nanoindentation.

Mathematical models will be proposed for the estiomaof the mechanical

properties of the NCs with intercalated nanoclaysi@rs. The importance of the

thermo-mixing process during the production of tés will be analyzed by

using Flory’s principle. The creep mechanism of th€s with intercalated

nanoclay clusters will be studied by nanoindentamd modeled extensively

with the aid of the Kelvin-Voigt model.

Through the studies of the agglomerated nanoclaygtsires in epoxy resins, the

significance of intercalated nanoclay clustershea NCs can be understood and
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thus help industrialists to decide every enginegpnocedure of NC products

according to the models and findings in this prbjec
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3. MATERIALS CHARACTERIZATIONS

It is important to illustrate the materials chaeaitations used in the project
since they are the major analyzing tools for thesheination of the degree of
exfoliation of the nanoclays inside NCs. Besidesfase imaging of NC samples
is significant to visualize the morphology of nalays inside and thus aid the
establishment of mathematical analysis and theaideinterpretation of the

optimization of mechanical properties of the NCs.

3.1 X-RAY DIFFRACTION (XRD)

X-ray diffraction is a material characterizatioratlemployed the diffraction of
x-ray from the reflected x-ray beams. Fig. 3.1 shdie schematic diagram of

x-ray diffraction in a testing sample.
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1
1
\ Platelets Structures in the
l

Materials Being Tested

Figure 3.1 Schematic diagram of XRD

The diffraction of the x-ray beams is differentifferent materials depending on
their interplanar structures. By collecting diffred x-ray beams, the interplanar
distances inside testing samples can be obtainédebBragg’s formula as shown

in Eq. 3.1.

2dsind =nA (3.1)

where d = interplanar distance in the material structures
6 = angle between the diffracted x-ray beams and inberplanar
structure (Bragg’s angle)

J = wavelength of x-ray beams
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For different materials, their angle of diffractiom different for different

interplanar structure arrangements. Hence, XRDbmmonly employed for the

identification of components in materials.

In this project, XRD was used to determine the degf exfoliation of nanoclay

platelets in the NCs. According to the Bragg's fatap asi was fixed in

experiments, the degree of exfoliation of nanocfagtelets was directly

proportional to the interplanar distance and inelgrproportional to the Bragg’s

angle in Eqg. (3.1). Therefore, for fully exfoliatBCs, the Bragg's angle detected

should tend to zero and vice versa.
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3.2 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) was used in phigect to visualize the
surface morphology of NC samples. It helped to tifieno size and location of
nanoclay clusters in NCs. In a SEM experiment réilected electron beams are

collected from the testing sample as shown in ig.

Electron Electron

Emitter Collectg

L

Testing Sample

Figure 3.2 Schematic diagram of SEM

The electron emitter produced parallel electronnimeand emitted them on the
testing samples. As the surface of the testing &afmgs certain imperfections
and roughness, the reflected electron beams must lkartain degree of
diffractions when arriving the electron collect@rshown in Fig. 3.2. As a result,

by scanning over the surface of the testing sammediffracted pattern of
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electron beams according to the surface roughnégbeotesting sample is

collected. The pattern is interpreted by the compand the surface image of the

testing sample is then generated.

However, the surface of the testing sample mustdoeluctible for the effective

reflection of electrons. Thus, for SEM imaging loé¢ tsurface of NCs, a thin layer

of gold coating must be placed on the surface keetiesting. Since the thickness

of the gold coating was only several nanometesesethre, it did not affect the

outcome of the resulting SEM imaging.
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3.3 ENERGY DISPERSIVE X-RAY (EDX)

Energy dispersive x-ray (EDX) is a method to idigntine element composition
of the point being tested. EDX is commonly builtanSEM machine. Fig 3.3

shows the schematic diagram of EDX.

Electron

Emitter

Testing Sample

Figure 3.3 Schematic diagram of EDX

From Fig. 3.3, only one point of the testing samgdea be tested on the element
composition at each time. Therefore, it can helpidentify the location of
nanoclay clusters inside NCs. Fig. 3.4 shows timc#&y graph of EDX if a
nanoclay cluster was hit. The Si content was higltethe nanoclay clusters as

silicate was the major component of nanoclays.
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Figure 3.4 EDX image (a) away from nanoclay clugtgr at the nanoclay
cluster
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4, MECHANICAL PROPERTIES OF NANOCLAY /EPOXY

COMPOSITES

In this chapter, the results from different mechahproperty tests of NCs with
nanoclay clusters are presented. Before movingisecussing the details of the
results, it is absolutely important to understaheé basic principles of the
mechanical property tests as they are the backbohesterpretation of the

testing results.

4.1 MATERIALS

Nanoclay particles (S¥DNanolin DK1 series from the Zhejiang Fenghong
Nanoclay Chemical Technology Company) were usathas-reinforcements for
polymer in this study. The mean diameter, dengity moisture content of the
nanoclays were 25 nm, 0.45 gftand more than 95% of SiDrespectively.
Epoxy was chosen as the resin due to its high egiplity in modern
engineering structures, such as the aircrafts, whiing with nanoclays. The
epoxy resin and hardener selected for this projese Araldit€ GY 251 and

Hardener HY 956 respectively. As recommended bynthaufacturer, they were
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mixed in a ratio of 5 to 1 parts by weight.

4.2 EXPERIMENT PRINCIPLES AND APPARATUS FOR

M ECHANICAL PROPERTY TESTS

4.2.1 MCKERS MICRO-HARDNESSTEST

Vickers micro-hardness test was used to examinenticeo-hardness of NCs

with different preparation treatments. The Vickengcro-hardnes test in this

project was examined on a micro-hardness tester-{EMof the Future-Test

Corporation from Tokyo, Japan as shown in Fig. 4.1.

Micro Vickers
Hardnesa Tester

Figure 4.1 Vickers micro-hardness tester
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The Vickers micro-hardness test makes use of aiggain indent on the surface
of the testing sample with a diamond indenter WBB° separations between the
indenter faces. Each indentation loading is betwkeeda 100 kgf. The holding

time for full load on the sample surface is normalld to 15 seconds. A
rhombus-like indent is left on the sample surfadth & apparent diagonals. The
area of the indent is then obtained. Fig. 4.23sl@ematic diagram illustrates the

parameters of Vickers micro-hardness indenter.

L
36°

1 Sample
TN Surface

d2

d1 \ /
y
Figure 4.2 Parameters of Vickers micro-hardness tes

The Vickers micro-hardness is the quotient betwidsenindentation force and

indention area according to Eqg. (4.1).
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2F sin(l%oj
Ve (4.1)
F
HV =1.854—
d2
F = Load in kgf
d = Arithmetic mean of the two diagonald,andd2in mm

HV = Vickers hardness

For the conversion from HV into Sl unit (MPa), tleece needs to change from
kgf into N and the area change from frim nf. Eq. (4.2) shows the conversion

factor from HV to MPa.

IMPa = 9.807HV (4.2)

There are other micro-hardness testing units, foample, Knoops

micro-hardness, while Vickers micro-hardness waspleyed for the

micro-hardness test in this project.
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4.2.2 U TRASOUND SONICATION TEST

Dispersion by ultrasound is a consequence of midbolences caused by
fluctuation of pressure and cavitation. Ultrasowadhication was used in this
project to disperse the nanoclays inside NCs evédinly a technique makes use
of the energy of ultrasonic waves to cause the clage to move around in the

untrasonic frequency as shown in Fig. 4.3.

Mledical and Destrctree
Lowhassnotes  Animals and Chemisty|  Diagnostic ard NDE

2H=z 2 Hz INHz 200WH=
& & &

Infrasound Acoustic

Figure 4.3 Ultrasound frequency spectrum

The reason for employing ultrasound to dispers@dags instead of mechanical
stirring is due to the fact that the dispersionnahomaterials can be hardly
achieve by only traditional mechanical stirring. Ase highest mechanical
stirring frequency must be much lower then theastbnic frequency as shown in
Fig. 4.3 and the size of nanoclays are nanometherefore, ultrasound can

provide a more even dispersion for the nanoclayearNCs.

Doctor of Philosophy Thesis 37



&

The Hong Kong Polytechnic University C. K. Lam

4.2.3 ABRASIVE TEST

Wear resistance of the NC samples was obtained dtmasive test performed on
the circular NC samples with 4-inches in diameteai5131 Abraser of Taber

Industries, North Tonawanda, N. Y., USA as showRiq 4.4.

Precision Vacuum
Height Adjustment

Quick Release
Mechanism

Improved

Qperator

Interface &
Display

60 & 72 rpm

Figure 4.4  Abrasive test machine

Up to 0.5 inch thick specimens, were mounted tootating turntable and
subjected to the wearing action of two abrasiveelevhich were applied at a

specific pressure.
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Characteristic rub-wear action is produced by otnvé the test sample, turning
on a vertical axis, against the sliding rotatiortvad abrading wheels. The wheels
are driven by the sample in opposite directionsualaohorizontal axis displace
tangentially from the axis of the sample. One aimgagvheel rubs the specimen
outwardly towards the periphery and the other, millyatowards the center. The
resulting abrasion marks form a pattern of crosseds over an area
approximately 30 square centimeters. Fig. 4.5 tiliies the abrasive testing

mechanism.

Figure 4.5 Abrasive testing mechanism

4.2.4 NANOINDENTATION TEST

The nanoindentation experiment in this project wagied out in a Hysitron
Triboindenter with a Berkovich indenter. Fig. 4./6da4.7 show an example of

nanoindenter and the specification of a Berkowatenter respectively.
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DIAMOND
L

HOLDER l

Figure 4.6 Nanoindenter sample

BERKOVICH

Berkowich: a = 65.03°
Mod. Bertkovich: a = 6527
Available as
Traceable Standard

Figure 4.7 Berkovich indenter specifications

Fig. 4.8 shows the diagram of Hysiton Triboinderbext was used in the project.

It has an anti-noise platform for the testing saswplthat avoids any

environmental vibrations which may cause inaccesacn the data obtained.

Thermal drift is automatically rectified in the mandentation system. A thermal
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enclosure also provides a thermal stable envirohnmenensure the testing

quality.

Figure 4.8 Hysitron triboindenter

Nanoindentation is a newly invented technique ffier determination of localized
material properties that was introduced by Olivad &harr in 1992. Elastic
modulus, nano-hardness and contact stiffness dcdtarial can be determined by
nanoindentation nanoscopically. Fig. 4.9 showspicy nanoindentation profile

for determination of localized mechanical properiie polymer composites.
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S =dP/dh
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Figure 4.9 Nanoindentation profile

This technique makes use of creating a permanplastically deformed surface
on a material being tested. Based on the forceiempph the surface and the
indentation depth of the indent, relative elastiodoius can be obtained by the

eguations given as,

Ac = f(he) (4.3)
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1)
E = (SJ (4.4)
VA

where h; is the contact heightA; is the contact surface area between the
nanoindenter and the material surface &nd the contact stiffness that is the
slope of the unloading portion in the nanoindentafprofile as shown in Fig.

4.9.
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4.3 S\MPLE PREPARATION FOR MECHANICAL PROPERTY TESTS

In this section, NC sample preparation procedures different mechanical

property tests are described in detail.

4.3.1 MCKERS MICRO-HARDNESS

The NC samples were fabricated by using mechamug&ing process with

different amount of nanoclays, 0 wt.% (NC-0), 2%t(NC-2), 4 wt.% (NC-4), 6

wt..% (NC-6), 10 wt.% (NC-10) and 15 wt.% (NC-19)he predetermined

amount of nanoclays were dispersed into epoxy ré%ie mixtures were hand

stirred for 10 minutes until the epoxy resin ang tlanoclays were well mixed at

room temperature. Ultrasound sonication was empldgefurther disperse the

nanoclays into the resin. The sonication time wasdf at 20 minutes for all

samples in order to ensure their maximized mechamioperties as reported

from literatures. Hardener was added into sonicamedures by hand stirring

and followed by vacuuming for 24 hours at room terapure for curing. To

increase the accuracy of measurement, all samplefaces were well polished

using high-grade sandpapers prior to the test.
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4.3.2 U TRASOUND SONICATION

At the beginning of manufacturing process of the $thples, 4% of nanoclays

were added into the resin by hand stirring andvedid by different sonicating

time, namely, 5 minutes, 10 minutes, 15 minutesm@tutes and 60 minutes at

room temperature. The hardener was then addedhiatmixtures by mechanical

stirring and followed by vacuuming for 24 hours fouring. To increase the

accuracy of measurement, all sample’s surfaces wekt polished using

high-grade sandpapers prior to the test.

4.3.3 WEAR RESISTANCE

The NC samples were fabricated by using mechamug&ing process with

different amount of nanoclays, 0 wt.% (NC-0), 1%t(NC-1), 2 wt.% (NC-2)

and 4 wt.% (NC-4). The dispersing and vacuuming@dores were the same as

mentioned in section 4.3.1. After hardener was ddtlee abrasive testing NC

samples were prepared by curing them in same griderface-treated circular

polypropylene discs with 4-inches in diameter.
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4.3.4 NANOINDENTATION

4.3.4.1 Nanoclay Clusters Distribution

The NC samples were fabricated by mechanical mipragess with specified
nanoclay content. The mixture was hand stirred lglags rod for 10 minutes
until the epoxy resin and the nanoclays were weékleth in room temperature.
Ultrasound sonication was employed to further dispethe nanoclays in the
epoxy resin. Before sonicating the NC samples, ed¢chem was subjected to a
different level of preheating in order to study tbespersion effect of the
localized elastic modulus at different temperatdreree types of NC samples
were fabricated in this study; they were NCs withC4 80C and 10QC
preheating for 5 minutes before ultrasound somicaflThe preheating was done
on an electronically controlled thermo heater. Aftee preheating, the dispersing
and vacuuming procedures were the same as mentiorssttion 4.3.1. All of
the NC samples were subjected to fine polishingley paper and followed by
diamond paste polishing to |@n accuracy before nanoindentation in order to

ensure the reliability of the results obtained.
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4.3.4.2 Creep Mechanism

The NC samples were fabricated by using mechamug&ing process with

different amount of nanoclays, 2 wt.% (NC-2), 4%tNC-4), 6 wt.% (NC-6)

and 8 wt.% (NC-8). The dispersing and vacuuming@dores were the same as

mentioned in section 4.3.1. The nanoindentatiocispns were made by cutting

the samples to 18mm x 3mm x 3mm by size beforespiolg. All of the NC

samples were subjected to fine polishing by SiGepapnd followed by diamond

paste polishing to @m accuracy before nanoindentation in order to ense

reliability of the results obtained.
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4.4 EXPERIMENTAL RESULTS

Before conducting the mechanical property tests N samples, material

characterization examinations were carried ounguee the internal structures of

the NC samples were in the form of intercalatedoo&y clusters. As the

dispersion and curing procedures were the samell iofahe NC samples,

therefore, XRD and SEM results were applicablelitofahe NC samples in this

project.

4.4.1 X-RAY DIFFRACTION (XRD)

XRD was conducted on NCs and pure nanoclays ancetudts are shown in Fig.

4.10. In the figure, one peak in the XRD6at 18.8 is shown. By using the

Bragg’'s formula2dsirf = nj, the interplanar distance between nanoclay plstele

was 0.239 nm approximately. For a fully exfoliafé@ sample, the angleddn

the XRD spectrum should be as small as possibtedar to achieve the largest

interplanar separation between the nanoclay ptatdience, there should be no

obvious peaks in the XRD spectrums of totally eateld NC samples. Therefore,

all of the nanoclay platelets of the NC samplesthe experiments were
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intercalated.

XRD Spectrum of NCs with different wt. % of
nanoclays
7000 -
6000 - ——NC-0
5000 - ——NC-2
24000 - —NC-4
£ 3000 - NC-6
2000 - ——NC-10
1000 A ——NC-15
0 ‘
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2 theta

Figure 4.10 XRD spectrum of NCs with different woPfianoclays

4.4.2 SCANNING ELECTRON MICROSCOPY (SEM)

In Figs. 4.11 to 4.13, morphological observationglee fractured surfaces of the
NC samples with different nanoclay contents arewsholt is obvious that
clusters were formed in the sample with 4 wt.% wéays. The average diameter
of the clusters measured throughout the whole samptifferent EDX verified
locations was about 125 nm. The clusters were g\stributed throughout the

sample, which reflected that those small nanodlatgded to agglomerate with
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each other to form clusters.

EHT=20.00 KV WD= 7 nn Mag=100.00 K X
100nn = Photo No.=6102 Detector= SE1

Figure 4.11  SEM photograph of pure epoxy

EHT=20.00 KV WD= 7 nn Mag=100.00 K X
100nn = Photo No.=6100 Detector= SE1

Figure 4.12  SEM photograph of 4 wt.% of NCs
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EHT=20.00 KV WD= 6 nn Mag=100.00 K X

100nn = Photo No.=6080 Detector= SE1

Figure 4.13 SEM photograph of 15 wt.% of NCs

This phenomenal observation denotes that thosectaysocould not be easily

dispersed although it was subjected to sonicafitnis was due to the fact that

the viscosity of the room temperature cured epo®g Wwoo high to allow the

diffusion of monomers into planar structures of thanoclays. Thus, the

agglomeration of nanoclays was resulted during theing process. The

nanoclays moved toward each others and partly batidepoxy matrix to form

clusters. The size of the clusters is dependerth®@@mmount of nanoclays inside

the uncured matrix. In Fig. 4.13, a micrograph te¢ sample with 15 wt.% of

nanoclay particles is shown. Comparing with Fid.24.the size of the clusters

was apparently bigger than that of the one withy ahiwt.% nanoclays. The

diameter of the clusters in the NC sample with ¥®awof nanoclays measured
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from the SEM was about 400 nm. In fact, this phegoon is explainable. As the

wt.% of the nanoclays increases, the free volun@wval nanoclays to move

around would be decreased. Therefore, the mechasticang and ultrasound

sonication cannot be effectively used to separhee @gglomerations of the

nanoclays, as higher the wt.% of nanoclays in guxg the less the free volume

for each nanoclays to live in. At the same time, ¢foss-link density of the NCs

is then increased and it therefore results in exirg the tendency for the

nanoclays to form pairs or clusters. As the amafimanoclays increases in the

composites, the inertia for the nanoclays to forumsters is also increased.

Therefore, larger clusters of nanoclays would bgilyedormed. The average

cluster sizes of NCs with different amounts of rdags are plotted in Fig. 4.14.

The cluster size increases with increasing the wof. %he nanoclays.
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Figure 4.14  Variation of nanoclay cluster sizesN@s with different wt.% of
nanoclays

In the test for the mechanical properties of déférultrasound sonication time in

the NCs, the nanoclay content was fixed at 4 wtRmanoclays while the

sonication time was varied in this test. In Figd54— 4.17, SEM photographs of

fractured NC samples with 5 minutes, 10 minutesEndinutes sonicating time

are shown respectively. It is obvious that nanoclagters were formed in all of

the samples.
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EHT=20.00 KU TWD= 7 mn Mag=100.08 K X
100nn —~ Photo 9856  Detector= SE1

Figure 4.15 SEM of the NCs with sonicating time of 5 minuteg ait. % of
nanoclay content

Figure 4.16 SEM of the NCs with sonicating time of 10 minute$ at. % of
nanoclay content
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EHT=20.88 KV

200NN j—

Figure 4.17 SEM of the NCs with sonicating time®fminutes at 4 wt. % of
nanoclay content

In Fig. 4.15, SEM of the NC sample with sonicatiimge of 5 minutes is shown.

The size of the nanoclay clusters was about 100nndiameter and they were

separated from each other with a longer distancecaaspared with other

compositions. SEM of the NC sample with sonicatimge of 10 minutes is

shown in Fig. 4.16. Comparing with the cluster sizé€ig. 4.15, the size of the

nanoclay clusters reduced drastically to 10 nmiameéter. The distance between

each cluster was shorter. Hence, the surface ardhd interaction between the

nanoclay clusters and the epoxy were increased pravided better

reinforcement in mechanical properties of the N@yda. Fig. 4.17 shows that

the size of the nanoclay clusters increased agaoracation time of 15 minutes

and the distance between the nanoclay clustersisasncreased.
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Fig. 4.18 shows the surface morphologies of thet@rad surfaces of NCs

treated at different sonication temperatures. Hgl9 shows the EDX

examinations on both circled and non-circled regimnFig. 4.18.

MAG = 2.00KX 20u Detector = SE1
EHT =15.00 kV Date :29 Sep 2005

MAG= 2.00KX 204m Detector = SE1

EHT =15.00 kv Date :29 Sep 2005

(b)
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MAG= 200KX 204 Detector = SE1

EHT =15.00 kv Date :29 Sep 2005

(©)

Figure 4.18 Surface morphologies of the fracturegiface of NCs with
different sonication temperatures, (a) 40(b) 80 T (¢) 100 C
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Figure 4.19 EDX examinations on the fractured stefa of NCs. (a)
non-circled regions and (b) circled regions

It shows an obvious increase of Si content in theled regions and thus

nanoclays agglomerated in the circled regions. 3Size of nanoclay clusters

increased while the number of nanoclay clustersedsed when the sonication
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temperatures increased. This result proves thahwle viscosity of the epoxy

decreases with the increase of sonication tempesahanoclays tend to form

larger clusters due to less restraining force leydiwrrounding epoxy. They can

be flowed around easily with the aid of sonicatibat provides extra kinetic

energy for the nanoclays. The significance of insneg the kinetic energy of the

nanoclays is to overcome interfacial tension betwidne nanoclay clusters and

the epoxy.

Hence, the nanoclays inside the NCs were in the fof intercalated nanoclay

clusters based on the results from XRD and SEMatherizations. Fig. 4.20

illustrates the schematic diagram of intercalat@doclay clusters in NCs.
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Figure 4.20 Schematic diagram of intercalated ndapclusters in NCs

4,43 VICKERS MICRO-HARDNESS

As introduced in Chapter 1, there are four pararadtet control the mechanical
properties of NCs during their manufacturing preceb the project, the
variation of wt.% of nanoclays and sonication tioiehe NCs were tested on the

Vickers micro-hardness.

Fig. 4.21 shows the Vickers micro-hardness for taeiation of nanoclay
contents in NCs. It is obvious that the hardnesseesed with increasing the

nanoclay content. The maximum hardness was measulnede the nanoclay
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content at 4 wt%. A decline of the hardness algueaped if further increasing

the amount of nanoclays; the hardness decreasedriastic manner from 12.75

Hv (4 wt% of nanoclays) to 2.68 Hv (15 wt% of nalags). Alexandre et. al.,

Dasari et. al., Duquensne et. al., Kojima et.laBaron et. al. and Wetzel et. al.

have indicated that adding a small amount of nayscinto polymer-based

materials could potentially enhance their strengik® hardness of the current

samples with the nanoclay content below 4 wt%. Hewmeit was also

reasonable to believe that it should have an optlmat since the physical

properties between these nano-structural matearadsmatrix were different. In

the current study, it was demonstrated that thelrems was dropped if the

amount of the nanoclays was beyond 4 wt%. Besideshe sample with more

nanoclay contents, the time required for solidiitma was also longer as well as

the surface of the sample was relatively soft camgbavith other samples. The

surface condition of the NC samples with the naapcontent beyond 4 wt.%

after curing, were sticky and remained adheringtlme mold surface. It was

suspected that the nanoclays might retard the dameaction between the

hardener and resin, and cause incomplete curingepsoof the composites. As a

consequence, for all samples beyond 4 wt.% of Haypscthe epoxy might not

be fully cured and cause the Iinefficiency in meadat&n properties
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reinforcements.
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Figure 4.21  Vickers micro-hardness of NCs withedht wt.% of nanoclays

Fig. 4.22 shows the micro-hardness measured exestally of the NCs at
different sonicating times. An average hardnessca#silated by ten indentation
measurements. As observed in the figure, thereanasximum hardness at the
NCs with sonicating time of 10 minutes. The micerdness of the nanoclay
sample was decreasing from 10.6 Hv (pure epoxyp.@8 Hv (5 minutes
sonicating time). Further increasing the sonicatiibme beyond the optimum
time, the micro-hardness decreased gradually frah®5L Hv (10 minutes
sonicating time) to 7.09 Hv (60 minutes sonicatimge). From the trend of the
micro-hardness value in NC samples at differenicsping times, the time for

the ultrasound sonication must be adequately cledrin order to achieve the
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maximum mechanical properties of the NCs. At angicing time lower or
higher than the optimum time, the micro-hardnessligersely affected and may

be even worse than the original pure epoxy sample.

Hardness vs Sonicating Time
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Figure 4.22  Vickers micro-hardness of NCs at défifiersonicating times at 4
wt. % of nanoclay content

According to the results obtained, ultrasound smiwo could aid the
enhancement of the mechanical properties in the Wi@s properly controlling
the sonicating time. Ultrasound sonication is arfasf vibration that provides
energy for the nanoclay platelets to escape frastiirounding restraining force.
Extra energy is given to the nanoclay plateletmttve around when sonicating

the nanoclay/epoxy mixture. If there is not enoeglergy given to the mixture,

Doctor of Philosophy Thesis 62



&

The Hong Kong Polytechnic University C. K. Lam

the nanoclay platelets cannot escape the restgafoirce within the nanoclay

clusters, thus, the aid for dispersion is limit€xh the other hand, if too much

energy is given to the nanoclay platelets to mawairad, then the frequency of

collision between each single nanoclay platelettéseased. The chance for

each single platelet to tangle up and react to fartarger nanoclay cluster is

increased. Hence, the dispersion mechanism maymrsely affected with too

much energy give to the nanoclay platelets. Theeefan optimum sonicating

time must be achieved in order to have the maxindigpersion ability.

Nevertheless, if there are nanoclay clusters formieg interplanar distance of

the nanoclay platelets would not be affected byuttrasound sonication. Instead,

the size of the nanoclay clusters are reduced dorapany with the increase of

the number of nanoclay clusters when the optimunicating time is reached.

Therefore, the surface area for the interactiomwéen the nanoclay clusters and

the epoxy is increased and provides the maximumfaieiement. If further

increasing the sonicating time beyond the optimuatue; the size of the

nanoclay clusters will start growing and thereftine number of the nanoclay

clusters will then decrease. Thus, the surface farethe interaction between the

nanoclay clusters and the epoxy is reduced andngwhanical properties of the

composites are adversely affected.
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4.4.4 \WEAR RESISTANCE

In the abrasive test, NC samples with differen®avbf nanoclays were tested on
the wear resistance. A theoretical model of thaltedrom the abrasive test will

be demonstrated in Chapter 5.

Wear resistance of the NC samples was obtained filoen abrasive tests
performed on the circular NC samples with 4-incliesdiameter in a 5131
Abraser of Taber Industries, North Tonawanda, NUBA. The sliders were two
circular-disked like silicon carbide abrasive wiseghanufactured by Taber
Industries. They were secured on two separate clamih 1000 grams loading
on each of the clamp and they slid on a rotatieglgblate with the testing NC
samples secured on it before testing. Each NC sampbk subjected to 1000
grams loading with 2000 abrasive testing cycleshatsame rotating velocity.
The wear resistances of the NC samples were codhpgayethe wear index

calculated by Eq (4.5),

_ 1000\ -W)
R

wi (4.5)
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whereW! is the wear indeXs (measured in grams) is the initial weight of the

NC sample before testing\i (measured in grams) is the final weight of the NC

sample after testing amlis the number of testing cycles.

Fig. 4.23 shows the test results of wear resistafitee NC samples. The higher

the wear index, the lower the wear resistance aoalvwersa.

Wear Index of NC with different wt. %
nanoclays
60
o 90 -
'g 40 -
= 10 -
0
0 1 2 3 4 5
Wt. % of Nanoclays

Figure 4.23  Wear index of NCs with different wt.#fanoclays
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4.4.5 NANOINDENTATION

Figs. 4.24 to 4.26 show the comparisons of the indeatation profiles between
the bottom layer and the top layer of the cured M@k different sonication
temperatures. The preheating was controlled by laotrenically controlled
thermo heater as mentioned in Section 4.3.4. Thagpadisons of the behavior of
the difference in the nanoindentation depth ofltlaeling portion are significant

as the deeper the nanoindentation depth in theinggabrtion, the softer the

material is.
Load vs Indentation Depth (40C)
100
80 r
z 60 |-
=) — Bottom Layer
ze 40
S — Top Layer
- 20 -
0
-50 90 O 50 100 150 200
Indentation Depth (nm)

Figure 4.24 Comparisons between the top and botayers of the fractured
surface of NCs subject to 40sonication temperature
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Load vs Indentation Depth (80C)
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Figure 4.25 Comparisons between the top and botayers of the fractured
surface of NCs subject to 80sonication temperature

Load vs Indentation Depth (100C)
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Figure 4.26 Comparisons between the top and botayers of the fractured
surface of NCs subject to 1@0sonication temperature

In Fig. 4.24, the nanoindentaion depth increasastdally in the top layer of the

NC sample when comparing with the bottom layermef NC sample. The result
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shows that the mechanical resistance of penetrafi@xternal force on the top

surface of the NCs with 40 sonication temperature treatment is much less then

the bottom layer. In Figs. 4.25 and 4.26, NCs withication temperature 80

and 100C respectively, the nanoindentation depths of the layer in each

sample are almost the same as the one in the bddtgan This concludes that

the hardness of the two NCs with‘80and 100C sonication temperature are

evenly distributed throughout the entire sample redg in the NCs with 40

sonication temperature, the hardness increases tispno bottom of the entire

sample.

Fig. 4.27 shows the relative elastic modulus ofttiree NC samples calculate

from the nanoindentaion experiments where eachgepbint was separated by

a length of 0.05 mm starting from the bottom partto the top portion of the

specific sample.
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Er vs Cross Sectional Separation
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Figure 4.27 Relative elastic modulus of NCs subjectifferent sonication
temperature treatments

The results showed that at ‘@0sonication temperature, the relative elastic

modulus decreases from bottom layer to the toprlafethe NC sample.

However, in the 8@ and 10QC sonication temperature samples, the values of

relative elastic modulus are almost the same winenparing with the top and

bottom layers of the NC samples. The phenomendaoeasto the effect of gravity

on the nanoclay clusters inside the NCs duringnguim the mold. Before the

NCs completely cured, the mobility of the nanoclalusters inside the

composites depends on the effect of gravity as theé only source that causes

movement when a stationary object has weight. Toexethe nanoclay clusters

are pulled downwards under gravity in an incompyetared NCs. Nevertheless,
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the curing time of epoxy resin is different if therrounding temperature changes.

At higher temperatures, the curing time of the gp@sin must faster then lower

temperatures. As a result, at the NC sample withh 4bnication temperature,

the nanoclay clusters inside have much more timeettle to the bottom by

gravity and hence there are more nanoclay clusterated at the bottom layer of

the NCs so the relative elastic modulus decreassduglly from bottom to top

layer of the NC sample with 40 sonication temperature. At higher temperature,

the effect of gravity on the nanoclay clustersnsted as the curing time is faster

and the nanoclay clusters can remain in a welledgga location when cured.

Thus, the relative elastic moduli of NCs are staiblethe 80C and 10QC

sonication temperature samples.

There is a region with fluctuating relative elastiodulus extremely close to the

bottom boundaries in all of the three NC sampleshasvn in Fig. 4.27. This is

due to the boundary adhesion effects between tii@ceuof the mold and surface

of the NCs. Nanoclay clusters tend to concentrat mhe bottom boundaries

where their movements are blocked. Therefore, tiseaethin layer with sudden

increase of relative elastic modulus near the bothoundaries of the three NC

samples.
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. THEORETICAL ANALYSIS

In this chapter, theoretical analyses of the meicharproperties of NCs are

illustrated and modeled mathematically. Proofsgaven for the optimization of

mechanical properties of NCs at different wt.% ahoclays.

5.1 MICRO-HARDNESS ANDWEAR RESISTANCE

A mathematical model of micro-hardness and weaisteage of NCs with

different wt. % of nanoclays is developed in thest®on. Since micro-hardness

and wear resistance of NCs are closely relatect¢h ether, therefore, they are

modeled together in this section.

Fig. 5.1 shows the average hardness of different Sd@ples. By adding

nanoclays into epoxy resin, the micro-hardness lodé tNCs increases

proportionally with the nanoclay content up to 4%t By Zhang et al., the

correlations between the inter-particle distancismeters of the nanoparticles

and wt.% of the nanoparticles in nanocompositeseagxplained by Eq. (5.1).
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o)

wherez is the inter-particle distancd,is the particle diameter ang is the filler

content.

In this project, d andg, represent the inter-cluster distance, the dianudtdre

nanoclay clusters and the nanoclay content reseé¢tiAs the micro-hardness
of the NCs increases in proportion to the contémamoclays, the diameter of
the nanoclay clusters increases while the intesteludistance between them

decreases accordingly, the micro-hardness of the ¢é@ be modeled as,

T

H=H+ kH(Mj (5.2)

whereH is the micro-hardness of the NG&s, is the micro-hardness proportional
constant andH; is the micro-hardness of pure epoxy. Thus, E4.) (&an then be

rewritten as,
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= - (5.3)

Substituting Eqgs. (5.3) into (5.2), the micro-haslm of the NCs can be

determined by,

H=H+ ki o

and can be further modified into Eq. (5.4),

! 1.817%/% ‘
=k /7 -1817%/g) 54
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Micro-hardness of NCs with different wt. % of nanodays
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Figure 5.1 Micro-hardness of NCs with different %.of nanoclays

Fig. 5.2 shows the test results of the wear ragistaof the NC samples. The
higher the wear index, the lower the wear resigaamd vice versa. Therefore,
NC-4 has the highest wear resistance. As the wesistance of the NCs
increases in proportion to the nanoclay contemt,wiar resistance of the NCs
can be co-related to the diameter of the nanodlasters and the inter-cluster

distance from the argument as stated in Eq. (%,2) b

W =W - kw(@j (5.5)

whereW is the wear resistance of the N&g,is the wear resistance proportional
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constant andli is the wear resistance of pure epoxy.

Substituting Eqgs. (5.3) into (5.5), the wear resise of the NCs can be

determined by,

and can be further modified into Eq. (5.6),

1.817%/%
Y -181%/¢

W =Wi-

(5.6)
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Wear Index of NCs with different wt. % of nanoclays
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Figure 5.2 Wear index of NCs with different wt.%nahoclays

The mathematical predictions of micro-hardnesswaedr resistance of the NCs
are based on the empirical data with the nanoaayenit from 0-4 wt.% and the
condition of fully intercalation of nanoclay plat¢d inside nanoclay clusters. In
Figs. 5.1 and 5.2, the mathematical predictionsicfo-hardness and wear index
of the NCs with different nanoclay contents are parad with experimental
results respectively. It shows that these mathealathodels are valid for the

micro-hardness and wear index estimation oncedheciay content is known.
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52 CREEP M ECHANISM

Creep of materials has a significant impact on thenufacturing of high

precision industrial products. All of the enginegrimaterials would be deformed

at various creeping rates with a constant uniaji@ding at a specified

temperature. The aircraft industry has applied N€she surface of aircraft body

for the purpose of enhancing heat resistance angrowing mechanical

properties without inducing any weight penalty. Tdhdomobile manufacturing

companies also have employed NCs on the body ohatiles in order to fulfill

the shock absorption during serious collisions. réfuee, creep of the NCs is

becoming a major considering factor and shouldderolled carefully to avoid

any engineering discrepancies.

Nanoindentation is a newly invented technique Ifier determination of localized

material properties that was introduced by Olivad @harr in 1992. Elastic

modulus, nano-hardness and contact stiffness ddtarral can be determined by

nanoindentation nanoscopically. Fig. 5.3 showspac&y nanoindentation profile

for determination of localized mechanical properirepolymer composites.
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Figure 5.3 Nanoindentation profile

This technique makes use of creating a permanglastically deformed surface

on a material being tested. Based on the forceieappin the surface and the

indentation depth of the indent, relative elastimdolus E;) can be obtained by

the equations given as,

Ac = f(he)
e
()

(5.7)

(5.8)
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where h; is the contact heightA; is the contact surface area between the
nanoindenter and the material surface &nd the contact stiffness that is the
slope of the unloading portion in the nanoindeaotatprofile as shown in Fig.

5.3.

Numerous researches were conducted in investigdtmgnechanical properties
of pure elements and nanocomposites by nanoind@mtaianoindentation has
also been employed to evaluate the depth of théngsaon polymer-ceramic
nanocomposites by depth sensing indentation. Sheal. doegan to study the
morphologies of nylon 66/nanoclay composites byoiradentation. Apart from
visualizing the localized mechanical properties)aiadentation can also be used
to investigate the localized creep effect from thelding portion of the
nanoindentation profile as shown in Fig. 5.3. Fritra definition of creep, the
elongation of the materials from its original pasit after a constant applied
force at thermally stable environment is calledepreln nanoindentation, the
degree of creeping can also be measured by hottimgapplied force of the
nanoindenter constant with respect to the defoonatf the materials being
tested. The advantages of using nanoindentatiomeéasure creep are time

economic as the time for conducting an indent isldas than the novel creep
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testing technigques. Moreover, nanoindentation caaswure creep within an
infinitesimal small area, hence, localized creep loa easily obtained instead of
creeping of the whole structure. As a result, nagentation was employed in the

study of creep mechanism of the NCs in this project

521 KELVIN -VOIGT CREEP M ODEL

Fig. 5.4 shows the schematic diagram of the KeWdigt model. In the

Kelvin-Voigt model, a purely elastic spring is ca&ated in parallel with a purely

viscous damper.

Ek L

Figure 5.4 Kelvin-Voigt model
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Ex and#y are the modulus of elasticity and viscosity cagdt respectively. By
applying the stress at the two ends of the model,stress of the whole model
should be the addition of the stress on the danaper the spring while the

elongation should be the same. Hence,

Eot = & = & (5.9)
Ciot = Ob + Ot (5.10)
whereep andeg are the strains of the damper and the spring céispéy.

By taking the time derivative of Eq. (5.10),

doot doo doe
= +

= 5.11
dt d dt (-11)
Therefore, Eg. (5.11) can be further written as,
o =Ee+né (5.12)

From Fig. 5.4 and Eq. (5.12), the Kelvin-Voigt quemodel contains an elastic

element and a viscous element connects in seriesledcribes a material

possesses both viscoelastic and absolute elasipemies where they do not

interfere with each other. When estimating thesstrelaxation process in the

creep experiment, it can give a perfect estimatibence, the model should not
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be used to describe a material consists of onlyumiflermly distributed element.

However, in the process of nanoindentation of NG wtercalated nanoclay

clusters, the model can be used to estimate thesoapic creep behavior of NCs.

Fig. 5.5 shows the three different stages of nalesitation of the NCs with

intercalated nanoclay clusters. During nanoindéntatthe creep behavior is

measured in the holding region of the test. It doet need to consider the

unloading region where the stress is released gligdas the change of the

contact area during nanoindentation is the onlytradimg factor of the result. In

this project, the creep behavior of NCs with diietr wt.% of nanoclays was

investigated by nanoindentation. The nanoindetadiata were used to interpret

by the Kelvin-Voigt creep model in order to devetbp relationship between the

macrosopic and nanoscopic visualization of creephaseism of NCs.
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Figure 5.5 Three different stages of nanoindentatmf NCs. (a) before
nanoindentation; (b) during nanoindentation and &jer nanoindentation due
to creep effect

5.2.2 NANOINDENTATION CREEP M ODEL

NC samples with different wt. % of nanoclays wesstéd on the localized creep

effects with constant holding load during nanoirtdéan. Fig. 5.3 shows the

nanoindentation profile during the experiment. Tded was held at 600N for

10s throughout the experiment.

Fig. 5.6 shows the creeping strain of different 8inples with respect to time

during load holding of the nanoindentation profifrain2, strain4, strain6é and

strain8 in Fig. 5.6 represent the creeping straia at.%, 4 wt.%, 6 wt.% and 8

wt.% of nanoclays respectively.
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Figure 5.6 Creeping strain of different wt.% of NCs

The creeping strain at each data collecting panthe calculated by Eqg. (5.13).

(h—he)
he

(5.13)

where hy and h. are the instantaneous localized penetration deptleach

specified data collecting point and contact depthhat nanoindentation point

respectively.

As the indentation depth was changed on each ddiexiton point with the load

holding constant, the instantaneous creeping stainbe obtained by comparing
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with the final contact depth of the indent aftez thdentation.

The creeping strains of the NC-2 and NC-4 had & ldiflerence with NC-6 and
NC-8. The NC-4 had the lowest creeping strain cosgdo the other wt. % of
nanoclays. This was due to the maximum mechane@ffarcement by the
intercalated nanoclay clusters in the NCs at £4vof nanoclays. As the Vickers
micro-hardness was proven to be maximum at 4 wt.#@ooclays in Chapter 5,

therefore, the creeping strain should be the loassing the other NC samples.
Creeping strain of the NCs can be described by(Ef|4) experimentally.
-t
E= ¢exp{—j +K (5.14)
w
whereg, v andk are constants.
The constants can be obtained by fitting the stvaitime curve with Eq. (5.14).

Figs. 5.7(a) to 5.7(d) show the fitted results @d\with 2 wt.%, 4 wt.%, 6 wt.%

and 8 wt.% nanoclays respectively.
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Figure 5.7(a)

Result of fittedvs t curve of 2 wt.% NCs
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Figure 5.7(b)

Result of fittedvs t curve of 4 wt.% NCs
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Figure 5.7(c)

Result of fittedvs t curve of 6 wt.% NCs
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Figure 5.7(d)

Result of fittedvs t curve of 8 wt.% NCs
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By differentiating Eq. (5.14) with respect to time,

&= —(ﬂj exr{_—tj (5.15)
w w

Substituting Egs. (5.14) and (5.15) into Eq. (5,12)

J:E{¢exp{ tjﬂ(} —ex;{ j
a=¢exp(—c%j[E ZJ+EK

(5.16)

Before the indenter touches the NC samples, £d),tthe exponential part of Eq.
(5.16) dominates the mechanical properties of N@ging nanoindentation in

progress, i.e. t > 0, the domination of the exptinkpart decreases gradually
with time elapsed. If the load continues to hold docertain period of time, i.e.

t -~ oo, the stress will reach a constant value. Fig.sh&ws the three different
stages of nanoindentation schematically. As thentelr continues deforming the
surfaces of the NCs, there is less free volumetlfer intercalated nanoclay
clusters in the NCs to live in. At the load holdirggion of the nanoindentation
process where the creep mechanisms of the NCs asurexl, the density of

intercalated nanoclay clusters surrounding thentetesurface is greater than the
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other regions of the NCs as the concentrated satab® indent forced the epoxy

matrix to deform and the distances between intatedl nanoclay clusters are

diminished. The exponential part of Eq. (5.16) déss the behavior of

viscoelastic epoxy matrix during nanoindentatiormptetely while the linear

part of Eq. (5.16) can represent the behavior wrgalated nanoclay clusters in

the NCs. When the nanoindentation process continties effect of the

viscoelastic behavior of the epoxy matrix on theegr mechanism decreases

while the NCs tends to be more elastic at the drttheoload holding region in

which the intercalated nanoclay clusters densitgpnaximized. If time goes to

infinity in Eq. (5.16),

o = Ek 13

Eq. (5.17) can be compared to the elastic streasistelationship = Ec¢,

hence,

K=E .18)

Fig. 5.8 shows the creeping strain variation of W@s with different wt.% of
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nanoclays. The creeping strain of the NCs is mip@shiat NC-4 with constant
loading. This deduces that the hardness of theibl@& maximized at 4 wt.% of
nanoclay content. Hence, the obtained results stpip® maximized hardness at
4 wt.% as obtained in Chapter 4. Accompanying Wighnanoindentation results,

the degree of creeping of NCs is also minimized at.% of nanoclay content.

Creeping Strain Variation of NCs with Different Nanoclay
Content

0.14 -
0.12 -
0.1 r
0.08 -
0.06 -
0.04 -
0.02 -

Creeping Strain (nm/nm)

0 2 4 6 8 10
Nanoclay Content (wt.%)

Figure 5.8 Creeping strain variation of NCs at difnt nanoclay content
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5.3 THERMO -MECHANICAL MIXING ENERGY

In the manufacturing process of NCs, the degremiging between nanoclays

and epoxy resin is significant to govern their naubal properties. The effect

on the mechanical properties in relation to theingurkinetics and gelation

mechanism of the NCs has been studied. Howevemixiag mechanism before

curing is also an important factor for improving ttnechanical properties of the

resultant NCs. This issue has not yet been invastigcomprehensively to date.

The amount of free energy that nanoclays have enpi@g-cured epoxy resin is

the determining factor for the degree of mixingwes#n nanoclays and epoxy

resin. According to Flory’s principle, the free egyin a binary mixture consists

of two parts; they are interaction entropy and gyeaccordingly. Mechanical

properties of specific NCs can be easily estimatétl the free energy of the

mixture of nanoclays and epoxy resin is known. irhportance of developing

the relationship between mechanical properties amdecular structure of

pre-cured NCs is when their sets of manufacturiagd¢ions are known, for

instance, wt. % of nanoclays, duration of mechdmtaing and sonication, and

temperature for curing process, the degree of nmechlaproperty enhancement

can be estimated before production. Thus, the enmnefficiency in both the
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use of materials and time consumption can be imgatder both industrial and

academic production of NCs.

53.1 ENTROPY OF THE MIXTURE

Assuming there are no volume changes during thengiprocess between
nanoclays and epoxy resin, i.e. the total volumghefmixture can be calculated
by summing up of the volume of the nanoclays, and the volume of epoxy
resinWe, based on the rule of mixture. The volume fractior the nanoclays
and epoxy resin inside the NCs can be determined by

@ and ¢ = =1-gn (5.19)

_WN +WEe

The entropySis determined by the product of the Boltzmann tamik and the

natural logarithm of2 ways to arrange the molecules in the lattice:

S=kinQ 5.20)

In a homogenous mixture of nanoclays and epoxyresich molecule has:
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QNE=nN (5.21)

possible states, whereis the total number of lattice sites of combingdtem.
The number of state@y of each particle of nanoclays inside NCs beforeingi

is equal to the number of lattice sites occupiethdoyoclays:

Qn =ngn (5.22)

For a single particle of nanoclays, the entropyngieaon mixing is,

ASy = KInOne —kINQn = kIn(QNEj
N

(5.23)
AS = kln(i] =-klng
@

Hence, the entropy change is always positive asdhene fraction must be less

then unity @ < 1) and ASy =-kIngv > 0). Fig. 5.9 shows the variation of
entropy with different volume fraction of nanoclay$wus, the entropy of the NC

mixture decreases when the nanoclay content ineseas
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Entropy variation vs different wt.% of nanoclays
in NCs
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Figure 5.9 Entropy variation of NCs with differemt. % of nanoclays

For the entropy change in epoxy during the mixingepss is similar and thus the

entropy contributions from nanoclays and epoxyrese added together:

ASot = MWAS + neASE = —k(nw In g& + neln gz) (5.24)

Let Ny and Ne be the numbers of lattice sites occupied by thaoalays and

epoxy resin, respectively. Then the entropy mixpeg lattice site in NCs is:
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£So =k Ping+Zing (5.25)
Nn Ne
5.3.2 INTERACTION ENERGY OF THE MIXTURE

The interfacial surface energy is an important aberistic for efficient

mechanical property enhancement. In regular salutileory, the energy of

mixing is represented by three pairwise interactimergies. In terms of

nanoclays and epoxy resin, the interaction enefggéseen nanoclay/nanoclay,

nanoclay/epoxy and epoxy/epoxy interfaces &g Une and Ugg respectively.

The probability of nanoclays being a neighbor vaittother nanoclays ¢sin the

lattice and 1 enfor the neighbor being an epoxy resin molecule. Weghted

sum of interaction energies for nanoclayg)(and epoxy resing):

Un = Unngn + Unege , and (5.26)

Ue = UNegn + Ueege (5.27)

Let z be the coordination number of nearest neighborsarh lattice site of a

regular lattice. That isz = 4 for a square lattice arml= 6 for a cubic lattice.
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Hence, the average interaction energy of nanockis z neighbours izUn .

However, the average energy per nanoclayblis/2 as every pairwise action is
counted twice. The corresponding energy per simupged by epoxy resin is
zUe /2. Let n be the total number of sites occupied by the N@sis, the number

of sites occupied by nanoclays and epoxy resimzisandn ¢ g respectively. The

total interaction energy of the mixture can be gib:

=g +Uege] (5.28)

Replacing the weight fraction of nanoclaysgoy gn =1- ¢e, the total interaction

energy of the nanoclays and epoxy resin wwitattice sites can be modeled by:

U= %]{[UNN¢+ UNE(l— qo)]qo+ [UNE¢+ UEE(l— qo)](l— )}
(5.29)

U= %][UNN¢R0+ 2UNE(dl_ {0) + UEE(l_ ¢) [ﬁl— 40)]

The interaction energy per site in nanoclays befapdng is zuw?2. The total

number of nanoclays gz, hence the total energy of nanoclays before miisng

Z—2nUNN¢ 5.30)
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and the total energy of epoxy resin before mixsg i
zn

? UEE(l - 40) (B)3

As a result, the total energy of the mixture of adays and epoxy resin by

summing up the energies of the two pure comporisents

Uo= %n[UNN(D'F UEE(l— (0)] (5.32)

The energy change when mixing is:

U-Uo= %r][UNN@ + ZUNEdl— (0) + UEE(l— (0)2 = UNN@— UEE(l— (0)]

U-Uo= %r][UNN(@ - qa)+ 2uNEgﬂ(1— qo) + UEE(l— 20+ g2 -1+ qo)]

(5.33)
U-Uo= %][UNN(dw_l) + 2UNEdl— w) + UEE(dw—l)]
U-Uo= %](dl— w)(ZUNE —UNN — UEE)
The energy change on mixing per site is:
AUt = Y ~Uo = gdl— w)(ZUNE —UNN — UEE) (5.34)
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From the definition of Flory interaction parameterwhere the difference in the

interaction energies between nanoclays and epaxy i€

z (ZUNE —UNN — UEE)
2 kT

X (5.35)

By using the Flory interaction parameter, the epefgmixing per lattice site is:
AUwt = Yg1- p)kT (5.36)

Combining with the entropy of mixing between thenoelays and epoxy resin,

the Helmholtz free energy of mixing per latticeesg:

AFor = AUtot - TAéot

_ — 5.37
AFtot:kT[ﬁln (0+1—¢|n(1_(0)+)(dl_¢)j| ( :
Nn NEe
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5.3.3 MATHEMATICAL OPTIMIZATION

According to Eqg. (5.37) as the experimental temjpeeaand the testing materials
were the same throughout the experiment, the caulgrpeter that was changed
was the wt.% of nanoclays in NCs. Therefore, Eq37dp can be further

simplified as:

AFwo = gin g+ (1- ¢)In(1- ¢) + ¢f1- ) (5.38)

By taking negative logarithm to both sides,

- IOg(AEtot) =~ —log[gin @+ (1- @)In(1- 9) + ¢1- 9] (5.39)

Let ¢ and H be the NCs reaction efficiency factor with referento
micro-hardness and Vicker’s micro-hardness respelgtiBy relating the Vickers
micro-hardness to the Helmholtz free energy appnation of the NCs in Eqg.

(5.39),
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b= H H (5.40)

- |Og(AEtot) T log[gin g+ (1~ @)In(1- @) + 1 - @]

Fig. 5.10 shows the plot for the reaction efficierfactor with the change in

nanoclay contents in the NCs.

Reaction Efficiency Factor vs different wt.% of
nanoclays in NCs

=N
o O
\ \

Reaction Efficiency
Factor
|_\
ol o
I I

o

0 5 10 15 20
wt.% of nanoclays

Fig. 5.10 Reaction efficiency factor of NCs wiiffiedlent wt.% of nanoclays

The reaction efficiency of the NCs is maximizedhra range of 4 wt.% - 6 wt.%

of nanoclay contents with the most sufficient fexeergy for the nanoclays to

interact with the epoxy resin and disperse throughthe NC samples. The

proposed reaction efficiency factor agrees withgkeerimental results obtained
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from the Vickers micro-hardness test. The reaatifiniency factor can relate the

free energy in the pre-cured NC mixtures with thieraahardness performance

of the cured NCs. Furthermore, from the Flory'si\piple and Eqg. (5.40), the free

energy during mixing of nanoclays and epoxy redayp an important role of

micro-hardness enhancement of NCs.
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54 FORMATION OF NANOCLAY CLUSTERS

In Chapter 4, SEMs show that there are many naynadlassters inside NCs.
Nevertheless, the reasons for the natural tend@nform clusters in NCs has not
been figured out previously. In this section, basadhe nucleation theory, the
relationship between the formation and size of oko clusters in NCs is

explained in detail.

Nanoclay content and sonication time are fixed awt® and 20 minutes
respectively in this study. The only variable is Bonication temperature. Three
types of samples were fabricated in this studyy there NCs with 4Q, 80C
and 100C preheating for 5 minutes before ultrasound soisinatin Chapter 5,
the SEMs showed that the size of nanoclay clustersase while the number of
nanoclay clusters decrease when the sonicationet@tyse increases. This result
proves that when the viscosity of the epoxy resorease with the increase in
sonication temperature, nanoclays tend to formelausters due to the less
restraining force by the surrounding epoxy resimeyi can be flow around easily
with the aid of sonication that provides extra kimenergy for the nanoclays.

The significance of increasing the kinetic energesthe nanoclays is to
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overcome interfacial tension between the nanodlasters formed and the epoxy
matrix. There are several papers review on thesiclasicleation of clusters in
liquids in supersaturated vapor by Abraham, Zetblgen and LaMer, which was
developed by Volmer, Becker and Doring and furtimerdified by Frenkel and
Zeldovich explained the increase of surface enenginterfacial tension when
the size of clusters increase. For a cluster coinigan atoms, the surface energy

oA(n) is given by:

4na[—j3 (5.41)

whereos is the interfacial tension per unit areg(n) is the surface area of the
cluster, andv is the volume per molecule in the bulk liquid. Bgplying EQ.
(5.41) to the case of nanoclay clusters in epoxmnren corresponds to the
number of nanoclays inside a nanoclay cluster. Wthen nanoclay cluster
increases in size, the nanoclays inside the clirstezase. Hence, will increase

in Eq. (5.41) and result in increasing the integfbtension between the nanoclay
cluster and the surrounding epoxy resin. Nevertiseld the interfacial tension

continues to build up on the surface of the nanoclasters when their sizes
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increase, it causes the nanoclays more difficuladbere on the surface of the

nanoclay clusters. Therefore, the change of visgadi epoxy resin due to the

alteration of sonication temperature plays an irtgpdrrole in the growing of

nanoclay cluster sizes. The size of the nanoclastets depends on the viscosity

of the epoxy resin by altering the sonication terapee, thus, Eq. (5.41) need to

be further modified for describing the interfaciahsion between the nanoclay

clusters and the epoxy resin. As the increase moclay cluster size is directly

proportional to the sonication temperature and reelg proportional to the

viscosity of epoxy resin, the relationship betwé#ss sonication temperature, the

viscosity of epoxy resin and the nanoclay clusiaesscan be approximate by Eq.

(5.42). Consider a nanoclay cluster with radiasmd has nanoclays inside,

r =KT| — 43)
dT

wherek is a constantT is the sonication temperature amds the viscosity of

epoxy resin. Eq. (5.42) describes the phenomenancoéasing the sonication

temperature, the viscosity of epoxy resin decreasesthe nanoclay cluster size

increases. Differentiating both sides of Eq. (5.82)/dt, the rate of increase of
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the radius of the nanoclay cluster can be obtained.

dr _ (dT 1

o k( il j —(dpj (5.43)
dT

REE

dt dt \ dpo

Rewriting Eq. (5.42),

_ [ dT
. k(dpj 5.45)

Assuming the nanoclay clusters are spherical ipeshdne change of the surface

areaA of a nanoclay cluster is given by:

A= 4{1{‘%} (5.46)
do

As the interfacial tension equal #&\(n) as stated in Eq. (5.41), combining with

Eq. (5.46), the interfacial tension is given by,
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OA = U4n{k(d—TH (5.47)
do

oA = oA k| — (5.48)

dT

In Eqg. (5.48), if the change of viscosity of epaesin is huge from 4Q to
100C, dp/dT becomes large in Eq. (5.48) and results in detrgdbke interfacial
tension between the nanoclay clusters and epoxy. rEiis is the reason for the
increase in nanoclay cluster sizes when increasiegsonication temperature
since the interfacial tension between the nanoclagters and the epoxy resin
decrease and facilitates the adhesion of free tay®@nto the surface of
nanoclay clusters. Furthermore, increase in sanrcaémperature also provides
addition of kinetic energy for the free nanoclaysrove and increase the chance
to adhere on the surfaces of nanoclay clusterthelfchange of viscosity with
respect to sonication temperature is zero, for @&nm solids or cured NCs, the
interfacial tension as predicted by Eq. (5.48) bee® infinity and hence the size

of nanoclay clusters cannot be changed in cured NCs
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0. CONCLUSION

In this project, mechanical properties of the is@ua of intercalated nanoclay

clusters in NCs have been investigated in detamiceSuneven pressure can be

easily introduced into NC mixtures during manufaiciyl processes, such as

extrusion and injection molding of engineering prod, intercalated nanoclay

clusters are readily formed in NC products. Howgevbere was a lack of

investigation on the mechanical properties of NGt wuntercalated nanoclay

clusters in recent research. Mathematical and étieat models seldom address

the formation of nanoclay clusters and the mixingchanisms inside the NC

mixtures. With the extraordinary growth of importanof NCs in modern

engineering structures, the need of understandimd) iaterpreting different

internal structures of NCs is growing enormouslyr Ehis reason, this project

was focused on the mechanical properties of NC& witercalated nanoclay

clusters that has not previously been studied ¢leesv Vickers micro-hardness,

wear resistance and creep behavior of NCs witlrdatated nanoclay clusters

are reported here. Theoretical analyses on the angdl properties, interaction

energy in the NC mixtures and the formation of ridanp clusters in NCs are also

proposed for the facilitation of understanding amthlyzing the maximized
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mechanical properties of the NCs at 4 wt.% of n&ysc

Firstly, Vickers micro-hardness and wear resistarfd¢Cs at different amount of

nanoclays were tested in this project with différeanoclay content. It was

found that the micro-hardness and wear resistafdeeoNCs increased with

nanoclay content. Based on the experimental reanlisSEM analysis, the size

of the intercalated nanoclay clusters reached aialrlimit and therefore the

reinforcing function of the nanoclays decreasedk&fis micro-hardness and

wear resistance increased with the content of Hay®increased up to 4 wt.% of

nanoclays. A mathematic correlation of micro-hasgnand wear resistance of

the NCs with the diameters of intercalated nanoclagters and inter-cluster

distance is also proposed. This can aid the uraledstg of the infrastructure

inside the NCs for everyday engineering applicaioifhe formation of

intercalated nanoclay clusters in NC surface cgaton engineering products is

accurately modeled instead of only considering ligeexfoliated NCs in many

laboratory studies.

Secondly, this project examined the dispersioncetiy ultrasound sonication on

the NC mixtures before curing. Maximum micro-harskef the NCs at 4 wt.%
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of nanoclays was achieved when they were sonic&iedlO0 minutes. The

existence of the optimum micro-hardness at a gpesdinicating time was

explained with the aid of SEM and XRD. The expemnta¢ results found that

different ultrasound sonication times indeed a#dcthe size of the nanoclay

clusters. Nevertheless, the interplanar distandevdmn the nanoclay platelets

was not as strongly influenced by the sonicatidectf

Thirdly, this project studied the formation of nafay clusters and their size in

NCs by the modified nucleation theory of clust@ased on the deduction of the

modified nucleation theory of clusters in which tledfects of sonication

temperature and viscosity of epoxy resin were tak#o consideration, the

increase in size of nanoclay clusters at highercation temperature was due to

the decrease of interfacial tension between thiases of nanoclay clusters and

the surrounding epoxy resin. Accompanying the iaseeof kinetic energy of the

nanoclays in NCs at higher temperature, the prdibalior free nanoclays to

adhere on the surface of a nanoclay cluster graatheased. Hence, nanoclay

clusters appear larger at higher sonication tenpera

Furthermore, the results obtained by nanoindemtattnund that the relative
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elastic modulus of NCs decreased from the bottothedatop portion of the NC

samples due to the effect of gravity on the nanoclhasters. Based on the

experimental results, this was caused by the sbmicgéemperatures that played

an important role in the curing time of NCs. At lmy temperature, the

distribution of nanoclay clusters were more evesntht lower temperature as

gravity needed less time to pull down the nanoclagters than it did at lower

temperature. The distributions of nanoclay clusieese still well dispersed at

higher sonication temperature at the time of cyrisg the relative elastic

modulus remained stable.

Moreover, this project also demonstrates the amaatiip between Helmholtz free

energy and Vickers micro-hardness of NCs at differeanoclay content. The

Helmholtz free energy in the NC mixtures was maxadi when the Vickers

micro-hardness of NCs was maximized simultaneouBhis shows that the

mechanical properties of cured NCs was closelyedlto the mixing conditions

when the NCs was in the pre-cure state, and héimeelegree of free energy was

the energy source to provide the mobility for ndage to move around the

epoxy resin in order to promote dispersion of nénecinside the NCs. The

reaction efficiency factora) was established in the project in order to edeéma
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the micro-hardness of the NCs at different wt.% nainoclays from their

Helmholtz free energy in their pre-cure state. Whté aid ofa, it can prove that

the mixing conditions before curing play a sigrafit role in the preparation of

the NCs.

Finally, creep of NCs at different nanoclay contewas measured by the load

holding mechanism in nanoindentation. The novel/lkeVoigt creep model was

proven to describe the creep mechanism of NCs gluranoindentation with

only intercalated nanoclay clusters inside. At theginning stage of

nanoindentation, the viscoelastic behavior of epmatrix in NCs dominated.

When the time elapsed, the elastic behavior ofrttexcalated nanoclay clusters

in the NCs became significant. As time approachdfthiiy, the degree of

creeping was determined by the intercalated napatissters. As a result, the

creeping strain of NCs with different nanoclay @mtcan be readily obtained by

using the mathematical model in this project. Treeping strain of the NCs was

minimized at 4 wt.% of nanoclays.

In conclusion, this project studied the mechanipedperties of NCs with

intercalated nanoclay clusters. It demonstratedthie®retical analysis of the
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formation and mixing energy of nanoclay clustetrss b comprehensive study of
NCs with intercalated nanoclay clusters and pravideresearch platform and
milestone for the practical and academic undergtgndnd interpretation of

nanoclay clusters in NCs .
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Abstract

The mechamical and thermal properties of nanoclay polymer composites have been experimentally investigated over the last decade. Most
of the research has been focused mainly on the control of their interplanar structures, which govern the global properties of the compaosites. In
reality, these structures (both exfoliated and intercalated patterns) are hardly achieved through the use of conventional manufactuning process
for plastic products. Different sizes of clusters mixed by nanoclays and mamrix would be easily formed. particularly in the extrusion of
polymer-based components. This paper experimentally studied the hardness and interlaminar shear properties of nancclay/epoxy composites
with different amount of nanoclay content, which formed different sizes of nanoclay/epoxy clusters after mixing in an extruder. The results
showed that the micro-hardness of the composites could be enhanced when a small amount of nanoclay was added into the epoxy. However,
there was an optimal limit in which the hardness was dropped by continuously increasing the nanoclay content. Microscopic observation on
the fracture surfaces showed that the size of the clusters varied with the amount of nanoclays used in the composites. Although previous
literatures have reported that the use of nanociays in polymer-based composites could enhance their mechanical properties, the interlaminar

shear test indicated that the short beam shear strength of the composites decreased after adding the nanoclays into the matrix.

€ 2004 Elsevier Ltd. All rights reserved.

Kevwords: B. Hardness; Product development

1. Introduction

Recently, the developments on mechanical, bio-medical
engineering and aeronautical components have been
miniaturised into different scale levels. Due to the increas-
ing need of micro/mano-sized devices and structural
members in the nano-tech and space industries, the
development of new advanced materials, which are able to
sustain their strength in any extreme temperature and
chemical environments without being mechanically, chemi-
cally or thermally degraded and to be manufactured to high
degree of defect-free properties, particularly for space and
automotive applications becomes a new challenge in the
current decade.

In past few years, National Aeronautics and Space
Administration (NASA) and John Space Centre (JSC) have

* Corresponding author. Tel.: +86 852 2766 7730; fax; + 86 852 2365
4703,

E-mail address: mmktlau@ (K.-t. Lau).

1359-8368/S - see front matter © 2004 Elsevier Lid. All rights reserved.
doi:10.1016/ compositesb. 2004.09.006

driven breakthrough technologies to expand human explora-
tion of space [1]. One of the most important focuses in
achieving this goal is to develop new materials, which
possess strength-to-weight ratio that far exceeds any of
today’s materials. Nanocomposites have emerged as very
efficient strategy to upgrade properties of synthetic poly-
mers to the level where performance of these nanocompo-
sites largely exceed the ones of conventional composites.
Veprek and Argon {2], Veprek and Jilek {3] and Veprek [4]
have found that nanocomposites exhibit superior hardness
and elastic properties, and high level of thermal stability.
Carbon nanotube and nanoclay composites have been
recognised as the best nano-fillers for the composites to
fulfil aforementioned requirements [5-7]. Successful use of
nanotube/polymer and nanctube/metal composites in space
applications is highly dependent on the structural integrity
and mechanical performances of the composites in extreme
low temperature, heat and radiation, and vacuum environ-
ments, particularly for reusable launch vehicles [8.9].
However, many literatures have reported that the nanotubes


lbsc
Rectangle


264 C.-K. Lam et al. / Compusites: Part B 36 {2005) 263-26%9

have a poor bonding strength to aerospace-used pelymer
matrices because of their perfect hexagonal atomic
architecture on the nanotubes’ surface [10-13]. It has been
proofed that a2 good bonding strength between internal
reinforcements and matrix is one of the dominant factors
that attribute the outstanding mechanical properiies of
advanced composite structures {14-17]. Adding chemical
catalysts to enhance the bonding strength of composite
systems may damage the carbon—carbon bond that attributes
to extraordinary mechanical and electrical properties of
nanotubes.

Recent researches have found that commercial organo-
clays (tayered silicates such as montmeoritlonite which has a
fairly large aspect ratio, hereafter called ‘nanoclays’) could
be used to make aerospace epoxy nanocomposites, which
possess excellent mechanical strength and low coefficient of
thermal expansion with relatively low cost and ease of
fabrication [18.19]. Companies such as Nanocor, Southern
Clay Products and Zhejian Fenfhong Clay Chemicals Co. in
the US, Japan and China have patented technologies for
production of nanoclays. Several polymer companies both
in the US and Japan are producing nylon nanocomposites
for automotive and packaging applications. A few weight
percentages of nanoclays with a thickness of about 1 nm in
polymer beots the heat distortion temperature by 80 °C
making possible structural applications under conditions
where the pristine pelymer would normally fail {19-21].
The existence of silicate platelets inhibits the polymer chain
rotation that influences the mechanical and thermal proper-
ties of the nanocomposites. In some extents, these platelets
could inhibit the crack propagation due to the formation of
micro-voids when the nanocomposites are under-stressed,
thus increasing the fracture toughness [22]. Alexandre and
Dubeis [19] and Lau et al. [23] have proofed that the
mechanical and thermal properties of composites could be
modulated by nano-fabrication process of intermetallic
compounds. A latest literature also revealed that inter-
calated and exfoliated morphologies of nanoclay/polymer
composites are highly affected by the manufacturing time
and temperature, which in turn influenced the cross-linking
interaction of polymer. The amount of nanoclays inside the
polymer also appeared different with mechanical, thermal
and electrical properties of nano-composites. The per-
meability of water, oxygen and other gases of the nanoclay
composites also decreased making these composites ideat
for building up advanced composite fuel tanks for
tomorrow’s reusable launch vehicles. Timmerman et al.
{24] clearly demonstrated that the number of transverse
cracking of carbon fibre/epoxy laminates as a response to
cryogenic cycling was significantly reduced when nano-
fillers were used. The development of these polymer-based
nanocomposite materials enables to make advanced struc-
tures with high strength and thermal stability. It thus
minimises the risk of geometrical and thermal distortions
due to the changes of ambient temperature and therefore
maintains the aeredynamic profiles of the structures. Due to

layered silicate nanocompasites achieving compaosite prop-
erties at much lower volume fraction of reinforcements,
they avoid many of the ¢costly and cumnbersome fabrication
techniques common to conventional fibre-reinforced poly-
mer materials [18].

An appropriate addition of a small amount of nanoclays,
typically in the range of 3—5 wt%, could provide an efficient
upgrade on the mechanical and thermal performances of
conventional polymer-based composites [25,26]. In an
industrial point of view, these lightest particles could be
effectively used to produce high stiffness and thermal
stability structiral components with having low cost and no
subjection to weight penalty. Recently, many product
manufacturing organisations and commercial companies
have started to deeply investigate the possibility of
producing this type of nanccomposites in order to fabricate
plastic products with high strength and low thermal
distortion [27-29]. However, these properties are highly
dependent on the dispersion property and interplanar
arrangements of nanoclays inside the composites [30].

It has been reported that the impact and wear resistance, as
well as fracture toughness of advanced composites, could be
improved by mixing an optimal amount of nanoclays
[31-33]. The optimal amount of the nanoclays in the
composites is dependent on the particle size and shape,
homogeneity, dispersion property and interfacial bonding
properties between the particles and matrix. Practically, both
exfoliated and intercalated planar structures can only be
found in laboratory studies, which is in fact difficultly
achieved during product moulding processes. To the best
knowledge of the authors to date, no detailed report has been
published presently to study the dispersion properties of
nanoclays in polymer-based materials after extrusion.
Practically, the formation of micro-size nanoclay/polymer
clusters always appears in the composite. These clusters, in
mrn, would influence the intrinsic material and mechanical
properties of the composites. To look at the cluster size
effects to the properties of the composites, micro-hardness
and interlaminar shear tests were conducted in this work.
Different amounts of nanoclays were added into epoxy-based
resin to form nanoclay/epoxy composites. The micro-hard-
ness of testing samples was examined by using micro-
hardness tester (Vicker type). The microscopic observation
on the fractured surface of these samples was also conducted
to measure the cluster size and study their effect to the
hardness of the composites. An interlaminar shear test was
also carmied out to investigate the short beam shear properties
that have not been discussed previously elsewhere of the
composites. The effect co-relating to the size of nanoclay/
epoxy clusters was also discussed in this paper.

2. Experimental investigation

Araldite GY 251 epoxy resin and hardener HY 956 in the
ratic of 5:1 were used to form base polymer materials.
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Fig. 1. Diagrams captured from EDX: location away from the cluster {left) and the center of the cluster (right}.

Nanoclay particles (SiQ;, Nanoclin DK1 series from the
Zhejiang FH Nanoclay Chemical Technology Company)
were then added into the materials to form nanoclay/epoxy
nanocomposites. The mean diameter, density and moisture
content of the nanoclays were 25 nm, less than 3% and
0.45 gfem” with more than 95% of Si0,, respectively. At the
beginning of the nanocomposite manufacturing process, the
predetermined amount of nanoclays was added into the resin
by mechanical stirring and followed by sonication for 1 h at
room temperature in order to provide a uniformly dispersed
nanoclay/epoxy uncured mixture. The hardener was then
added into the mixture by appropriate ratio followed by
mechanical stirring and afterward vacuuming for another
24 h. This step was to remove air-bubbles that were trapped
inside the nanocomposites before curing. Six types of
sample were made in this study; they were pure epoxy
(0 wi% nanoclay content), and nanocomposites with 2, 4, 6,
10 and 13 wt% of nanoclays.

Micro-hardness test was conducted to all samples and a
total of 10 indentation points were measured on the
samples’ surface. Micro-hardness tester (FM-7E) of the
Future-Test Corporation from Tokyo, Japan was used i
the test. To increase the accuracy of measurement, all
samples’ surfaces were well polished using high-grade
sandpapers prior to the test. To observe the dispersion and
mixing properties of the nanoclays in the nanocomposites
with different amounts of nanoclay content, all samples
were broken into two pieces by undergoing a bending test.
The fractured surfaces were then examined by using Leica
Stereoscan 440 model scanning electron microscopy
(SEM). X-ray spectroscopy (EDX) was also used to verify
the validity of the location of the nanoclay particles (Fig. 1).

Since most of the previous study was mainly focused on the
tensile and bending strengths of nanotube/polymer compo-
sites, the interfacial shear properties of these composites
have not yet been investigated elsewhere. In our work,
similar samples as for the micro-hardness test were also
made for interlaminar shear test to investigate the short
beam shear strength of the nanocomposites and study the
effect to their cluster sizes. The size of the samples was
10 mm X [0 mm X2 mm.

3. Results and discussion

Table 1 shows the experimental measurements of micro-
hardness of the nanocornposites with different nanoclay

Table 1
Results of the micro-hamness measurements at different nanoclay
composiions

Hardness 0% 2% 4% 6% 10% 15%
(Hv}

1 99 10.8 1.7 11.7 8.2 1.5
2 9.2 il.a 25 10.4 51 1.5
3 9.6 101 11.9 1.1 5.5 2.3
4 9.4 119 14.4 10.9 6.2 35
5 9.5 12.3 128 12,9 6.1 5.1
6 10.1 11.8 12.7 125 6.1 2.9
ki 10.6 10.1 12.1 109 438 32
8 114 122 131 11.8 53 2.6
9 10.5 12 13 12 6.1 2z
10 10.6 113 129 10.2 6.3 2
Average 10.08 11.41 1275 11.44 597 2.68
Maximum 11.4 123 14.4 129 8.2 51
Minimum 92 10.1 ir7 10.2 4.8 1.5
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conbenis, Ao average hardness was calcolated by 10 mdenta-
ton measwrements and a plot of the resulls of esch ype of
samples 15 showo n Fig, 2 A the beginning, it is obvious that
Lhe hardness increases with increasing nancclay content. The
i hardness wis measured where the nanoclay content
reached 4w, A decling of the hardness also appears on
fuither increasing the nanoclay content; the hardness
decrenses in w drastic manner from 1273 Hy (4 wt% of
oeme Juy ) b 2 68 Hv (18 910% of nancclay). In most previcus
literatures, it has been indwated thal adding & small amoune of
narocluys imle pelveoer-based materials could potentially
enliance their strengeh, like hardness of the cument sanples
with the nanaclay content Less thim 4 wi, However, it iz also
reasonable to believe thal o slould have an optimal limit since
the physical propertics between these nano-siructural
materials and mutrx we dilferent, In the current swdy, it
wins degnematiatad that the hardness was dropped 11 the aroount
of the nancclays was beyond 4 wi%, Besdes, [or the sample
with mare nanoclay cootent, the Hine regquired for solidifica-
tion wiss also longer as well as the surface of the sumple was
relatively aoft compared with clher samples with Lower
nunoclay comlenls. I was suspected that the nanoclays mighl
et the chemical reaction, and so cuuse incumnplete curing
process of the composites. For wll samples with high nanoclay
comtenl, the matrix might not be fully cured. By looking at the
trend presented in Fig. 2, it is worthwhile to study in detail the
phyvsical mechanism that governs this conrary effect in
hardoess of he panooompnsites,

Tig 3. SEM phulopgraph of [@ieg ¢poxy

Fig. 4. BEM planegraph of 4 wrs of nonncloy/epnay compusite.

Tn Figs. 3 and 4, morphological cbservations on the
fractured sucluces of the sasoclayfepoxy samples are
shown, T is ohwious that clusters were formed in the sample
with 4 wi% nancclay purticles, The averagze diameter of the
clusters measured throughout the whole sample at ditferent
Ioculions was about 125 nm. The clusters were evenly
distributed throughout the sanple, which reflected that those
small numopariicles inended o agglomerae with cach
olher, This phenomenal ohscrvation denoted that thuse
pancclay particles could not be sasily dispersed although it
was subjected 1o sonication. This might bz due to the fact
that the viscosity of the reom temperature cursd resin could
ot he low enough to allow the diffusion of monomers into
plunar siructures of the nanoclay particles. Ths agelomera
tion may be caused during the curing process of the
composites. The nanoclay particles mnved toward others
ursd partly bonded with epexy rmatrix w form clusters. The
siza of the clusters was dependent on the amnont of
nanoclay particles nside the ancured matrix,

In Fig. §, & micrograph of the sample with 15 wi% of
nanoclay particles is also shown. Cuomparing with Fig. 4,

Tig. 5. 53EM photograph of 15 w15 ol mangaliviepaxy CRATIINRIne
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Fig. 6. Variation of the cluster size at different wi% of nanoclay.

the size of the clusters was apparently bigger than that of
the one with only 4 wt% nanoclay particles. The diameter
of the sample with 15 wt% of nanoclay particles measured
from the SEM was about 400 nm. In fact, this phenomenon
is explainable. As the wt% of the nanoclay particles
increases, the free volume allows for nanoclay particles to
moeve around would be decreased. Therefore, the mechan-
ical stirring and ultrasonic separaticn techniques cannot be
effectively used to separate the agglomerations of the
nanoclays, as higher the wt% of nanoclay particles in the
epoxy resin, the less the free volume for each nanoclay
particles to live in. At the same time, the cross-link density
of the nanocomposites then increased and it therefore
resulted in increasing the tendency for the nanoclay
particles to form pairs or clusters [10]. As the amount of
nanoclay particles increases in the composites, the inertia
for the nanoclay particles to form agglomeration is also
increased. Therefore, larger clusters of nanoclay would be
easily formed. The average cluster sizes of nanocomposites
with different amounts of nanoclay particles are plotted in
Fig. 6. The cluster size increased with increasing the wt% of
the nanoclay particles.

In Fig. 7, there is a long plastic yielding zone appearing
in a pure epoxy sample after the interlaminar shear test.
From the long yielding zone of the pure epoxy, it is obvious
that the fracture energy consumption and toughness of the
pure epoxy are quite high. However, it is apparently
different compared with others after adding nanoclay

Load vs Extension {0%)

Load vs Extension {4%)

T T t

0 a1 02 03 04 05 06
Extengion (mm}

Fig. 8. Load—deflection curve extracted from the interlaminar shear test of
nanccompasites with 4 wi% of nanoclay particles.

particles. In Figs. 8 and 9, the load—deflection relationships
captured during the interlaminar shear test of nanoclay/
epoxy samples are shown. In these figures, it is obvious that
the ductility of the epoxy-based samples dropped after
mixing with nanoclay particles. In Fig. 8, nc plastic
deformation of a nanocomposite with 4 wt5 of nanoclays
is shown. However, for another sample with 15 wi% of
nanoclays, the sample became softer and the short beam
shear strength is also lower than the one with 4 wt% of
nanoclay particles and pure epoxy.

Although Section 2 shows that the hardness of nanoclay/
epoxy composites could be enhanced and the maximum
hardness could be achieved by adding 4 wt% nanoclays into
epoxy composites, the results from the interlaminar shear
strength test showed that the short beam shear strength of all
nanoclay/epoxy composites decreased. In the 4 wi% of
nanoclay sample, there were more tiny nanoclay clusters as
shown in Fig. 4. These tiny nanoclay clusters of about
125 nm in diameter would squeeze intc the polymer chains
of the epoxy and loosen the interaction between them. In
addition:, from the crack surface of the sample, the clusters’
shape appeared like a sphere. From the mirror-like interface
between the nanoclay clusters and the epoxy, it reflects that
the interfacial bonding strength between the nanoclay
clusters and the epoxy was weak. As a result, when there
is an external force applied, debond at the interface berween
the nanoclays and matrix would easily occur. Hence, the
short beamn shear sirength of the epoxy decreased with
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Fig. 7. Load—deflection curve extracted from the interlaminar shear test of
pure Epoxy.
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Fig. 9. Load—deflection curve extracted {rom the interlaminar shear test of
nanocomposites with 15 wt% of nanoclay particles
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nanoclay added. At 15 wt% of nanoclay, the load—deflection
behaviour appeared in a strange way as shown in Fig. 9. It
does not possess a clear fracture peint after the maximum
load appears. This is due to the fact that the amount of
nanoclay content has been greatly increased and the
mechanical behaviour is determined by the nanoclay
particles interaction rather than the epoxy-nanoclay inter-
face mechanisms. The epoxy now acts like ‘glue’ between
the nanoclay particles. As the cluster size becomes larger,
the breaking paths of the applied load become rougher and
in a ‘zig-zag” manner. Hence, the fracture toughness of the
15 wt% of nanoctay becomes higher and more difficult to
fracture than the pure epoxy. Thus, the micre-hardness of
the 15 wt% of nanoclay sample was much lower than the
other samples as the deformability of the 15 wt% of
nanoclays was the highest. Therefore, it becomes obvious
to understand the irend of the micro-hardness behaviour as
shown in Fig. 2 and the existence of the optimal amount of
the addition of nanoclay.

According to the results obtained from the micro-
hardness test, the cluster size attributed the properties of
the nanocomposites. Increasing the amount of the nanoclay
particles in the nanocomposites represents that the guantity
of the nano-reinforcements increases, and therefore the
overall strength is also increased. However, it would have
an optimal limit since the size of the cluster increases
and subsequently the total number of the clusters, as
nano/micro-reinforcements are decreased. The distance
between these nano-size or micro-size clusters is also
decreased which eventually reduces the effectiveness of
strengthening the nanocomposites. This is an important
aspect since most of previous literatures were mainly
focused on the production of exfoliated and intercalated
nanoclay structures for nanocomposites. The effect due to
the formation of clusters is normally neglected. However, in
real practice, it is extremely difficult to control the nano-
structures of the nanoclay particles in the general product
manufacturing process. Although the formation of clusters,
in some points would induce adverse effects to the product,
the use of appropriate amount of nanoclay particles, which
produce a pre-determined size of clusters after the
manufacturing process, may give optimal mechanical and
thermal properties to the whole structures.

4, Conclusion

This paper studies the hardness of nanoclay/epoxy
composites with different amounts of nanoclay particles.
The influence of the hardness due to the formation of
clusters is also explained in the paper. Microscopic
observation using SEM was conducted to measure the
cluster size of the nanocomposites. It was found that the
hardness of the nanocomposites increased with increasing
nanoclay content. However, it was also seen that there was
an optimal limit. This might be due to the size of the clusters

reaching a crucial limit and therefore the reinforcing
function of the nanoclays decreased. Interlarninar shear
test showed the short beam shear strength of the epoxy
decreased after adding few percents of nanoclay particles. A
shiny surface of the clusters, captured from the fractured
samples also revealed that a weak bonding interfacial
existed between the cluster and matrix, which led to & poor
short beam strength of the composites. However, it would
not affect the hardness of the composites during different
stress transfer mechanisms between the hardness and shear
properties of materials, Further work is under processing to
study in detail the mechanical and thermal properties of
nanoclay/polymer composites due to formation of clusters.
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Abstract

Ultrasound sonication has been widely used in the exfoliation of nanoclay platelets. Nevertheless, the existence of absotutely extfoliated
nanoclay composiles 13 impossible in reality. Regions of intercalated nanoclay platelets can be casily formed and agglomerate as tiny clusters.
Different sizes of clusters mixed by nanoclays and mairix would be easily formed, particularly in the extrusion of polymer-based
components. The cffects of ultrasound sonication in these intercalated nanoclay clusters will be detailedly discussed in this paper. The
hardness of nanoclay/epoxy composites samples made under different ultrasound sonmication time will be examined to compare their
mechanical performances. X-ray diffraction (XRD) technique will also be employed to investigate the interplanar distance between the
nanoclay platclets in different samples. Scanning electron microscopy (SEM) will also be used 10 investigate the clusters distribution inside
the composites. The results show that there exists an optimum ulrasound senication time where the mechanical properties of the composties
are mostly enhanced. The cluster sizes of nanoclay change with different sonicating time, whercas the interplanar distance without being

altered.
2005 Elsevier B.V. All rights reserved.

Kevaordds: Nanocomposites; Hardness; Ultmsound Sonication

1. Introduction

The enhanced mechanical properties of nanoclay/poly-
mer nanocomposites with a relatively light weight com-
pared with conventional polymer-based composites have
attracted the focus of researchers in the last decade. A
relatively small amount of nanoclays, typically in the range
of 3-5 wt% [1.2]. is enough for the enormous improve-
ments in the mechanical and thermal properties of the
nanoclay/polymer nanocomposites. Industtes and manu-
facturing seciors enjoy the economic benefits of the
effective production of this umproved structural compenent
with small amount of nanoclay required. Investigations on
the product developments of the nanoclay/polymer nano-
compaosiies have began explosively in major manufacturing

* Comrosponding author, Tel: K6 852 2766 T750; jax: +86 852 2365
4703,
E-mail address. mmktlawsg polyu.eduhk (K. Lau).
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industries in the world [3--3]. Nevertheless, these improved
mechanical properties are mainly depended on the fine
dispersion of nanoclay platelets inside the nanoclay’
polymer nanocomposites. Ulrasound somication of pre-
mixed naneclay/polymer samples 1s alwavs being used in
assistance of the dispersion or exfoliation of the nanoclay
platelets [6]. Fully exfoliated nanoclay/polvmer nanocom-
posites are expected after the ultrasound senication
process. However, entirely exfoliated or intercalated nano-
clay structures are seldom found n the plastic moulding
praocess in reality, they can only be successfully imple-
mented in laboratory studies. Small clusters of micro- or
nanosize in diameter of nanoclays are often formed in the
composites instead and they would influence the mechan-
ical properties of the nanoclay/polymer nanocomposites.
However, the effectiveness of ultrasound sonication in the
dispersion of nanoclay platelets inside the nanoclay
clusters of the composites has not vet been swmdied
elsewhere.



In this paper, nanoclay-epoxy composites with the same
amount of nanoclay content were made subjected to different
ultrasound sonicating times. Micro-hardness test (Vicker
tvpe) was employed 1o investigate the mechanical properties
of the composites. X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were uvsed to study the inter-
planar distance between the nanoclay platelets and examine
the surface morphology of fractured samples. respectively.

2. Experimental investigation

Araldite GY 231 epoxy resin mixed with hardener HY
936 in the ratio of 3:1 to form base materials and nanoclay
particles (510, Nanolin DK series from the Zhejiang FH
Nanoclay Chemical Technology Comparny) were then added
into the materials to form nanoclay/epoxy nanocomposites.
The mean diameter, density and moisture content of the
nanoclays were 23 nm, less than 3% and 0.45 g,f"cm3 with
more than 95% of Si0,. respectively. At the beginning of
the nanocomposite manufacturing process, 4% of the
nanaclay was added into the resin by hand stirring and
followed by different sonicating time, namely, 5 min, 10
min, 15 min, 30 min and 60 min at room temperature. The
hardener was then added into the mixtures by mechanical
stirring and followed by vacuuming for another 24 h for
curing. Under microscopic observation, the nanoclay
platelets were fonmed after interacting with the epoxy.
Micro-hardness test was conducted to all samples and a total
of 10 indentation points were measured on the samples’
surface. Micro-hardness tester (FM-7E) of the Furure-Test
Corporation from Tokyo. Japan was used in the test. To
increase the accuracy of measurement, all sample’s surfaces
were well polished using high-grade sandpapers prior 10 the
test. To observe the dispersion properties of the nano-
composites with different amount of nanoclay content, some
samples were broken into two pieces by a simple three-peint
bending test and the fractured surfaces were examined by
using Leica Stereoscan 440 model scanning electron
microscopy {SEM). XRD examinations were also conducted
on the different sonicating samples by using the Philips PW
1830 X-ray Generator (Cu K , 2=0.154 nm).

3. Results and discussion

Fig. 1 shows the micro-hardness of the nanocomposites
containing 4 wt.% of nanoclay prepared at different
sonication times. An average hardness was calculated by
10 indentation measurements. As observed in the figure,
there is an optmum hardness at the nanoclay/epoxy
nanocomposite with 10 min sonicating time. The micro-
hardness of the nanoclay sample 1s decreasing from 10.6 Hy
{pure epoxy) to 2.03 Hv (5 min sonicating time). Further
increasing the somcation time beyond the optimum point,
the micro-hardness decreases gradually from 12.05 Hv {10
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Fig. 1. Micro-hardness of the nanoclay composites at different sonicating
times at 4 wt.2 of nanoclay contemnt.

niin senicating time) to 7.09 Hv {60 min sonicating time).
From the trend of the micro-hardness value in nanoclay:
epoxy nanocompesite samples with different sonicatng
times, the time for the ultrasound sonication must be
adequately controlled in order to achieve the maximum
mechanical performance of the composites. A1 any sonicat-
ing time lower or higher than the optimum value, the micro-
hardness will be adversely affected and may be even worse
than the original pure epoxy sample.

In Figs. 2 4, SEM photographs of fractured samples
with 3 min, 10 min and 15 min sonicating time are shown,
respectively. [t is obvious that nanoclay clusters were
formed in all of the samples. In Fig. 2, a micrograph of
the sample with 3 min sonicating time is shown. The size of
the nanoclay cluster 1s about 100 nm in diameter and they
are separated from each other with a long distance. A SEM
micrograph of the sample with 10 min sonicating time is
shown in Fig. 3. Comparing with the cluster size in Fig. 2,
the size of the nanoclay clusters have been reduced
drastically to 10 nm in diameter. The distances between
each cluster are shorter. Hence, the surface area for the
interaction between the nanoclay clusters and the epoxy has
been increased and provided the befter reinforcement in
micro-hardness of the nanoclay sample. Fig. 4 shows that
the size of the nanoclay clusters mcreases again and the
distance between the clusters is also mcreased. Therefore,
the mechanical performance of the nanoclay composites is
decreased with applying longer sonication time during the
composite manufacturing process.

In Fig. 3, the XRD spectrums of each of the samples are
shown. There exists only one common peak at 2(=20 with
the maximum intensity. Thus, by the use of the Bragg’s
formula. the interplanar distance between nanoclay platelets
is approximately equal to 0.225 nmm. That means the
sonicating time variation would not influence (he exfoliation
of the naneclay platelets as always expected by most of the
researchers. The only difference with sonicating time
varving is the changing of cluster size.

According o the results obtained. ultrasound senication
can aid the enhancement cf the mechanical properties in
the nanoclay/epoxy nanocomposites with properly control-
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Fig. 2. %EM nf twe panccloy compesiiz with 5 min sonicating time & 4
wi ol narwstlay contond

Lingr the sonicaliog Gme, Ulirssound sonication 15 o foom of
vibration that provides encrgy for the nanoclay platclets o
ezcupe [rom the surounding resirainming  [orce. Exira
energy 1= given o the nemoclay plateleds o move around
when sonicating the ranoclaypolymer mixmee, 1t there is
nul enough enerey wven o the polvmernonocly mixiere,
the nanoclay plateleds cannot escape the resmaining toree
within the sanoclay clusters; thuz, the aid for dispersion is
lirriited, Do fhe other band, iF e much energy iz given o
the nannclay placelets o move around, then the frequency
of collision between euch sinels nunoclay plateles wall be
inercased. The chance for cach single plateler to fangle up
und reacl wo form g lorger oomocley cluster would be
incrcased. Hemce, the dispersion mechanizm mav he
adversely affected with oo much energy given o the
minccley platelels. Therelors, an oplmum somiculmg Lioms
rust be achicved in order 1o have the maxinum dispersion
abality, Meverdbeless, i there are cluslers of naooclay
tormed. as shown in Fig. 5, the merplanar distance of the
nansclay platclers would not be affected by the ulrasound
somication. Instend, the size of the psnoclay clusiers are

Fig. 3. 3CM of the narcclay composite with 10 man sonicating lime o 4

W of el coans

Tig. 4. 3EM of the nanoclay compasive wilk 15 min woaicaling time =1 4
wil.% of nznoclay comient.

reduced in accompany with the incroase of the number of
nemo oy clusters when the oplimum soowsling lme s
reachod. Therefore, the surface arca fior the interaetion
belween the panoclay clusters and the epoxy is inereased
und provides the meximum remforcement. I further
increazing the sonicating time bovond the optimum value,
the size of the nanvclay clusters wall starl growing smd
thercfizre the number of the nanoclay clusters will then
decrease, Thus, the surface arca for the interaction hetweon
the nunocley clusters snd the epoxy 1= reduced and the
mechanical properties of the composites are adversely
atfinoted.

4. Conclusion

This paper presents the ulbusound sonicaton efbect on
the dizpersion properfies and plaeler arrangeiment of nano-
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Fig. 3. XRD spectnum of differem somicating limes al 4 w0 % of mneclay
e
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clay/epoxy composites. Micro-hardness test of the compo-
sites with different ultrasound somication times was con-
ducted. Optimum micro-hardness of 4 wt.% nanoclay
content occurs at 10 min sonicating time. The existence of
the optimum micro-hardness at a specific sonicating time is
also explained in this paper. With the aids of SEM and XRD
on the fractured samples, it was found that different
ultrascund sonication times indeed affect the size of the
nanoclay clusters. Nevertheless, the interplanar distance
between the nanoclay platelets was less influenced by the
sonication effect. By using XRD, the interplanar distance
between nanoclay platelets was approximately equal to
0.225 nm for all the sonicating samples. Exfoliation of the
nanoclay platelets inside the nanoclay clusters cannot be
done by simple ultrasound sonication. Further work 1s still
on going to detailedly study the mechanical of nanoclay/
polvmer composites due to the formation of clusters and the
interaction between the platelets and matnx inside the
clusters using nanoindentation technique.
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Abstract

The enhancement of mechanical properties by the use of nanoclay platelets in epoxy resin has been extensively investigated through
numerous experimental technigues recently. Elastic modulus was obtained mainly from the tensile test of bone-like nanoclay/epoxy spee-
imens. The results from the tensile test have only showed the globalized mechanical properties of composites and their localized elastic
modulus distribution has been neglected. Despite the orieniation and the degree of ¢xfoliation of nanoclay platelets inside nanoclay/
epoxy composites, the localized etastic modulus is important for the understanding of the distribution of agglomerations of nanoclay
platelets. The elastic modulus of nanoclay/epoxy composite samples made under different sonication temperatures would be examined
by nanoindentation to compare their localized mechanical behaviors. Scanning electron microscopy (SEM) would also be employed to
study the distribution of the nanoclay clusters throughout the composites. The results showed that the elastic modulus varied throughout
the composites and the nucleation theory of clusters was modified to explain the behavior of nanoclay agglomerations under different
somication temperatures in which the viscosity of the epoxy resin was varied. The gravitational effect was significant to cause the

non-uniform distributions of nanoclay clusters at low sonication temperature.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Wanocompaosites; Elastic modulus; Nancindentation

1. Introduction

Numerous researches found out that the elastic modulus,
micro-hardness, other mechanical properties and thermal
retardation properties of nanoclay/polymer composites
can be effectively improved by using a small fraction of
nanoclay content inside the composites in the last decade
[1,2] Wear resistance, fracture toughness and the reduction
of water absorption ability of polymer-based matrix were
significantly improved by adding a small amount of nano-
particles [3-5]. Major manufacturing companies and prod-
uct innovation firms have been investigating the possibilities
for nanoclays to strengthen their products since mechanical
properties were highly enhanced without any increase of the
total weight [6,7]. It is well known that the addition of small

" Correspending author. Tel.: +852 27667730; fax: +832 23634703,
E-muail address: mmktlaugpolyu.edu.hk (K. T. Lau).

(1263-8223/$ - see front matter € 2006 Elsevier Ltd. All rights reserved.
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amount of nanoclays or nanoparticles into polymer matrix
can greatly improve their globalized mechanical properties.
Globalized mechanical properties of nanoclay/polymer are
mainly studied by the use of bulk matenal testing tech-
niques. In common practice for instance, axial tensile test
is used to study the elastic modulus of varicus nanoclay/
polymer composites. Nevertheless, the localized mechanical
properties of nanoclay/polymer composites were an impor-
tant characteristic for studying the integrity, internal prop-
erties and uniformity of the composites. It 1s because
intermolecular micro-voids will generally exist in compos-
ites under stress. In the bulk material properties testing of
the composites containing nanoclays, Pietsche et al. [§]
showed that the fracture toughness was increased by adding
nanoclay particles into the composites due to the blockage
of crack propagation initiated by the micro-voids between
the nanoclay particles. But at the nanoscopic point of view,
the existence of micro-voids in the nanoclay/polymer
composites will increase the possibility of fracture as the
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micro-voids are the ongins of cracking. Cracks will prepa-
gate through the weakest path in the composites where
micro-voids or debonding situate. Hence, investigations
on the localized mechanical behaviors of nanoclay/polymer
composites are significant for manufacturing an infrastruc-
ture that minimizes the risk of void formation.

Naneindentation is a newly invented technique for the
determination of localized material properties that was
introduced by Oliver and Pharr in 1992 [9]. Elastic modu-
lus, nano-hardness and contact stiffness of a material can
be determined by nanoindentation nanoscopically [9,10].
Fig. 1 shows a typical nanoindentation profile for determi-
nation of localized mechanical properties in polymer com-
posites. The technique makes use of creating a permanently
plastically deformed surface on a material being tested.
From the force applied on the surface and the indentation
depth of the indent. relative elastic modulus can be
obtained by the equations given as:

o= (k) (1)
E, = (Vr/2)/(S] yAo) @

where A is the contact height that different from the max-
imum indentation height as shown in Fig. 2, 4. is the con-
tact surface area between the nanoindenter and the
material surface and S is the contact stiffness that is the
siope of the unloading portion in the nanoindentation pro-
file as shown in Fig. 1.

Numerous researches conducted in investigating the
mechanical properties of pure elements and Shen et al.
[11-13] has studied the morphelogies of nylon 66/nanoclay
composites by nanoindentation. To the best knowledge of
the authors, there were no nanocindentation testings focus-
ing on the localized mechanical properties of nanoclay clus-
ters distribution for nanoclay/epoxy composites.

In this paper, the elastic modulus of nanoclay clusters
throughout the cross-section of panoclay/epoxy compos-
ites prepared under different sonication temperatures will
be studied by using nanoindentation technique. The nano-

& holding

Pnax
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loading unleading

S = dP/dh
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Fig. |. The loading profile of nanoindentation.

Indenter P Surface when indenter withdrawn

i -
.. .

Fig. 2. Schematic dizgram ol nanomdentation parameters.

clay content and the sonication time were fixed throughout
the experiment while the sonication temperatures varied in
order to visualize the distribution of nanoclay clusters
under different sonication temperatures. By the different
sonication temperatures, the viscosity of the epoxy resin
will be different. The higher the sonication temperature,
the lower the viscosity of epoxy resins. Nancindentation
was employed to study the localized mechanical properties
of the composites as the diameters of nanoclay clusters
were only several hundred nanometers. Scanning electron
microsopy {SEM) was used to study the morphologies of
the cross-sectionally cut surface of the nanoclay/epoxy
composites in order to visualize the distribution of nano-
clay clusters. X-ray spectroscopy (EDX) was used to iden-
tify the locations of the nanoclay clusters.

2. Experimental investigation
2 1. Muaterials

Nanoclay particles (SiO; Nanolin DK1 series from the
Zhejiang FH Nanoclay Chemical Technology Company)
were used as nano-reinforcements for this study. The mean
diameter, density and moisture content of the nanoclays
were 25 nm, 0.45 g/crn3 and more than 95% of 8i0, respec-
tively. The epoxy resin and hardener selected for this study
were araldite GY 251 and hardener HY 936 respectively.
They were mixed in a ratio of 3 to 1 parts by weight.

2.2. Sample preparation

Nanoclay/epoxy composite samples were fabricated by
using mechanical mixing process with nancclay content
fixed at 4 wi.%. The 4 wt.% of nanoclay content was used
in order to achieve maximized mechanical strength of the
composites reinforced by nanoclay clusters as studied by
Lam et al. [14]. Nanoclays were dispersed in the epoxy resin
at 4 wt.% of nanoclays. The mixture was hand stirred for
10 min until the epoxy resin and the nanoclays were well
mixed at room temperature. Ultrasound sonication was
employed te further disperse the nanoclays in the epoxy
resin. Before sonicating the samples, each of them was sub-
jected to a different level of preheating process in order to
study the dispersion effect of the localized elastic modulus
at different temperatures. Three types of samples were fab-
ricated in this study; they were composites with 40°C,
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W00 and W00 prehesting for 5 min before wlicusound
sonication, After the preheating, the samples wers soni-
catesd. The somcation lme wis [xed at 20 min fer all the
sampiles in order to ensure the maximized mechanical per-
Cormanee [13], Hardener was added into the sonicated mix-
Lures by hand stimng and followed by vacunming for 24 h
at room tempersture for curing. All of the composites sam-
ples were subjected o fine polishing by SiCC papers and fol-
lowed by diwmond puste polishing w 6 pm accuracy belore
nanaindentation in arder to cnsure the reliability of the
resulls ablained.

23 Megsuremiens

Te study the swrface morphelogy of the composites
under diffeient senicating temperatures, scanning electron
mictoscopy (SEM) was used to examine the fractured sur-
faces of the samples, The fractured swfaces of the samples
wers obtained by cutting the freshly fabricated sumples
cross-sectionally and followed by fine polishing o 6 pm
woouracy. LM photogruphs were oblumed by exumining
the distribution of nanoclay clusters at different regions of
the samples. The SEMz of the vop laver and the botoom
laver of the cursd composites were used o compare Lhe
effects of sonicating temperature and as well as gravitational
eflect o the allocativn of the mapeclay dusters. Under (he
gravitationel chect, the nancclay particles were settled to
e bettom of the specunens, Leica Stereoscan 440 model
SEM machine was employed for the examinations.

The panowndentation data were obiained on g Hysitron
Tribomdenter at room temperature, A Berkowich nonoin-
dentor head was used for the nanaindentation experiments.
The elastic modulus wis measured [om the bottom 1o the
tap laver of the fractured surfuces of different semples.
Each compaosite sample were subjoct @0 one sct of nanoin-
dentation. Belatve elastic moduli (50 were oblaimned Do
cach set of data of the nunoindenied sumples. The loading
timee, holding time, unleading time and maximum indenta-
tion foree (FPoe) are 105, 105, 405 and 100 uM for all west-
ing szamples. The separation  distance between cach
nanindentation point was 008 min

A, Results and discussion
20, Surface morphology

Fig. 3 shows the surface morphologics of the fracturcd
surlaces of composiles (realed al dillerenl sonizlion em-
peraturcs. Fig. 4 shows the EIMX cxaminations on both cir-
cled and noo-circled repions in Fig. 3 I shows an obvious
inerease i 51 content in Uhe arcled regions and thus manoe-
lays agglomerate in the circled regions. The size of nano-
clay clusters meresses while the pumber of panocky
clusters  decrcase  when  the  senication  fomperaturcs
increase, This result proves that when the viscosioy of the
cpoxy resin decrease with the imerease in sonication temper-
atures, mancclavs tended 1o fonm larger clustecs or agglom-
crations due to the less restruming force by the surrounding
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epoxy resin. They can be flown around easily with the aid
of sonication that provided extra kinetic energy for the
nanoclays. The significance of increasing the kinetic ener-
gies of the nanoclays is to overcome interfacial tension
between the nanoclay clusters formed and the epoxy
matrix. There are several papers review on the classic
nucleation of clusters in liquids in supersaturated vapor
by Abraham [16), Zettlemoyer [17] and Lamer [18], which
was developed by Volmer, Becker and Doring and further
modified by Frenkel [19] and Zeldovich [20] explained the
increase of surface energy or interfacial tension when the
size of clusters increase. For a cluster containing » atoms,
the surface energy is given by:

oA(n) = dne(3e/4n)  n?? )

where ¢ is the interfacial tension per unit area, 4(#n) is the
surface area of the cluster, and ¢ 1s the volume per molecule
in the bulk liquid. By applyving Eq. (3) to the case of nano-
clay clusters in epoxy resin, # corresponds to the number of
nanoclay particles inside a nanoclay cluster. When the
nanoclay cluster increases in size, the nanoclay particles in-
side the cluster will increase. Hence, n will increase in Eq.
{3) and result in increasing the interfacial tension between
the nanoclay cluster and the surrcunding epoxy resin. Nev-
grtheless, if the interfacial tension continues to build up on
the surface of the nanoclay clusters when their sizes in-
crease, it will cause the nanoclay particles more difficult
to adhere on the surface of the nanoclay clusters. There-
fore, the change of viscosity of epoxy resin due to the alter-
ation of sonication temperatures plays an important role in
the growing of nanoclay cluster sizes. The size of the nano-
clay clusters depends on the viscosity of the epoxy resin by
altering the sonication temperatures, thus, Eq. (3) needs to
be further modified for describing the interfacial tension
between the nanoclay chisters and the epoxy resin. As the
increase in nanoclay cluster size is directly prepertional
to the sonication temperature and inversely proportional
to the viscosity of epoxy resin approximately, the relation-
ship between the sonicaticn temperatures, the viscosity of
epoxy resin and the nanoclay cluster sizes can be described
by Eq. (4). Considering a nanoclay cluster with radius r
and have n nanoclay particles inside,

r = kT[1/(dp/dT] @)

where & is a constant, T is the sonication temperature and p
18 the viscosity of epoxy resin. Eq. {4) describes the phe-
nomenon of increasing the sonication temperature, the vis-
cosity of epoxy resin will be decreased and the nancclay
cluster size will be increased, Differentiating both sides of
Eq. (4) by d/ds, the rate of increase of the radius of the
nanoclay cluster can be obtained.

dr/de = &(dT/d)[1/(dp/dT}] (5)
dr/ds = k(d*T /dr dp) (6)
Integrating Eq. (6} with respect to time,

r=k(dT/dp} (7)

Assuming the nanoclay clusters are spherical in shape, the
change of the surface area “A4™ of a nanoclay cluster is gi-
ven by:

A = 4nfk(dT/dp)]’ ®)

As the interfacial tension equal to ¢A4(n) as stated in Eq.
(3}, combining with Eq. (8), the interfacial tension is given
by:

gd - ednfk(dT/dp)]’ (9)
od = c4nlk(1/(dp/dT))) (10)

In Eq. (10), if the change of viscosity of epoxy resin is huge
from 40 °C to 100 °C, dp/dT becomes large in Eq. (10) and
results in decreasing the interfacial tension between the
nanoclay clusters and epoxy resin. This 15 the reason for
the increase in nanoclay cluster sizes when increasing the
sonication temperatures since the interfacial tension be-
tween the nanoclay clusters and the epoxy resin decrease
and facilitates the adhesion of free nanoclay particles onto
the surface of nanoclay clusters. Furthermore, increase in
sonication temperature also provides addition of kinetic
energy for the free nanoclay particles to move and increase
the chance to adhere on the surfaces of nanoclay clusters. If
the change of viscosity with respect to sonication tempera-
ture 15 0, for example, in solids or composites, the interfa-
cial tension as predicted by Eq. (10} will become infinity
and hence the size of nanoclay clusters will not change in
cured nanoclay/epoxy composites.

4. Nanoindentation

Figs. 5-7 show the comparisons of the nanoindentation
profiles between the bottom surfaces and the top surfaces
of the composites with different sonication temperature
treatments, namely, 40 °C, 80 °C and 100 °C, respectively,
The comparisons of the behavior of the difference in the
nanoindentation depth of the loading portion are signifi-
cant as the deeper the nanoindentation depth in the loading
portion, the softer the material is. In Fig. 5, the nanoinden-
tation depth increases drastically in the top surface of the
composite when comparing with the bottom surface of
the composite. The result shows that the mechanical resis-

Load vs Indentation Depth (40°C)

— Bottom Layer

Load (uN)

— Top Layer

500 2o 50 100 150 200
Indentation Depth {nm})

Fig. 5. Comparisons between the top and bottom layers of the fractured
surface of nanoclay/epoxy composites subject to 40°C sonrication
temperature.
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Loud vs Indentation Depth (80°C)
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Fig. 6. Comparisons between the top and bottom layers of the fractured
surface of nanoclay/epoxy composites subject to 80 °C sonication
temperature.

Load vs Indentation Depth {100°C)
100
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‘ B
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—— Botiom Layer

Loud ([N}
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Fig. 7. Comparisons between the top and bottom layers of the fractured
surface of nanoclay/fepoxy composites subject to 100°C somication
temperature.

tance of penetration of external force on the top surface of
the composite with 40 °C sonication temperature treatment
is much less then the bottom surface. In Figs. 6 and 7, com-
posites with sonication temperatures at 80 °C and 100 °C,
respectively, the nanoindentation depths of the top surface
in each sample are almost the same as the one in the bot-
tom surface. This concludes that the hardness of the com-
posites with 80 °C and 100 °C sonication temperatures are
evenly distributed throughout the entire sample whereas in
the composite with 40 °C sonication temperature, the hard-
ness decreases from bottom surface to the top surface of
the entire sample.

Fig. 8 shows the relative elastic modulus of the compos-
ites with different sonication temperatures from the nanc-
indentation experiments where each nanoindentation
point is separated by a length of 0.05 mm starting from

Relative Elastic Modulus vs Indentation Distance from
Bottom Surface

g —8— Nanoclay/Epoxy
= Composite (40°C)
= o . Nanoclay/Epoxy
0 s \ 15 2 Composite (80°C)
] . —— Nanoclay/Epoxy
Indentation Distance from Botiom Cemposite (100°C)
Surface (rmom)

Fig. 8. Relative elastic modulus of nanoclay/epoxy composites subject 1o
different somication temperature (reatments.

the bottom surface to the top surface of the specific sample.
The results show that at 40 °C sonication temperature, the
relative elastic modulus will decrease from bottom surface
to the top surface of the composites. However, at 80 *C and
100 °C sonication temperatures, the values of relative elas-
tic modulus of the composites are almost the same when
comparing the top and bottom surfaces of the composites.
The phenomenon is due to the gravitational effect on the
nanoclay clusters inside the composites during curing.
Before the composites completely cured, gravitational
effect plays an important role in the distribution of nano-
clay clusters. Under the gravitational effect, nanoclay clus-
ters tend to settle to the bottom surface in the serm-cured
composites. Nevertheless, the curing time of epoxy resin
is different if the temperature changes. At higher temnpera-
tures, the curing time of the epoxy resin must faster then
lower temperatures. As a result, at the composite with
40 °C sonication temperature, nanoclay clusters inside have
much more time to settle to the bottom surface of the com-
posite by the gravitational effect. Hence there are more
nanoclay clusters situated at the bottom layer of the com-
posite so the relative elastic modulus will decrease gradu-
ally from bottom to top surfaces of the composite sample
with 40 °C sonication temperature. At higher temperatures,
the gravitational effect on the nanoclay clusters is limited as
the curing time is fast and the nanoclay clusters will remain
in a well dispersed location when cured. Thus, the relative
elastic moduli of the composites are stable at 80 °C and
100 °C sonication temperatures.

5. Conclusion

This paper studies the nanoclay cluster sizes by the mod-
ified explanation of nucleation theory of clusters and the
distribution of nanoclay clusters at different sonication
temperatures, namely, 40°C, 80°C and 100 °C in poly-
mer-based composites. The nanoclay cluster size increases
with the sonication temperature increases as shown by
SEM. By the deduction of the modified nucleation theory
of clusters in which the effects of sonication temperature
and viscosity of epoxy resin are newly inserted, the increase
in size of nanoclay clusters at higher sonication tempera-
tures 1s due to the decrease of interfacial tension between
the surfaces of nanoclay clusters and the surrounding
epoxy resin. Moreover, accompany with the increase of
kinetic energy for the nanoclay particies at higher temper-
atures, the probability for free nanoclay particles to adhere
on the surface of a nanoclay cluster is greatly increased.
Hence, nancclay clusters appear larger in size at higher
sonication temperatures, From the results obtained by nan-
oindentation on the cross-section of nanoclay/epoxy com-
posites, it was found that the relative elastic modulus
decreases from bottom surface to the top surface of the
composites due to the gravitational effect of the nanoclay
clusters. The sonication temperatures play an important
role in mixing process of nanoclay/epoxy composites. At
higher temperatures, the distribution of nanoclay clusters
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will be more even then at lower temperatures as higher tem-
peratures may cause a relatively fast curing tirne, it there-
fore builds viscous barriers, 1.€. semi-cured resin, among
nanoclay clusters and results in avoiding the sinking of
clusters to the bottom surface. The distributions of nano-
clay clusters are still well dispersed at higher sonication
temperatures samples, so the relative elastic modulus
remains stable.
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Abstract. Mechanical properties of nanoclay/epoxy composites (NC) have been studied by various
experimental setups in bulk form recently. Creep mechanism of the NC is an important manufacturing
criterion for the aircraft industry. In this paper, nanoindentation was employed to investigate the
nano-mechanical creep effects on different wt. % of nanoclay contents in epoxy matrix. Creep
behaviors of the nanoclay/epoxy composites with different wt. % of nanoctay contents were modeled
by the power-law creep equation. Neglecting the temperature effects on creep, the stress expenents of
tested composites were estimated.

Introduction

Nanoindentation is a newly invented technique for the determination of localized material properties
that was introduced by Oliver and Pharr in 1992 [1]. Elastic modulus, nano-hardness and contact
stiffness of a material can be determined by nanoindentation nanoscopically [1,2). Fig. 1 shows a
typical nanoindentation profile for determination of localized mechanical properties in polymer
composites.
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Fig. I Nanoindentation Profile

The technique makes use of creating a permanently plastically deformed surface on a material
being tested. From the force applied on the surface and the indentation depth of the indent, relative
elastic modulus can be obtained by the equations given as, Ac = f{h,) and E, = (V/2)/(S/VA,), where
h. is the contact height, A, is the contact surface area between the nanoindenter and the material
surface and S is the contact stiffness that is the slope of the unloading portion in the nanocindentation
profile as shown in Fig. 1.

Numerous research conducted in investigating the mechanical properties of pure elements and
nanocomposites by nanoindentation. Nanoindentation has also been employed to evaluate the depth
of the coatings on pelymer-ceramic nanocomposites by depth sensing indentation [3-7]. Shen et al.
[8-10] has begun to study the morphologies of nylon 66/nanoclay composites by nanoindentation.
Apart from visualizing the localized mechanical properties, nancindentation can also investigate the
localized creep effect from the holding portion of the nanoindentation profile. From the definition of
creep, the elongation of the matenals from its original position after a constant applied force at
thermally stable environment is called creep. In nancindentation, the degree of creeping can also be
measured by holding the applied force of the nancindenter constant with respect to the deformation of
the materials being tested. The advantages of using nancindentation to measure creep are time

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Lid, Switzerland, www.ttp.net. {(1D: 218.102.223.168-01/10/07.20:15:30)
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economic as the time for conducting an indent is far less than the novel creep testing techniques.
Moreover, nanoindentation can measure creep within an infinitesimal small area, hence, localized
creep can be easily obtained instead of creeping of the whole structure. As a result, for composite
structures, especially in nanocomposites, nanoindentation can detect the changing creep behavior
within the nanocomposites as the reinforcement at each separate point by the nanoparticles/nanofibres
1s varying. To the best knowledge of the authors, the localized creep behavior of NC has not been
studied before. In this paper, creep behavior of NC with different wt. % of nanoclay will be
investigated by nanoindentation.

Experimental Investigation

Materials. Nanoclay particles (8i0; Nanolin DK1 series from the Zhejiang FH Nanoclay Chemical
Technelogy Company) were used as nano-reinforcements for this study. The mean diameter, density
and moisture content of the nanoclay were 25 nm, 0.45 g/cm3 and more than 95% of Si0,,
respectively. The epoxy resin and hardener selected for this study were araldite GY 251 and hardener
HY 956 respectively. They were mixed in a ratio of 5 to 1 parts by weight.

Sample Preparation. NC samples were fabricated by using mechanical mixing process with different
amount of nanoclay contents, 2 wt.% (NC-2), 4 wt.% (NC-4), 6 wt.% (NC-6) and 8 wt.% (NC-8). The
predetermined amount of nanoclay was dispersed in the epoxy resin. The mixture was hand stirred for
10 minutes until the epoxy resin and the nanoclay were well mixed at room temperature. Ultrasound
sonication was employed to further disperse the nanoclay in the epoxy resin. The sonication time was
fixed at 20 minutes for all the samples in order to ensure the maximized mechanical performance
[11]. Hardener was added into the sonicated mixtures by hand stirring and followed by vacuuming for
24 hours at room temperature for curing. The nanoindentation specimens were made by cutting the
sample to 18mm x 3mm x 3mm by size before polishing. All of the composites samples were
subjected to fine polishing by SiC papers and followed by diamond paste polishing to 6 um accuracy
before nanoindentation in order to ensure the reliability of the results obtained.

Measurements. Nanoindentation was carried on a Hysitron Triboindenter at room temperature. A
Berkowich nanoindentor head was used for the nanoindentation experiments. The loading time,
helding time, unloading time and the maximum load (Pn.) were 10s, 10s, 80s and 600uN
respectively. The holding time was fixed at 10s for all the samples in order to compare the creep
behavior. Each specimen was indented three times and took the average result.

Results and Discussions
Nanoindentation. NC samples with different wt. % of nanoclay were tested on the localized creep
effects with constant holding load during nanoindentation. Fig. 1 shows the nanoindentation profile
during the experiment. The load was held at 600 uN for 10s throughout the experiment.

Fig. 2 shows the creeping strain of different NC samples with respect to time during load
holding of the nanoindentation profile.
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Fig. 2 Creeping strain of different wt. % of nanoclay/epoxy composites
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The creeping strain at each data collecting point can be calculated by (1).
g=(hy —h)'h; (1)

where h; and h, are the instantaneous localized penetration depth at each specified data collecting
point and contact depth at that nanoindentation point respectively.

As the indentation depth was changing on each data collection point with the load holding
constant, the instantaneous creeping strain can be obtained by comparing with the final contact depth
of the indent after the indentation.

The creeping strain of the NC-2 and NC-4 were having a huge difference with NC-6 and
NC-8. The NC-4 has the lowest creeping strain compared to the other wt. % of nanoclay. This was due
to the maximum mechanical reinforcement by the nanoclay clusters in the nanoclay/epoxy
composites at 4 wt. % of nanoclay by Lam et. al [11,12].

Creeping strain of NC can be described by (2) experimentally.

e=Aexp(-t/B)+C (2)

where A, B and C are constants. The constants can be obtained by fitting the strain vs time curve with
equation (2). Differentiate equation (2) with respect to time,

&= -(A/B) exp (-/B) 3)

Neglecting the effect of temperature, the steady state uniaxial creeping mechanism can be descnbed
by the power law relationship between the strain rate and the stress during creeping.

£ =Ko" )

where K 1s a constant and n is the stress exponent of the nanoclay/epoxy composites. The localized
stress with time varying during testing is determined by,

G= P(al each data collecting point)/A(contact area) (5)

K and n can be obtained by fitting the strain rate vs stress curve with equation (4). Table 1 shows the
stress exponent of different wt.% of NC obtained from the fitting results by equation (4).

Table 1 Stress exponent of the nanoclay/epoxy composites with different wt. % of nanoclay

2% 4% 6% 8%
Stress 7.31 7.58 11.87 13.95
Exponent

When there 1s a constant force added on the surface of NC-2 and NC-4, the nanoclay clusters
within the composites will be altered from its original position and block the creeping path of the
epoxy matrix. Whereas the stress exponent of NC-6 and NC-8 show an apparent difference with NC-2
and NC-4, the reinforcement by the nanoclay clusters are negligible in those samples.

Conclusions

In this paper, the localized creep mechanisms of the NC with different wt. % of nanoclay were studied
by nanoindentation. Mathematical interpretations of the nanoindentation resuits were made and the
stress exponents of the NC with different wt. % of nanoclay were obtained. An optimum creeping
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strain was obtained from 4 wt. % of nanoclay content. Below the optimum point of the creeping strain,
the stress exponent showed that dislocation creep will occur as the nanoclay clusters within the
composites will be altered from its original position and blocked the creeping path of the epoxy
matrix. When the amount of nanoclay increased, the total free volume for each nanoclay particles to
live in will be reduced gradually and the tendency for the nanoclay particles to form pairs or
aggregates will be enhanced. Thus, larger nanoclay clusters can be readily found in the NC samples
with a higher wt. % of nanoclay content. In the nanoclay content above the optimum value, creeping
strain will increase rapidly as the reinforcement mechanisms between the nanoclay clusters and the
epoxy matrix were deteriorated by the oversized nanoclay clusters and the decrease of interacting
surface area.
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Abstract

TFhis paper aims to discuss the mechanical performance of nanoclay/epoxy composites (INCs) through micro-hardness and abrasive tests, 1t was
found that the hardness and wear resistance of NCs increased with increasing nanoclay content of up to 4 wt.%. The improvement of mechanical
properties of the NCs by increasing nanoclay content is explained by the degree of agglomeration of nanoclay clusiers inside the NCs through
SEM and XRD investigations. A mathematical interpretation for the determination of hardness and wear resistance of the NCs at difterent
nanoclay contents 1n relation to the diameter of nanoclay clusters and their inter-particle distance i given.

£ 2006 Elsevier B.V. All rights reserved.
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I, Introduction

In evervday engineering applications, an excellent wear
resistance of engineering materials is a critical requirernent for
surface coating applications in severe working environment.
Furthermere, the maintenance cost can be kept as low as
pessible for an engineering component to possess a high wear
resistance. In the past decade, many researches on the
applications of various types of nanocomposite coatings for
different engineering components have been conducted {1 3.
Recently, researchers have showed that polymer nanocompo-
sites can provide high mechanical and tribological performance
with wide applicability in both conducting and insulating
surfaces of engineering products without adding much exira
loading to the main engineering bodies. TiO, [4], SEBS [5] and
carbon nanotubes [6] were being used as nanofillers in epoxy,
polystyrene and other polymers for nanocomposite coatings.

Layvered montmorillonite (MMT) or nanoclays (S10,) are
newly mvented nanefillers in polymers for extraordinary
improvements in mechanical behaviors of polvmer matrix.
Fig. 1 shows three tvpical forms of MMT inside polymer
matrix. MMT s composed by stacks of nanoclay platelets. They

* Corresponding author.
E-mail pedress: mmkilan® polvu.edu.bk (K.T. Lau).

H6F-377X'S - sce front matter T2 2006 Elsevier B.V. All rights reserved.
dois LT & Famatler, 2006, 1 267

can provide significant improvement to the mechanical
properties of polymer matrix due to their high aspect ratio of
the nanoclay platelets and thus provide large contacting
mnterfaces for the interaction between the nanoclays and the
matrix. Many researchers have begun to study the abrasive
durability of nanoclay-based polymer composites in order to
replace the traditienal superhard nanoparticles-based surface
coatings [7 9]. Nevertheless., fully exfoliated nanoclayiepoxy
composites (NCs} can only exist in laboratory studies by
absolute controlled experimental conditions, Lam et al. [10.11]
have studied the effects of nanoclay clusters in NCs and the
results showed that there was an optimum nanoclay wt.% inside
NCs in order to possess the highest mechanical reinforcement. It
was found that the maximum hardness can be achieved for the
nanoclay content at 4 wt.%. Further increasing the amount of
nanoclays resulted in decreasing the hardness of the NCs. The
nanoclay clusters behaved like the novel superhard nanoparti-
cles in conventional surface coatings. As a result, intercalated
nancclay clusters should be investigated for surface coatings
that can cope with most engineering manufacturing processes
instead of testing the applicability of fully exfoliated nanoclay
platelets inside controlled taboratory conditions. To the best
knowledge of the authors, the wear resistance of intercalated
NCs has not yet been studied to date,

{n this study, up to 4 wt.% of nanoclays mixed with an epoxy
matrix to form NC samples were fabricated. Scanning Electron
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Microscopy (SEM) and X-ray spectroscopy (XRI)) examina-
Liun was used 0 verify the dewres of intercalation of nunocloys
ingide the samples. Vickers micro-hardness lest wis conducted
1o Jest their hardness smd vean S sliding wheels test was
employved o visualize the wear resisinve of the NC samples.

2, Experimental investigation
B Maferiais

Mannclay purticles (3:0h Wanolin DK senes from the
Zhejiang, Fenghong Nanoclyy Chemical Techaology Company)
were used s oano-reinforcements for thes study, The meaan
diarmeter, density and montmonilooile content of the nanaocluys
were 25 mm, 045 glem’ and 95% 98% of Si0s, respectively.
The epoxy resin and hardencr sclected for this sludy were
Aralding® (% 251 bisphenol-A lgquud epoxy sesin and Hardener
HY 956 wliphatic amine from Ciba Speciality Chemicals
respectively. They were muxed in a ratio of 5 0 1 parts by
waiehl,
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MC sarmples were fabricated by using mechanical mixing
procass with different amounts of nanoclay, O wi (NC-0),
I owl% (NC-13 2wt (NC-2) and 4 wi% (NC-4). The

predeterminead amounts of nanoclays were dispersed in cpoxy
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resin, The mixtires were hand storred Goe 19 min until e cpoxy
pesin and the nonocloys were well mixed at room lemperalurs,
Ulirasound sosication was emploves o lucher disperse the
nancclavs in the resin. The sonication time was fixed a0 20 min
for wll the samples in order W ensure their maximized
mechonical performance [L1]. Huondener wis added into
sonicated mixmres by hand siuring and followed by vacuuming
for 24 h al rogm temperature for cuning, The shrasive esting
samplcs were prepared by curing them in same grade ol surfice
treated circular polypropylens discs with 4 i in diameter.

2 1 AMevvurshieds

Xeray diffraction (XRDY) of MC samples were conducted on a
Philips PW 1830 X-ray Generator (Cu K, A =, 154 reny i
order to visualize the degree of aggregation of the nunocksy
clusters. Scanning Electron Microsvopy (SEM) of the fractured
surfaces of NC sunples was conducted on o Leicn Slenenscan
440 SEM.

Micro-handness est of WO samples was conducted by vsing
the micro-hardness tester (FM-TE) of the Fumre-Test Corpora-
tion from Tekyo, Japan. Fach NC sample wis mmlentad ten
times at different locotions under the same indanting condibions
und the sverage value was takenm as 4 TEpTEzenling imicio-
hardness of the spectlied NC samples

Ve resistance of the MO samples was obained from an
abrusive lest performed on the circular NC samples with 4 in. in

Fip. & REM of the fraciured suribce af MUs wicn 3w of nanuelos
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diameter in a 5131 Abraser of Taber Industries, North
Tonawanda, N.Y., USA. The sliders were two circular-disked
like silicon carbide abrasive wheels manufactured by Taber
Industries. The wear resistances of the NC samples were
compared by the wear index (W1) calculated by,

WI = 1000( W, ;) /R. (1)

where W, {measured in grams) is the initial weight of the NC
sample before testing. W} {measured in grams) is the final
weight of the NC sample after testing and R is the number of
testing cycles,

3. Results and discussions
3.4 X-ray specrroscopy

The XRD spectrums of the NC samples with different wt.% of
nanoclays are shown in Fig. 2. Only onc common peak at 26=18.8°
with maximum intensity exists in the NC samples when comparing
with pure nanoclay powders. By using the Bragg's formula,
2dsinfi=na, the interplanar distance bebween nanoclay platelets was
0.23% nm approximately. For a fully exfoliated NC sample, the angle
26 m the XRD specirum should be as small as possible in order to
achicve the largest interplanar separation between the nanoclay
platclets. Henee, there should be no obvious peaks in the XRD
spectrums of totally exfoliated NC samples. Therefore. all of the
nanoclay platclets of the NC samples in the experiments were
intercalated.

3.2, Seanning Electron Microscopy

The SEM of the fractured surface of the NC sample with 4 wi.% of
nanoclays is shown in Fig. 3. Nanoclay clusters were readily found and
henee the nanoclays inside the NC samples existed in the form of
mtercalated nanoclay clusters,

3.3 Micro-hardness test
Fig. 4 shows the average hardness of different NC samples. By
adding nanoclavs into epoxy resin, the micro-hardness of the NCs

increased proportionally with the nanoclay contents up to 4 wt.%. By
Zhang et al. [8]. the correlations between the inter-paniicle distances,

Miere-hardness of NC with different wi. % of nanoclays
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Fig. 5. Wear index of different wi%y of NCs.

diameters of the nanoparticles and wt% of the nanoparticles in
nanocomposites can be explained by

r=dl [6p,)' 1], (23

where 7 is the inter-parficle distance, ¢ is the particle diameter and o,
15 the filler content.

As the micro-hardness ot the NCs increases in proportion 1o the
content of nanoclays. the diameter of the nanoclay clusters increases
while the inter-particle distance berween them decreases accordingly
{10], the micro-hardness of the NCs can be modeled as,

T = Hi + ku{ppd /7). i3

where f1 1s the micro-hardness of the NCs. &y 15 the micro-hardness
proportional constant and ; is the micro-hardness of pure epoxy.
Thus, Eq. (2) can then be rewritten as,

dir =1/ /60,) 1], (4

Substituting Eq. (4) into Eq. {3), the micro-hardness of the NCs can
be determined by,

H = I + ke /[{ /60,)""-1; and
H =15+ k(181737 /{ 23-1.817¢) 7)1

3.4, Wear resistance

Fig. 5 shows the test resuls of the wear resistance of the NC
samples. The higher the wear index, the lower the wear resistance and
vice versa. Thercfore, NC-4 has the highest wear resistance. As the
wcar resistance of the NCs increases in proportion to the nanociay
content, the wear resistance of the NCs can be co-related to the
diameters of the nanoclay clusters and the inter-particle distance from
the argument as stated in Eq. (3) by,

H = ﬁ"-l —kw{qopd{f‘;) l(,;

where W is the wear resistance of the NCs. by is the wear
resistance proportional constant and B s the wear resistance of
pure epoexy.
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Substituting Eq. (4) into Eq. (6), the micro-hardness of the NCs can
be determined by.

W= _k\\’(,.ﬂ;‘__f.;(f!_:’;ﬁq')r,:il":.]—]]. and
W= W=k {18170 770 Vi-18170) "}

The mathematical predictions of micro-hardness and wear resistance
of the NCs were based on the empirical data with the nanoclay contents
from 0 4 wt.% and the condition of fully intercalation of manoclay
platelets mside nanoclay clusters was assumed. In Figs. 4 and &, the
mathematical predictions of micro-hardness and wear index of the NCs
are compared to the experimental results respectively. It shows that
these mathematical models of the NCs are valid for the micro-hardness
and wear index estimation once the nanoclay content is knawn.

4, Conclusion

In this paper, the micro-hardness and wear resistance of the
NCs with the nanoclay content of up to 4 wt% were
investigated. Both properties increased with increasing content
of nanoclays. The improvement in the wear resistance of the
NCs compared 10 a pure epoxy can provide an adequate
compatibility among novel nanocomposites for surface coat-
ings. A mathematics correlation of micro-hardness and wear
resistance of the NCs with the diameters of intercalated
nanoclay clusters and inter-particle distance is proposed in
this paper. This can aid the understanding of the infrastructure
inside the NCs for everyday engineering applications. The
intercalation of nanoclays in NC surface coatings on engineer-

ing products were accurately modeled instead of onlv
constdering ideally exfoliated NCs in many laboratory swudies.
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