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ABSTRACT

A large number of polyester nanocomposite batches fagtutifferent kinds of nanoclay surface
modifiers and up to 6 wt.% nanoclay were manufacturecdhgusa solvent-based technique.
Montmorillonite platelets modified with ammonium iong different chemical architectures were
examined in order to study the effect of ammonium ions orexient of surface reactions with long
chain fatty acids. The ammonium montmorillonite was fitispersed and suspended in acetone. This
suspension was further esterificated with dotriacontanoscdfaic) acid to form high density brushes
on the clay surface. This led to achieving higher basalepkpacing of the montmorillonite platelets
owing to the reduction of electrostatic interactionddimy them. The outcome of the surface
esterification was analyzed by Fourier transform inftaspectroscopy (FTIR) and X-ray diffraction
(XRD). The esterificated ammonium modified clays were timixed by five different mixing strategies
based on the use of a three-roll mill mixer (TRM) andMmasonication (US) in order to obtain the
desired polyester-nanoclay dispersion, intercalationy exfoliation. The dispersion states of the
modified nanoclay in polymer were characterized from XRRngaing electron microscopy (SEM), and
low and high magnification transmission electron micopsc(TEM). Mechanical, thermal and barrier
properties of the resulting composites were experimentdifracterized. The Mori-Tanaka method
along with an orientation distribution function was useddnfy the experimental effective stiffness of
the polyester nanocomposite systems. The aspectaftianoclays and their level of intercalation
and/or exfoliation after mixing were also confirmed by the gamnson of the experimental diffusivity
UHVXOWYV ZLWK WKRVH Rl )LFWXJKD®®LOQXV LR QBEFiR&EIN @mndhiiiv H P
nanoclay and prepared according to a combined TRM/US mixingeguoe showed optimal
performance with balanced properties and processing da®by showing potential for use in

automotive, transportation and packaging industry.
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1. Introduction

Polymer-clay nanocomposite (PCN) is a class of mdsegansisting of either thermosets,
thermoplastics, rubbers or co-polymers as the matrid amnoclay as the reinforcemérit.
Montmorillonite layered-silicate smectite consistsstdcks of 1 nm thick aluminosilicate layers or
platelets regularly spaced. Each layer consistsagndral Al-octahedral sheet fused to two tetrahedral
silicate sheets. Isomorphic substitutions of aluminum bgrmesium in the octahedral sheet generate
negative charges, which are compensated for by alkaline- earhydrated alkali-metal catiof$.The
electrostatic and van der Waals forces holding therséayogether are relatively weak in these
montmorillonites and the interlayer distance varies dadipgnon the radius of the cation present and its
degree of hydration. The easy swelling of high aspect rastelpts in water makes them suitable
substrates for surface ion exchange with alkyl ammoniuns. idbhis modifies the surface so as to make
them compatible with organic polymer matrices to achiewsr texfoliation®® The exfoliation of
conventional ammonium ion modified clays in polar masitas been successfully achieved owing to
positive interactions between the matrix and polar witgrlayers. On the other hand, these ammonium
ion modified montmorillonites have been at best partiakfpleated or marginally intercalated when
non-polar matrices, like polyethylene and polypropylene aed wgich is due to the absence of any
interactions. The extent of exfoliation in these pmtar matrices was observed to enhance when chain
density of the ammonium ion attached on the surfaceeotetigth of the alkyl chains were increased
due to resulting decrease in electrostatic interactionseleet the clay platelef$ But, the limit of
solubility as well as steric hindrance at the surface lithisexchange of pre-formetbig " molecules
on the surface. Physical adsorption of polar molecwesthe surfaces of ammonium modified
montmorillonites can be one way to balance the residaelrestatic forces in the platelets. However,
the risk of these molecules being pulled out during heatntesdtor cleaning is higher. Polarization of
matrices to improve their interactions with clay itagers has also been commonly attempibgd
compatibilizers, but the extent of polarization may lintite mechanical performance of the

$&6 3DUDJRQ 30XV (QYLURQPHQW
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composites:** Ideally, if the ammonium ions with reactive groups areharged first on surface and
are then subsequently reacted to attach further long ¢Hagls density brushes with long resulting

alkyl chains chemically bound to the surface can be genefatéd.

PCN rasrecently received considerable attention, both froadamia and the industry, due to their
potential enhancement in physical properties such as meahaproperties (e.g., mechanical
strength®, hardnes$, abrasion resistant® thermal properties (e.g., thermal stabffityflame
retardar®, thermal conductivi§f), barrier properties (e.g., gas barfiempervaporatioff), electro-
rheological properti€$ and corrosion protection properfisompared to the plain polymer. The
thermo-mechanical responses of polymers are favoraldseditby the addition of a trace amount of
nanofillers. To obtain optimal nanocomposite properties following four structural parameters should
be maximized: (1) the particle aspect ratio, (2) partickpetision, (3) particle packing (or alignment),

and (4) polymer to particle interfacial stress transfét.

Nanoclay particles can be used to reduce the diffusiorpandeation of molecules through the
polymer matrix***® The type and content of clay particle, and its compitibiith the host matrix

13” showed that the diffusivity

greatly influence the permeability of the membrane. Drozebwa
deteriorates with higher clay content. The diffusionmaflecules and its kinetics, through nanoclay-
based nanocomposites were also examined by many reseXftharsl a substantial decrease in
moisture permeability in comparison with those of virginypar matrix was reported. The reduction in

permeability was attributed to the extremely high aspea wdtclay platelets, which increased the

tortuosity of the diffusion path of the molecules irtte hanocomposite.

The addition of clay in the polyester matrix usuallydeao three different microstructures
depending on the nature of the material and the metho@pématiori***® When the polyester is unable
to intercalate between the silicate sheets, a phaseassgphaomposite is obtained in which the materials
stay in the same range as traditional microcompogsitescalated structure, in which a single (or more)

polymer chain intercalated between the silicate layessltisein a well ordered multilayer morphology
$&6 3DUDJRQ 30XV (QYLURQPHQW

R



3DJH RI /IDQJPXLU
built up with alternating polymeric and inorganic layers. Whiee silicate layers are completely and
uniformly dispersed in the continuous polyester matrix, sioliated or delaminated structure is
obtained. The intercalated and exfoliated structuresoangetl only when the clay is organically treated

with surfactant$4?

In this study, we prepared polyester polymer-nanoclay c@anposites in acetone by the use of
esterificated ammonium modified nanoclays. Esterificatitih long alkyl chains led to achieving
higher clay basal spacing in order to decrease the eletitasteractions to ease the clay exfoliation in
the polymer matrix system. The increase in the organitemaresent on the clay surface due to
esterification was characterized by FTIR and XRD. Mwei- 7/ DQDND PHWKRG DQG WKH )
model were used to predict the effective stiffness andisivity behavior of these polyester-based
nanocomposites, respectively. The following sections suimen@an experimental evaluation of the
polyester-nanoclay composites with details on the @g method, characterization of the nanoclay
morphology and distribution, mechanical, thermal anfusiiity testing, and the optimization of the

nanocomposite behavior.

2. Experimental Methods

2.1.Materials and nanocomposite preparation

The nanocomposite material was a mixture of one oftlinee different types of esterificated
predispersed nanoclays (Cloisite® 11B, Cloisite® 15A, andsid® 30B, Southern Clay Products,
Louisville, USA), with different surface modifiers astdid in Table 1. A catalyst cured thermosetting
polyester (RL7520, Progress Plastiques Cie, Drummondville, G#Ning a viscosity of 200 mPa.s,
gel time of 75 min, tensile modulus of 3.6 GPa, and ultimatgleestrength of 80 MPa was used with
NOROX® MEKP-9 (NORAC hc., California, USA) as the catalyst. The desired amaimanoclay
(either 2 4, or 6 wt.% was first dispersed in acetone 99.9% and dotriacontanace(ac) acid

(Sigma-Aldrich Ltd., Ontario, CN) solution followed by 4-(dimethylamino)pyridine (DMAP) and

$&6 3DUDJRQ 30XV (QYLURQPHQW
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diisopropylcarbodiimide (DIC) procured from Sigma-Aldrich Li{@ntario, CAN)to achieve higher
basal plane spacing of the montmorillonite plateletgerAultrasonication (ultrasonic cleaner 8891,
Cole-Parmer) at 42 kHz for I, clay resuspension was done in dimethylformamide (DM fEigma-
Aldrich Ltd. (Ontario, CAN). Then the polyester was slowtjded to the solution over a stirring hot
plate (model SP131825, Barnstead international). The samplesfurther mixed by investigating five
different mixing strategies resulting in an array of esal/ polyester nanocomposite experimental

batches listed in Table. 1.

2.2. Esterification of ammonium modified nanoclays

For the surface esterification reactions, 0.5 g of nemtliflay was suspended in 5 mL of acetone
The suspension was sonicated twice for 10 min while keepifd) tooavoid solvent evaporation
Dotriacontanoic acid (acid/clay mole ratio of 5.0) wasntleelded to the clay followed by DMAP
(acid/DMAP mole ratio of 0.05). The contents were themesti by addition of DIC (DIC/acid mole
ratio of 1.2) for 24 h at room temperature. The resultigktgel was filtered to remove the unreacted
acid and other reagents along with the solvent-soluble fomened during the esterification reaction.
The filtrate was added with ether in order to precipithgeurea formed during the reaction to confirm
the surface reaction. The reacted clay was resuspendadHrnfollowed by sonication and was filtered

and dried under vacuum at 8.

2.3. Nanocomposite mixing strategies and nomenclature

Figure 1 shows a schematic representation of the fixmgnstrategies. In strategy |, Styrene (ST,
CeHsCH=CH,, Sigma-Aldrich Ltd., Ontario, CAN) and catalyst (CA) wexdded to the mixture and
then only ultrasonicated (US) for 30 min. In strategieand lIll, the nanocomposite mixtures were

passed several times through a three-roll mixing miRNIT Exakt 80E, Exakt Technologies Inc.) where

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Table 1. Experimental matrix showing nanoclay specificationd apecimen batch numbers according to different mixiragegiies and variation

in nanoclay contents.

Batch number

Surface . Moisture Nanoclay —
Nanoclay type  Molecular structure o Concentration content Mixing strategy
modifier (%)
(Wt.%)
0 onoIv v
CH; 2 1 2 3 4 5
Cloisite® 11B  CH, - N*- CH, -@ OMBHT 95 meq/100g ! 4 6 7 8 9 10
HT 6 11 12 13 14 15
2 16 17 18 19 20
Cloisite® 15A 2M2HT 125 meg/100g ! 4 21 22 23 24 25
6 26 27 28 29 30
2 31 32 33 34 35
Cloisite® 30B MT2EtOH 90 meg/100g ! 4 36 37 38 39 40
6 41 42 43 44 45

$&6 3DUDJRQ 30XV (QYLURQPHQW
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(ST TRM (15 um, 200 RPM)+US (30 min/ 100 W)
] TRM (10 um, 300 RPM)+ST+US (30 min/ 100 W) >
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2%(TRM (5 um, 400 RPM)+ST+US (30 min / 100 W))
L ) L ) \TRM(5 um, 400 RPM)+ST+CA F Y ) L J
Figure 1. Processing of esterificad nanoclay reinforced polyester-based nanocomposites.
the gap between the rolls and the speed of the aprorwes# adjusted at 15 um-200 RPM,
RP3OORPO DQG HLWKHU RQH R W0 RRMAEr thrdeFolH five [Dadses, rEspectively.
For strategies IV and V, the same procedure and paramstirsse of strategies Il and Il were chosen,
respectively, however US was performed after each TRM psp@xcept for the last pass. These five
mixing strategies were repeated for three concentra(®yns and 6 wt.%) of the three modified clays.
The obtained esterificatl nanoclay-polyester mixtures were then immediately dedaks ~ 30 min
and poured into tensile test sample molds (ASTM D638) anddlacger vacuum for ~ 6 h at room
temperature for complete solvent evaporation.
The nomenclature used to describe the nanocomposifebis% &° ZKHWHG 3%° UHSUH

the type and the content of cloisite®, respectivélg’ U H I H U \seltted Wikind strategy number

For example, batch number 24 in Table 1 is referred tb6A#441V, indicating the mixing of 100 g of

resin system with 4.167 g (4 wt.%)f esterificaéd Cloisite® 15A nanoclay platelets according to

strategy IV.

$&6 3DUDJRQ 30XV (QYLURQPHQW
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2.4. Testing and characterization

FTIR spectrums (VECTOR 22, Bruker Optics Inc.) of the surfaeat&d nanoclays were obtained
by preparing their pill shape samples in KBr. The degrelatefcalation and exfoliation was analyzed
based on scanning electron microscope (SEM, JEOL JSM-7&)QTrEnsmission electron microscope
(TEM JEOL JEM-2100F) images and X-ray diffraction (XRR'Pert PRO Diffractometer). The
interlayer separation measurements were carried outRuihX-ray diffractometer witlCu target and
Ni fiter at a scanning rate of’fnin, with CuK. radiation (I, L sw v syooperating at 30 kV and
15 mA. Tensile tests were carried out using tensile tashime (MTS 810) with a 25 kN load cell at the
crosshead speed of 1 mm/min (ASTM D638). A minimum of fivesite specimens were tested for
each nanocomposite system. Dynamic mechanical themadyses (DMTA) were only performed on
the specimens showing the most promising properties gpegimens with batch numbers% 14, 19,
24, 29, 34, 39 and 44 (Table 1)). The linear coefficienheimhal expansion (CTE) above and below the
glass transition temperatur@gf was obtained by thermo-mechanical analysis using dnB&uments
DMA 2980. The samples were heated from room temperaturéa8C at a rate of 4C/min. The axial
strain and temperature were measured throughout the testlin€ar slope of the strain-temperature
curve is reported as the CTE. Thewas obtained from the intersection of the two lirgantions of the
strain-temperature curve. Moisture absorption testing peaformed usinga Cole Parmer oven that
allows immersion of samples in a distilled water batlhwémperature maintained at %D according to
ASTM D570-98. The nanocomposites samples used for moistuasunegnents were rectangular bars
of ~60mm x 12 mm x 3 mm coated with polyurethane (NEA123MB, Norland Proyoctsll edges
to reduce edge effects and constraint the diffusion taraoainly through the thickness of the sample.
All samples were polished to ensure flat and parallel sesfaThe polished samples were placed in a
vacuum oven at 86C for 24 h to remove residual moisture. After water inwiogr, the weight of the

samples was measured every 8 h for the first 4 dayswiedl by once a day until steady state condition

$&6 3DUDJRQ 30XV (QYLURQPHQW
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was achieved. Moisture diffusivity coefficients were aied from the moisture gain versus time plots

for various polyester-based nanocomposites.
3. Results

Several nanocomposite systems (Table 1) were charactewith different mixing strategy and
nanoclay type and content. Depending on the property stushpeérimental results showed different
levels of variation. This is to be expected, as nangosite materials have several sources for
variation, such as multiple heterogeneities (e.g., Hapostyrene), processing parameters (e.g., degree
of sonication, residual acetone), and their effeafiffierent for each parameter characterized. In the
following sections, the summary and observations orréifit properties are interpreted by considering
the salient features of the average experimental @atavirgin polyester corresponds to 0% nanoclay

content and is considered as the baseline materiginsys
3.1. Nanoclay basal spacing enhancement by their surface treatments

Esterification of the clay platelets to improve thexfoliation potential when sheared in non-polar
polyesters, generates brushes which are not only boughllp to the surface, but also have desired
chain lengths. Quaternary ammonium ions with varying rundf reactive groups can be initially
exchanged to the surface and the subsequent surface meaetio help to generate varying densities of
the alkyl chains on the surface. Figure 2 shows thetiodascheme of dotriacontanoic acid with
dimethyl(dihydrogenatedtallow)ammonium (2M2HT) modified monitomite. Although the presence
of carboxyl groups can lead to further enhancement of ifyolar the clay interlayers, however, the
attachment of long alkyl chains can impart enough noarpcharacter in the interlayer as well as

distance separating the platelets thus reducing the itileradetween them.
The evidence for the esterification of the ammoniuodified clay platelets with dotriacontanoic

acid comes from FTIR studies with a 2 tresolution in a wave-number ranging from 4000 to 400 cm

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Figure 2. Schematic of surface esterification reaction of tmamillonite modified with 2M2HT with
dotriacontanoic acid: (a) the ammonium modified claygids, (b) the addition of dotriacontanoic acid,

(c) the formation of long alkyl chains.

(b)
. ’V/Nr
z
€ | (@)
2 [V
=
4000 3000 2000 1000

Wave number (cm™)

Figure 3. FTIR spectra of ammonium modified clay platelets (dfee and (b) after esterification with

dotriacontanoic acid.

$&6 3DUDJRQ 30XV (QYLURQPHQW
11



/IDQJPXLU 3DJH R

()

Intensity

(b)

2 3 4 B 6 7 8 9
Angle (20), degree
Figure 4. XRD diagrams of (a) ammonium modified clays, (b) precipit@aemonium modified clays

in acetone, and (c) alkyl chain grafted ammonium moddlays.

with 20 scans. The FTIR spectrum of the ammonium modifieg matelets (curve (a) ofigure 3)
displays typicali OH stretching absorbencies at 3634 ¢hFrom 3000 to 2800 cfh the typical CH
stretching band of the ammonium surfactant appears. Bet#480 and 1450 cih the CH band for
symmetric bending or scissoring mode beew evident. ChHl small bands are also seen from 740 to 710
cm™. The bands at 1035, and 914 Ttian be collectively attributed to & stretching vibration’
The peaks at 875 and 836 £ntould be attributed to AlFeOH and AIMgOH bending vibrations,
respectively! The spectrum of the esterificated clay platelets dispéiyost the same pattern as that of
ammonium modified clay except for a new band dfd@ stretching at 1313 ¢mwhich indicates the

grafting of the alkyl chains to the ammonium organic graupghe clay mineral surface.

The change of morphology of clay during each stage of psowewas also monitored using XRD.
The XRD diagrams of the ammonium modified clays, precigitadenmonium modified clays in

acetone, as well as alkyl chain grafted ammonium modiiagls are collected in Figure 4. For

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Cloisite® 15A, a peak was observed at 8.&rve (a)) which was shifted to 35@urve (b)) when
suspended in acetone. When the clay-acetone suspensiomxgdswith dotriacontanoic acid, the peak
was shifted to a lower peak at 2°95The interlayer distance @pacing) of clays inside the

nanocomposHV LV REWDLQHG #®¥RP %UDJJYV ODZ
t@ aQ J&a (1)

where @is the interlayer distance of clag is the wavelength used] is the order which is equal to 1
for the first order, anda is the measured angle. Therefore, t@pacing of the Cloisite® 15A is
measured about 24.6 A which is increased to 25.2 A when suspendedtone indicating a slightly
exfoliated structure and to 29.9 A (~ 20% improvement) foralkgl chain grafted clays. The basal
spacing increases of Cloisite® 11B and 30B, prepared with rtfilarssurface treatment process as for

Cloisite® 15A, have been depicted in Table 2.

3.2 Morphology of nanoclay inclusiondy different mixing strategies

In order to compare the degree of intercalation andiatiém, XRD patterns of 2, 4, and 6 wt.% of
esterificaed Cloisite® 11B-, 15A- and 30B-polyester nhanocomposites prefaretirring hotplate and
five different mixing strategies were obtained. Curve qh¥igure 5 shows the intensity data of the
esterificaed Cloisite® 15A-polyester nanocomposite prepared by stihioiplate featuring a peak at
2.95 derived from the basal spacing in the range betwéeand 16. On the other hand, the
nanocomposites obtained by using mixing strategies &nkdl 111 shifted to lower peaks at 2°%6&urve
(b)), 2.2% (curve (c)), and 2.P5curve (d)), respectively. For the nanocomposites anixith strategies
IV and V, no peaks were observed (curves (e) andTffigrefore, the esterificadl nanoclay interlayer
distance calculated from Eq. (1) was 29.9 A, 33.4 A, 40.0 4,44n1 A for nanocomposites prepared

by stirring hotplate and mixing strategies I, I, anld tespectively. Detecting no peaks in XRD graphs

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Figure 5. XRD patterns of 4 wt.% esterifiaad Cloisite® 15A-polyester samples prepared by (a)
stirring hotplate (initial mixing), (b) strategy I, (cyategyll, (d) strategyll, (e) strategyV, and (f)

strategy V.

for nanocomposites prepared according to mixing stratégiesd V confirms the formation of well

intercalated and exfoliated nanoclay structure.

Table 2 depicts the interlayerspacing of different nanocomposite systems prepared diegaio
the different surface treatments and five mixing stiate presented here. The numbers in the
parentheses show the percentages ofithpacing increases in comparison to those prepared dig vir
Cloisites. For esterificat Cloisite® 11B- and Cloisite® 30B-polyester systems, aitfiothe interlayer
d-spacing was increased up to 83% and 54% for nanocompositesepregacording to mixing
strategy V, respectively; however none of our five ngxstrategies led to a fully exfoliated structure

since a peak was always observed in XRD results.

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Table 2. Interlayer spacing-surface treatment and -mixing egratcorrelations of different kinds of

Cloisites in polyester matrix obtained from XRD measw@eis.

- .. Precipitated Alkyl chain
Cloisite® Virgin in acetone  grafted Strategy | Strategyll Strategylll  StrategylV  Strategy Vv

15A 24.6 25.2(+2%) 29.9(+22%) 33.4(+36%) 40.0(+63%) 41.1(+67%) --- ---
11B 16.3 16.5Hx1%) 18.4(+13%) 19.4(+1%%) 22.7 (+3%%) 23.9(+47%) 27.3(+67%) 29.8(+83%)
30B  16.7 17.0(+2%) 18.5(+11%) 21.3(+28%) 22.5(+35%) 23.6(+41%) 25.2(+51%) 25.7 (+54%)

A AT

and high magnification TEM micrographs of 4 wt.% eBtated Cloisite® 15A-

Figure 6. Low

polyester samples prepared according to (a,b) mixing gyrlteand (c,d) mixing strategy .

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Figure 6 shows the representative TEM images of 4 wt.%ifesteed Cloisite® 15A-polyester
samples prepared by mixing strategy Il (a,b), and strafédi,d). The bright region represents the
matrix portion and the dark lines represent the claylagers. The nanoclay aggregates in Figure 6a
show that the exfoliatiorof the clay nanolayers has not been uniformly reactmedughout the
polyester. The corresponding higher magnification imaggu(é 6b) shows the existence of
intercalated nanoclay structure inside the matrix. Howdbhe esterificad nanoclay-polyester samples
prepared according to mixing strategy IV, show a more unifdispersion (Figure 6c¢) of exfoliated

(Figure 6d) nanoclay which is in agreement with the reslitained from XRD patterns.

3.3 Mechanical properties

3.3.1 Tensile Modulus

The measured tensile modulus obtained from the initgdesbf the stress-strain curve for virgin
polyester and polyester-based nanocomposites made wihediffmixing strategies and clay contents
are provided in Figure 7. The results have been averagadfios repetitions for each nanocomposite
system and the error bars were calculated based on the®@f#dence interval. The dashed horizontal
line corresponds to the virgin polyester data. Thenesf values obtained from the tensile tests revealed
a decrease of the tensile modulus due to the addition radclay for the samples prepared using
strategies I, Il, and Ill while an increase for thgsepared by strategy IV and Yhe nanocomposites
having 4 wt.%of esterificaéd nanoclay content showed a stiffness increase of. 5% effect of
nanoclay content on stiffness of samples preparedrhtegy IV was almost the same or even better
than those provided by strategy V and hence limited impremerwas observed by increasing the

number of TRM passes over three.

Figure 8 shows the tensile modulus values of different pelyegsterificaéd nanoclay systems

obtained using mixing strategy IV. A significant enhancama tensile modulus was observed for

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Figure 7. Experimental tensile modulus of polyester-based et Cloisite® 15A systems
featuring different esterificati nanoclay content and mixing strategy. Dotted horizomtalrepresents

the baseline value of the virgin polyester.

esterificaéd nanoclays having 2M2HT as surface modifier (Cloisite® 159/&) samples prepared with
esterificaed Cloisite® 30B showed a decrease of ~ 42% in modulus. Thisreetial effect is probably
due to the formation of phase separated nanoclay aggsegmtmnfirmed from SEM and TEM images

(not shown).

To demonstrate the effects of the degree of nanockgyediion in the improvement of the
nanocomposite mechanical properties, the fracture ssrfat several polyester-esterifiedtnanoclay
systems were qualitatively analyzed. The roughness dfabture surface has generally been associated
to fracture properties and fracture energy release Yatéé smooth fracture surface is attributed to

brittle failures and rougher fracture surfaces are ateibto tougher materiald.Figure 9a shows the

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Figure 8. Experimental tensile modulus of polyester-based estasti nanoclay systems having
different nanoclay type and content. Dotted horizbimta represents the baseline value of the virgin

polyester.

Figure 9. SEM images showing tensile fracture surface morphaddgiethe 4 wt.% esterificat

Cloisite® 15A-polyester nanocomposites prepared according stréaegyll, and (b) strateghVv'.
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SEM images of the relatively smooth tensile fractsugace of the 4 wt.% esterifieat Cloisite® 15A-
polyester nanocomposites prepared accordingtriategyll. However, for the same system prepared
according to strategy IV, significantly rougher fracturefaes can be observed (Figure 9b), which

proves the better dispersion of clay particles in thgegter matrix.

3.3.1.1 Modelinghe effective stiffness

According to our XRD experiments, esterifiedtCloisite® 15A particles prepared according to
strategy IV seem to be well exfoliated in the polyestatrix. However, an indirect verification of the
degree of exfoliation can be obtained using an effectreelium theory. The idea is that no matter
which theoretical model is chosen, it is necessarynake some assumptions about the degree of
exfoliation. So the comparison between the experinigntietermined <R XQJTV PRGXOXV ZL
theoretical predictions will indirectly give informatia@bout the degree of exfoliation. The Mori-Tanaka
method* along with an orientation distribution functiSrwas used to predict the effective stiffness of
the polyester-based nanoclay nanocomposites. Thetiedfddori-Tanaka stiffness,’ EL of a two-

phase material can be expressed as
VAL CGE B<!gF ‘;€=RBu EBE="P4 &)

where ‘ yand * gare the fourth order stiffness tensors of the padyesiatrix and the nanoclay particles,
respectively. The volume fraction of the particles deeotedas B. uis the fourth order identity tensor

and €is the Wu tensdf and is giveras
€L E 30 oF ‘gid 4 (3)

where ¢ is the fourth order Eshelby tensor depending only orafipect ratios of the particles and the

properties of the matrix materiak ??denotes the inverse and the curly brackets denotesgavgrover
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all possible orientations. Using the orientation fustetfront, the effective stiffnessAG; v dof a two-

phase material with particle orientation distributionction, C:aa 74,

e e e e , \ , (4)
Ayvbw = = = Caald¥mimranidaaeia @@@U
4 4

4
where C:4 4 74, § given as

e 43;0E?5 g 6E?5 (5)

: , - a
i i' ¢ c¢d;06E?5 t@;0E?%@ 3

caaigu

where as and &y are the lower and upper limits c being present in the distribution andQ @
35 Q eand 2 R—Z, 3 R—Z and finally =y+is a function of the Euler anglesa a 14 defined in

Appendix A.

The relevant measured modulus and Poisson's ratio ofsfely®l 7520 are'yp.96d UaX f
and R/p.964 r & uThe similar data for the nanoclay particles arerigkem>"® In fact the nanoclay
particles are transversely isotropic, but wang et’al.compared the predicted effective stiffness when
assuming isotropic and transversely isotropic partiaglespectively and found the difference to be
negligible. Thus, for simplicity the particles are cdesed to be isotropic with

"I Imaj W STY fand R ;ma; k r@r The aspect ratios, i.e. length thickness ratios, of the
nanoclay particles given by the material supplier arthénrange of 70-150, as it was also confirmed
from TEM images, meaning that the nanoclay partictesod platelet shape. In the following an aspect
ratio equal to 100 is chosen since the difference irctefée stiffness of the two limits is less than 10%
for the volume fractions considered in this workKH HIITHFWLYH <R X Q@dlfegteiPdasak O XV
nanoclay nanocomposites with Mori-Tanaka random partcientation 6‘55 is compared to the
experimental values'(3/4Nf the Voigt upper (i) and Reuss Iower'(’j) bounds. The values obtained

are shown in Table 3.
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Table 3. (ITHFWLYH <R XQJ pvlydsterdxs@dXndndaly nanocomposites with randonelparti
orientation ' A ' %NE' £ignd ' T are the Reuss lower bound, experimentally measured, Taneaka
and Voigt upper bound values, respectively. The numbers iparentheses show the percentages of

the stiffness improvements in comparison to thosargin polyester.

Nanoclay content (wt.%)
Effective stiffness

4 6
E- (GPa) 3.67(+2%) 3.74(+4%)  3.82(+6%)
E¥P (GPa) 4.64(+29%)  5.50(+53%) 5.21(+45%)
EMT (GPa) 5.04(+40%)  6.44(+79%) 7.85(+118%)
EY (GPa) 5.65(+57%) 7.74(+115%) 9.79(+172%)

As it can be seen from Table 3, the experimental saloe 2 and 4 wt.% esterificad Cloisite®
15A are relatively close to that calculated with MoarBika model, which directly suggests that the
nanoclay particles are relatively exfoliated, sinbattis the basic assumption in the modeling. The
reason for the difference between the theoreticalthadexperimental results may be due to surface
bonding effects which are not incorporated into thelehan its present formulation. For higher volume
fractions (e.g., 6 wt.%) the experimental values decraadebecome much smaller than the theoretical
predictions. This is most likely due to agglomerationhef particles and as a consequence the stiffness
of the particles is not exploited to thdull potential, thus not significantly increasing tbé#ective
stiffness of the composite. This has also been veddy’*®* ZKHUH WKH <RXQJJVdPRGXC

for volume fractions above 2-3%.
3.3.2 Ultimate tensile strength
Figure 10 shows the ultimate tensile strength (UTS) resllish are generally decreasing with the

addition of esterificad nanoclay. However, adding 2 and 4 wt.% of esterdid&loisite® 15A leads

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Figure 10. Experimental UTS values of polyester-based nanoclagmsgshaving different esterificad

nanoclay type and content. Dotted horizontal line reptedbe baseline value of the virgin polyester.

to 9% and 13% improvement in UTS, respectively. For 15A/6/Btesy, the UTS reduces by 25% in
comparison with 15A/4/1V which is believed to be attributedhe stiffening effect of adding further

nanoclay leading to more brittle nanocomposites system

3.3.3 Hongation atbreak

The elongation at break is reported in Figure 11. The litipaif the nanocomposites is generally
reduced with increasing the nanoclay content. Signifiadifferencesin failure elongations were
observed for 30B/:/IV systems (. is a notation represengihghe nanoclay contents tested) in
comparison with those of 11B/:/IV and 15A/:/IV. For 15A/:/1V system 31% more deterioration in
failure strains was observed in comparison to that of:A8Bwhich can be attributed to the higher

aspect ratio of Cloisite® 15A after mixing, measured fronMTiEhages (not shown).

$&6 3DUDJRQ 30XV (QYLURQPHQW
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Figure 11. Experimental tensile test elongations at break ofgstér-based esterifieat nanoclay
systems having different nanoclay type and content. Bbiteizontal line represents the baseline value

of the virgin polyester.

3.4. Thermal properties

The CTE above and beloWy are provided in Figure 12 for the specimens prepared accdaling
strategy IV (i.e., batch numbers 4, 9, 14, 19, 24, 29, 34, 39 andBable 1). The variation dfy for
nanocomposites with varying nanoclay type and contemtiss shown in Figure 13. For structural
applications the CTE abovk is not of much importance as by this point the loadying capacity is
considerably reduced. As a result, only discussions on€3its belowly are presented. Nonetheless,
CTE values below and aboig follow similar trends and thus the observations n¢te@ are also valid

for CTE values abové.
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Figure 12. Variation of CTE below(left column) and above (right columr,of polyester
basedhanoclaysystemdhaving differentesterificatechanoclaytype andcontent Dotted

horizontal line represents the baseline values of CTE below and &@pofvehe virgin

Figure 13. Variation of glass transition temperaturé)(of polyesterbasedanoclaysystems

having differentesterificatechanoclaytype andcontent Dotted horizontal line represents the

basgling yalus el viginpqlyester.
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The addition of nanoclay generally decreased the CTEhefpolyester-based nanocomposite
compared to that of plain resin. In general, the thiepnagerties (CTE and,) due to nanoclay addition
were better than the corresponding neat resin valuesialypér 15A/4/IV and 15A/6/1V systems with

an improvement of up to 1% and 18C in T, respectively.
3.5. Moisture absorption

The moisture diffusivity coefficien®,®® was used as the parameter to assess the effect afayano
type and content and was computed from the initial sldpieo moisture gain/ .2/ ¢ versus time
(¥/@based o) LFN V> ODZ

e /.al ﬂG‘Sé (6)

& L— F—=
SX yP@

where / .is the mass gain at any tinf2 / ¢ is the maximum mass gain at equilibrium/steady state, and

@s the thickness of the specimen.

The diffusivity coefficient of all polyester-based naomposites obtained using the mixing
strategylV has been summarized in Figure. & for the thermal properties, esterifiedtnanoclay
addition increased the barrier properties (i.e., redutiéfdsivity). Overall, noticeable decrease

diffusivity of up to 370% was observed in 15A/4/IV and 15A/6/IV systems.

A diffusion model of intercalated nanoclays inside aymer matrix was previously developed by
Liu et al.®® by using a Fickian numerical motfeand assuming that the nanoclays have been randomly

oriented and uniformly dispersed inside the polymer as;

-~ S
&l ————4 %
th &

I's EuéJp

where &Uis diffusivity ratio, i.e. diffusivity of hanocomposite that of virgin polyester;p B,are the

$&6 3DUDJRQ 30XV (QYLURQPHQW
25



/IDQJPXLU 3DJH

Figure 14. Experimental diffusivity coefficients of polyestead®ed nanoclay systems having
different esterificagdd nanoclay type and content. Dotted horizontal line represkeatbaseline value of

the virgin polyester.

aspect ratio and volume fraction of the nanoclaysléngie matrix, respectivelyd is the number of clay
platelets in each agglomerat®@ased on equation (7)&Uin nanoclay nanocomposites decreases with
increasing the clay loading and the aspect ratio, wdmleincrease should be expected when clay

agglomerates inside the polymer matrix include higher nuwbglatelets.

Curves based on the Fickian diffusivity model for inteeal nanocomposites have been plotted
Figure 15 As it can be seen, the experimental diffusivity valdes esterificaéd Cloisite® 15A
polyester-based nanocomposites prepared according to nsidategy IV fall between the model
prediction curves for nanoclays having either 1 or 2 playelets in agglomerates which confirms the

fully exfoliated nanoclay structure as it was also ole#rfrom TEM images (Figure 6c¢-d). The

$&6 3DUDJRQ 30XV (QYLURQPHQW
26

R



3DJH R /IDQJPXLU

Figure 15. Diffusivity ratio (&9 obtained by mixing strategy IV for esterifiedtCloisite® 15A-

polyester systems versus clay content, &0

comparison among the experimental diffusivity measuresnamid those of theoretical estimations
suggests a value between 100-150 for the aspect ratio ofibelays after performing several times
three-roll mixing and ultrasonication. This is in theme aspect ratio range of nanoclays before mixing
with polyester matrix suggesting the fact that during thgingiprocess no breakage in nanoclay

structure occurred.

4. General Discussion

The experimental characterization of our different estgr-based nanoclay nanocomposites
revealed that the combination of nanoclay type, serfaeatment, content, and mixing strategies
resulied in producing materials having superior, similar, or ewsferior mechanical, thermal, and

barrier properties in comparison with those of the wiggplyester matrix.
$&6 3DUDJRQ 30XV (QYLURQPHQW
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4.1. Surface treatment analysis

Clay platelets modified with ammonium ions carrying hydtaxypups were surface reacted with
long chain fatty acids in order to achieve enhancement inlihsal plane spacing so as to achieve their
shear induced exfoliation in the polymer matrices. The expéngurface reaction enhanced with
increasing the amount of excess acid used for the seagtiich subsequently increased the basal plane
spacing. The XRD analysis showed an increase of@spacing of the Cloisite® 15A from 24.6 A to
25.2 A when suspended in acetone and to 29.9 A for the alkiyl gtated clays indicating a slightly
exfoliated structureThe initial higher basal plane spacing of the surfaceddealay platelets led to
better swelling of the montmorillonite resulting in the emtement of the basal plane spacing. FTIR
diagram revealed the ionically bonding of high density leasto the clay surface when the initial

modification was optimal to generate higher extentsuoface reaction.
4.2. Physical behavior characterization

The maximum stiffness for all nanocomposite system® wbtained when combined TRM and US
were used (strategies IV and V). Strategies |, Il, andgBherally led to a decrease in modulus up to
39% for 15A/4/1 while an increase of 53% for 15A/4/IV. Moreowke tensile modulus did not even
follow similar trends for different types and contents esterificaed nanoclay. For example, a
continuous increase in modulus was observed for 11B/:/IV sgstamincreasing the esterifieat
nanoclay content, while an inverse behavior for 30B/sy8tems. On the other hand for 15A/:/IV, the

maximum modulus was obtained when 4 wt.% esterificated gna@s added.

The tensile tests also revealed an overall reductiafuctility and strength due to the addition of
nanoclay. The increase in strength up to 13% was onlgreds when 2 and 4 wt.% esterifiedt
Cloisite® 15A was mixed according to strategy IV. The stiemdtl5A/:/IV systems decreased with an
increase in the nanoclay content over 4 wt.% (i.e.,s8%ngth loss for 15A/6/1V system). A reduction

of 55% in strength for 11B/4/IV in comparison to the gail®¥ for 15A/4/1V is attributed to the type
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of the surface modifiers used, suggesting estesfit&loisite® 15A as a more suitable reinforcement
for this type of the polyester-based nanocomposites.rddheced UTS values in 11B/:/IV and 30B/:/1V
systems are believed to be due to the weaker nanoclggspal interface and consequently the creation
of the nanoclay aggregates in the polyester matrix, wiomotes microcrack formation and leads to
the formation of nanocomposites having lower tersttength and ductilityWhile there is no general
consensus on this point of view, computational studiesléy et af* have shown evidence to this

mechanism.

The CTE and the moisture diffusivity also showed a nahigeimprovement of up to 270% and
370% for 15A/6/1V system which is due to choosing the right e amount of esterificated nanoclay
and mixing strategy. The addition of higher contents siérdficated nanoclay into polyester system
generally resulted in nanocomposites with inferior tlaéramd barrier properties. The improvements in
barrier properties could be explained by considering thsigdlyaspects of the diffusiouring the
diffusion process, the clay platelets act as imperviousebsito permeant molecules, thereby forcing
tortuous diffusion path that improves moisture barrier priypdhe use of a similar analogy for the
CTE suggests that the expansion of the polymer networkodieatt is higher than the restraining action
provided by the nanoclay, which results in the nanoplaielets moving along with the polymer under
temperature expansion and consequently a decrease indldds which is considered as improvement

in the thermal properties

Although our experimental results sheavthat improvements in mechanical, thermal and barrier
properties are possible for polyester-based esteeficabanoclay nanocomposites, the material
composition that yields the best gain for a given pregpisrdifferent. Thus, when multiple properties
are of interest, optimized material compositions tha@liince the improvements and detrimewitshe

polyester system are needed.
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Figure 16. Normalized mechanical properties and identification ¢ihaped material constituents.
Notation * shows the normalized property of the polyesteethananocomposite relative to that of the

virgin polyester.

4.3. Performance limits and optimized material design

Detailed experimental characterization of polyesteethassterificated nanoclay nanocomposites
with up to 6 wt.% of different types of esterificated ndapallows obtaining performance limits of the
resulting properties. Optimal material combinations tkatlt in a balance of multiple properties, along
with ease in processing are thus identified. Accordinghéorésults obtained in this paper, esterificated
nanoclay reinforcement of more than 4 wtttg generally little or sometimes negative effectthe
mechanical properties of the nanocomposite®wever, the thermal and barrier properties are
continuously improving with the addition of esterificatemhaclay up to 6 wt.%, ranking the samples

having 6 wt.% of esterificated nanoclay (:/6/1V) as theralkidesigns.

Figures 16 and 17 show a comparison of mechanical propstds as stiffness (modulus),
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Figure 17.Normalized thermal and barrier properties and identifioadf optimized material
constituents. Notation * shows the normalized properth®flyester-based nanocomposite relative to

that of the virgin polyester.

strength (UTS) and ductility (elongation at failuré}), and thermal and barrier properties namely
thermal stability (glass transition temperatur; coefficient of thermal expansion, CTE) and

diffusivity (diffusivity coefficient &. Notation * shows the normalized property of the poesased
nanocomposite relative to that of the virgin polyedtar mechanical properties and glass transition
temperature. For the coefficient of thermal expansaow diffusivity, Uand &Y are inversed
resulting in values greater than unity to show improvesngnall properties. The general trend for the
values of stiffness and ductility confirms that the additof esterificated nanoclay improves stiffness
for 15A/:/IV and 11B/:/IV while reducing its ductility; however, @gase of 30B/:/IV both stiffness and
ductility decrease. It should be noted that the areatefast in Figure16 and 17 is subjective and can
be determined based on the target properties and the rhagpigcation. If properties strictly better
than the baseline polyester are desired, constituamteatrations that satisfy such requirements can

thus be selected. Generally, when multiple opposing paraneterconsidered, material constituents
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that reveal good balance without significant compromiseother properties are sought. Overall,
15A/4/IV and 15A/6/IV systems were identified as optimized matem@ahpositions as they show

promise in their processing ease and balanced properties.

5. Conclusion

Results from this study indicate that various nanoglpgs, surface treatments and contents can be
mixed with polyesters in different ways to produce polyestsed nanocomposites with desired
mechanical, thermal and barrier properties. This studycaahdinding an optimum mixing strategy of
the proposed surface reacted nanoclays with polyesi@&ssed on the three-roll mill mixing, the
ultrasonication, or a combination of both. It was shdhat depending on the nanoclay type, surface
treatment and mixing strategy, the addition of nanoci&y mnanocomposites may improve mechanical
(stiffness and strength) parameters and transient (themdamoisture diffusion) properties; however it
generally adds to their brittleness which could notaweifable. The efficiency of the nanoclay addition
depends on many factors including the chemistry of the cunfaodifiers and their treatments, the
mixing strategy selected, the nanoclay content and lghest of dispersion. An extended experimental
test matrix (up to 6 wt.% of three different kind of nalay along with five mixing strategies) with
detailed characterization of mechanical and transienpepties allowed obtaining the performance
limits of these hanocomposite materials. Including ease of ggimgealong with the resulting balanced
or enhanced properties, polyester-based nanocompositdgreed with 4 and 6 wt.% esterificat

Cloisite® 15A were identified as optimal designs.

XRD analyses and TEM observations suggested the formatioexfoliated structures in
15A/2,4/IV systems. The Mori-Tanaka method was used to prediceffeetive stiffness of the
15A/2,4/IV nanocomposite systems which were in close agreemimtthose of the experimental
values Water diffusion behavior of polyester-nanoclay systevas found to follow very closely the

Fickian behavior at 56C. As esterificated nanoclay was mixed into polyesterraaup to strategy 1Y
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diffusivity was improved about 370% at 6 wt.% clay loadinige Thodel for diffusivity for 15A/2,4/1V
prediced the platelets to contain either 1 or 2 sheets of @la., exfoliated structure) and this agreed

well with TEM observations.

For 15A/4/1V system, the tensile modulus and strength wereased by 53% and 13% compared
to those of virgin polyester. The maximum improvement Tie@nd moisture diffusivity of 270% and
370% were obtained for 15A/6/IV system, respectively. Ovetalt, balanced behavior of the
showcased polyester-based esterificated nanoclay nanocespsisows promise for high-performance

materials in automotive, transportation and packaging ingus
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Appendix A:  coefficients as a function of the Euler angles
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.URRN 0 $OEHUWVVRQ $ & *HG®GGKD&ULHUHD®Q TPYHAKD C
SURSHUWLHYV RI PRQWPRULOORQLWHRGRO\HMWEEDPLGH QD!

=KRQJ < -DQHV ' =KHQJ < +HID]GILUFDIO DIQIE R[\VJIH®G FED !
SURSHUWLHV RI RUJDQRFOD\ SRO3RW®WKP OHYIH &F1QRFRPSRVL

%KDUDGZDM 5 . ORGHOLQJ WKH BBDHUHBUVE ORBBWW LQD/QF
ODFURPROHFXOHYV

'"UR]JGRY $ ' &KULVWLDQVHQ $ 3 ORGWO IBU.D GBKPKOR X"
GLIIXVLRQ WKURXJK D SRO\PH3IREDO®D\6GFLQRBRPBWSRVBWE\P 3l

OXVWR 3 ODVFLD / OHQVLWWURQ*R| YDMRNW D QG DRPIPRQL
SRO\LPLGH VLOLFD GLVFRQWLQXR X3/ WHOBKIBRPBNRY LWHYV  LQ

90DVYHOG ' 3 1 *URHQHZROGQ- 6 %-HUOURHMWXUH DEMBRBRE
SRO\DPLGH VLOLFDWH QDQRFRPPRVKW QY FDOGRERB H QWX

6KDQWDOLL 7 $ .DUSRYD , /( 'UDIDQRYDOMNR3GLBD O6WNRN
WKHUPRPHFKDQLFDO FKDUDFWHIGLYZDW KRWKRI \GRO \1.HQ G3HW L
QDQRSDEMLLFIHFK QRO $GY ODWHU

$&6 3DUDJRQ 30XV (QYLURQPHQW
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30XDUW / / 'XFKHW - 6DXWHUMDXQDQRBRPSRRQWHRRU L
RUJDQRSKLOLF WUHDWPHQW R QWUXHIOH & U RASBIWPWPIRHIS KR OR J \

$NRUQD * 8JL , ,VRF\DOQLGH 63N KE\BLKHPLVOKY' LS KR\ OH

1DLU & 3 5 *ORXHW * *XLOEHVW WD QCBPRI DK WEKIRUI
IXQFWLRQDOL]HG SRO\ PHWK\O P ROKP FHIJODW H6 WD/EG SRO\V

<X < + -HQ & & +XDQJ + < X S3RS HIUMISDWU BWKRQ 1D
FRQMXJDWHG SRO\ KH[\OWKLRSKHQWS$EOD\3@DYRBERPSRVL!

<HK - 0 &KLQ & 3 BWUXFWXWPHWRR [ URSHWMLHORY QB
PDWHUY I$38® 3RO\P 6FL

.RUQPDQQ ; J/LQGEHUJ + %HUBSR{QBEOD)\ K DBOARWRKPYRV LR
LQIOXHQFH RI WKH QDWXU3RRIPHKH FOD\ RQ VWUXFWXUH
.RUQPDQQ ; J/LQGEHUJ + %HUBR{QBEOD)\ K DBOARWRKPYRYV LR
LQIOXHQFH RI WKH QDWXUH RI3RIONPFUULQJ DIJHQW RQ VWU
OHVVHUVPLWK 3 % *LDQQHODRWFWH WBL]OWYMRCH RIL\ODHA AKI
QDQRFRPSRWPWWWU\ RI ODWHULDOV

.DWWL ' 5 .DWWL . 6 6KDQPXOIDWRGHDP LD WRO D @RE
LQWHUDFWLRQV RQ VZHOOLQJQREKCH R BW R UIALWW\RL PV. FRJRP R DIV
VIVWEBWHU 5HV 6RF 6\PS 3URF

\S\FK ) B6FKUHLQHU : + ODWWRWRQIRQIRWFD%HQWR &
&RYDOHQW JUDIWLQJ Rl SKHQ\0OSKR DSKRQIDWHIE JUR R SM RQW
FKU\VRW L-OH DMEHHW V&K H P

3DWHO + $ 6RPDQL 5 6 %DPUWDWUDWLROBQD BKDUDFW
SKRVSKRQLXP PRQWPRULOORQLW H $5.S0K H® K@K G LV IQHF b P

OL\DJDZD + ORKDQW\ $ OLVUDDOXMA LOPWARIQRZKL D QH
UHLQIRUFHPHQWY RQ WKH PHFKD/QMWH\O | 8 BR SHIRWE BIVHRS 9
FRPSDUDWLYE {EWKEB\5HYV

'DQJ / :DQJ . &KHQ / =KDQJQ< PRUSKROEBBSDQOWLR
WKHUPDO PHFKDQLFDO SURSHUWLERPBRHWSWHVQ® QRFOD\ FR

%HQYHQLVWH < $ QHZ DSSURDFK WRIW KMKBI RSO LLFD AR RSR
PDWHOHBR\WDWHU

BFKMRGW 7KRPVHQ - 3\U] 5 7KI9\WRWLGIIDYRQD O W LPIRHMW
ILEUH RULHQWDWLRQV DQG @QHRRXK ®@DWHMH YROXPH IUDFWLR
X 7 7 7KH HIIHFW RI LQF O X \PLRRGX © K [RS HD RIQZ W KRH\BI DI \P\D |
BROLGV 6WUXFW

‘DQJ - 3\U] 5 3UHGLFWLRQ ®D\WKHG YHODPOIDWRRGBNDQIRL
QDQRFRPSRVLWHVSDUW , ERASRW IGHFR UN\HFEGRRUPXODYV
‘DQJ - 3\U] 5 3UHGLFWLRQ ®D\WKHGR YHODPOIDWRRGBNDQIRL
QDQRFRPSRVLWHV &BPSWV, 6 FLQTHRKNGRO

.RUQPDQQ : %HUJOXQG / $ 6WHIRFIRPSRVYILIMHYHBLVH G
PRQWPRULOORQLWH DQGRMVEWXQODWHIG SRO\HVWHU

X = =KRX & 4L 5 =KDQJ + HE\QWWHRDVRD QGOR®D UD FmM
QDQRFRPSRYSWBRO\P 6FL

7\DQ + / :HL . + +VLHK 7 (HUHEKP®LFBR O URISGIH W7
QDQRFRPSRVLWHYV YLD 2'$ PRREQ\PHG IR WBIDWR PODARO\VP 3K\V

$&6 3DUDJRQ 30XV (QYLURQPHQW
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/IDQJPXLU 3DJH R

&UDQN - 7KH PDWKH PIWILFY RIO®WU HQGRQ
/ILX : +RD 6 9 3XJK 0 :DWHU X$SWPSIRIVRWHYR [0 RFODA Q|

GHYHORSRPRRW 6FL 7THFKQRO

+DT 0 %XUJXHXxR 5 ORGHOLQJ DQG V LFROX0 DQWLRRF RP ER R |
WKURXJK D PXOW L CBHRHFOIHGDSSWRDFHL[WK LQWHUQDWLRQD
RI VKHOO VSDWLDQ HZNUXEMW XBHMWVLR Q7

$&6 3DUDJRQ 30XV (QYLURQPHQW
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