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The effect that polymer molecular weight has on the
dispersion of relatively polar montmorillonite (MMT) in
nonpolar, unmodified high density polyethylene (HDPE)
was examined. Polymer layered silicate (PLS) nano-
composites were prepared via melt compounding in a
single screw extruder using three unmodified HDPE
matrices of differing molecular weight and organically
modified MMT (organoclay) in concentrations ranging
from 2 to 8 wt%. The weight average molecular
weights (MW) of the HDPE matrices used ranged from
87,000 to 460,000 g/mol. X-ray diffraction (XRD), tensile
testing, dynamic mechanical thermal analysis (DMTA),
and dynamic rheometry were performed on these
nanocomposites. Nanocomposites generated from the
high molecular weight (HMW) HDPE matrix exhibited
increased intercalation of the MMT as shown by XRD
and greater improvements in the Young’s modulus
when compared with nanocomposites generated from
the low (LMW) and middle molecular weight (MMW)
matrices. DMTA measurements carried out in torsion
showed that the increase in shear modulus of the
HMW nanocomposites was not as great as that of the
LMW and MMW counterparts as observed from a lower
percentage enhancement in the storage modulus (G0)
and estimated heat distortion temperature (HDT). This
was attributed to the higher degree of mechanical ani-
sotropy in the HMW nanocomposites. POLYM. COMPOS.,
28:499–511, 2007. ª 2007 Society of Plastics Engineers

INTRODUCTION

Preparation of polymer/layered silicate (PLS) nano-

composites via melt blending is an economically friendly

method of generating materials with improved strength

and stiffness [1]. However, property enhancements

obtained by this method are not as significant as those

seen from PLS nanocomposites generated by in situ poly-

merization because of less homogeneity in the dispersion

of the clay particles within the polymer matrix [1]. In the

in situ polymerization method, monomer and nanoclay are

combined leading to the swelling of the clay, and the po-

lymerization reaction takes place directly in between the

sheets of clay, while melt blending relies on polymer

chains penetrating in between the clay platelets typically

with the aid of shear [1].

Much academic as well as industrial research focused

in the area of the preparation of PLS nanocomposites was

motivated in large part by the work done by the Toyota

research group in Japan who synthesized nylon 6/mont-

morillonite (MMT) nanocomposites via the in situ poly-

merization technique [2]. A 55% increase in the tensile

modulus and 878C increase in the heat distortion tempera-

ture were reported [2]. However, the in situ polymeriza-

tion technique as well as solution blending technique,

which utilizes organic solvents to swell the MMT, are

both environmentally as well as economically unfriendly

because of the use of organic solvents and chemical

reagents. Vaia et al. [3] were among the first researchers

who reported the possibility to generate these nanocompo-

sites by simple melt compounding and, thus, providing a

‘‘green’’ approach to form these materials. Past work on

PLS nanocomposites included a wide variety of polymers

including polyethylene, polypropylene, polyimide, poly-

styrene, polycarbonate, and a polystyrene/polyisoprene

block copolymer [4–9]. Filling polymer matrices with

these nanoclays has been shown to yield materials with

markedly increased mechanical [10, 11], gas barrier [12, 13],

and thermal stability properties [14, 15] with low loadings

of clay (i.e. less than 5 wt%).

The main reason for these marked improvements stem

from the large aspect ratio of MMT. Each individual layer

of clay has a thickness on the order of 1 nm with lengths

ranging from 100 to 300 nm [11, 16]. The high aspect ra-

tio leads to a high contact surface area and, thus, physical

interactions between the polymer and layered silicates

with only a small concentration of clay. However, because

the layered silicates typically exist as aggregates due to

attractive van der Waals forces [17], the contact surface

area available and, thus, improvements in physical proper-

ties do not reach theoretical expectations. Achieving a
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nanocomposite with an exfoliated morphology in which

each individual layered silicate has been separated from

its initial stack and dispersed uniformly throughout a

given polymer matrix is the key to reach the full potential

of the nanoclays to enhance mechanical, thermal, and bar-

rier properties of a polymeric matrix.

There are three main factors thought to be responsible

for determining the amount of exfoliation that is able to

be achieved when making PLS nanocomposites. First, the

attractive interactions between the polymer matrix and the

layered silicates determine, in large part, the degree of

compatibility between the two separate phases. Layered

silicates are naturally hydrophilic while many polymers

such as polyolefins are hydrophobic and, thus, the surface

energies between the two materials can be vastly different

prohibiting any significant degree of dispersion of nano-

clay within the polymer. Modification of layered silicates

via ion exchange reactions through which quaternary alkyl

ammonium cations replace the existing cations (Caþ,

Naþ, Liþ, etc.) residing in the interlayer of the silicates

help to make the layered silicates more organophilic.

Nonpolar polymers such as polyolefins can also be modi-

fied to where the polar maleic anhydride is grafted onto

the backbone of polymers such as various polyethylenes

or polypropylenes [18–21] increasing the hydrophilicity of

the polymer matrix.

The next two factors which influence the level of exfo-

liation in a PLS nanocomposite both depend on the mo-

lecular weight of the polymer matrix, but in opposing

manners. The size of a polymer chain increases as the

molecular weight of the polymer sample increases. Larger

polymers have more difficulty in penetrating the interlayer

gap of the layered silicates whose distance from each

other typically range from 15 to 35 Å [22]. Thus, in-

creased molecular weight was seen to have a negative

influence on exfoliating the clays in this respect as shown

previously [23–30]. On the other hand, with increasing

polymer molecular weight, the viscosity of the material

increases as well. Increased viscosity leads to an increased

amount of shear force available to be exerted by the poly-

mer matrix onto the aggregates of nanoclay and assists in

separating each individual clay platelet from one another

through what has been postulated to be a ‘‘peeling’’ mech-

anism [31, 32].

Much work has been performed on the effect that vary-

ing the molecular weight of either a polymer matrix or a

compatibilizer has on the dispersion of nanoclays within a

given polymer [23–32]. A variety of polymers have been

studied ranging from relatively nonpolar polyolefins such

as polyisoprene to polyamides such as nylon 6, which

contain many sites for hydrogen bonding to occur. How-

ever, mixed results have been found in the literature con-

cerning the role matrix molecular weight plays [23–32].

There are benefits in using both a low molecular weight

polymer as there are in using a high molecular weight

polymer, and the extent to which these two competing

factors influence the degree of clay dispersion and

enhancement in mechanical properties remains unclear.

Only in Kaempfer’s [31] study of syndiotactic polypropyl-

ene/fluorohectorite nanocomposites and Fornes’ [32] ex-

amination of nylon 6/MMT nanocomposites, it was found

that increasing the molecular weight of the matrix (or of

maleated polypropylene (PP) compatibilizer in Kaemp-

fer’s case) increased the degree of exfoliation of the nano-

composites.

The purpose of this work is to determine whether

nanoclays can be exfoliated in nonpolar, unmodified

HDPE of various molecular weights via single screw

extrusion. The molecular weights of the HDPE used are

�87,000, 155,000, and 460,000 g/mol. This range of mo-

lecular weights is as large if not larger than has been

used in past work concerning matrix molecular weight on

the dispersion of nanoclays. The degree of exfoliation or

intercalation is assessed by X-ray diffraction. The change

in mechanical properties as a function of matrix molecu-

lar weight and MMT concentration is examined as well.

EXPERIMENTAL

Materials

Three high density polyethylene (HDPE) samples

obtained from Chevron Phillips Chemical Company were

designated here as ‘‘low’’, ‘‘middle’’, and ‘‘high’’ molecu-

lar weight samples. The MW, polydispersity given as MW/

MN, density (r), and melt index (MI) of the three samples

are listed in Table 1 as supplied by Chevron Phillips.

Organically modified montmorillonite (MMT) (organo-

clay) ‘‘Cloisite 20A’’ was supplied by Southern Clay

Products (Gonzales, TX). The organic modifier used was

a dimethyl, dihydrogenatedtallow, quaternary ammonium

TABLE 1. Physical properties of three HDPE samples.

Name Mw (g/mol) Mw/MN r (g/cm3) MI (g/10 min)

Low molecular weight (LMW) 86,520 4.092 0.953 4.5

Middle molecular weight (MMW) 155,920 6.916 0.955 0.25

High molecular weight (HMW) 460,430 60.629 Unavailable Unavailable

TABLE 2. Physical properties of Cloisite 20A [22].

Name Specific gravity

Organic modifier

concentration (meq/100 g clay)

Cloisite 20A 1.77 95
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salt (2M2HT). The physical properties of Cloisite 20A

(20A) are listed in Table 2.

Melt Compounding

Prior to melt compounding, all nanocomposites were

dry-mixed in a blender by combining the desired weight

percent of organoclay with the desired amount of HDPE.

The dry blended mixture was then placed in a vacuum

oven at 1058C for a period of time between 18 and 24 h

to remove moisture. The dried clay/HDPE mixtures were

then fed to a Killion single screw extruder (L/D ¼ 18,

barrel diameter of 25.25 mm, and variable screw root di-

ameter from 16.6 mm at the feed to 21.45 mm at the

exit) operating with a temperature profile of 130, 160,

160, and 1908C and screw speed of 20 rpm. Strands of

the nanocomposites exiting the extruder die were cooled

in a 1 m long water bath and fed to a pelletizer to gener-

ate pellets for further processing.

Determination of Actual Clay Content

Table 3 lists the actual compositions of the nanocom-

posites generated in this study. Here ‘‘organoclay’’ refers

to the organically modified MMT used in this study, Cloi-

site 20A, and MMT represents pure MMT without the

organically treated surface. Compositions were determined

by placing nanocomposite pellets generated from extru-

sion onto aluminum trays in an ashing oven at 5008C for

45 min. The mass fraction of actual MMT (xMMT) in each

nanocomposite was then taken to be the ratio of the mass

of ash to the mass of nanocomposite before burning.

To find the mass fraction of organoclay (xOC), a sepa-

rate experiment was necessary to determine the fraction

of organic modifier in the organoclay that degraded after

being placed in the ashing oven. It was found that the

weight fraction of organic modifier in the organoclay was

0.374, and this was divided into the mass of ash deter-

mined above to calculate the actual mass of organoclay in

the nanocomposite. Using this mass and the mass of

nanocomposite prior to burning, xOC was found.

The corresponding volume fraction of the organoclay

(fOC) and MMT (fMMT) in the nanocomposites was

found by

fOC ¼ rNC � xOC
rOC

� �
(1)

and

fMMT ¼ rNC � xNC
rMMT

� �
(2)

where rNC, rOC, and rMMT are the densities of the nano-

composite, organoclay, and MMT, respectively. rOC and

rMMT were taken to be 1.77 g/cm3 and 2.86 g/cm3,

respectively, as given by the manufacturer [22]. An upper

bound on rNC was estimated by using the rule of mixtures

presented below

rNC ¼ fHDPE rHDPE þ fOC rOC: (3)

Here fHDPE and fOC are the volume fractions of the

HDPE matrix and organoclay, respectively. In order for

rNC to be calculated from Eq. 3, both fHDPE and fOC

were estimated from the initial masses of HDPE and

organoclay used to generate the nanocomposites as well

as the given density values of the HDPE matrices and

organoclay. These results are summarized in Table 4.

Injection Molding

The nanocomposite pellets were dried at 1058C in vac-

uum for 18–24 h and then injection molded using an

Arburg Allrounder Model 221-55-250 injection molder.

The Arburg Allrounder has a 22 mm diameter barrel, L/D
¼ 24, screw with variable root diameter from �14.25 mm

at the feed to 19.3 mm at the exit, a check ring nonreturn

valve, and an insulated nozzle that is 2 mm in diameter.

The composites were injection molded, using a melt tem-

perature of 1908C, a mold temperature of 708C, a holding

pressure of 5 bars, and a screw speed of 200 rpm, and a

rectangular end-gated mold with dimensions of 80 mm by

TABLE 4. Estimated density of nanocomposites.

Label

mHDPE

(g)

mOC

(g)

VHDPE

(cm3)

VOC

(cm3) fHDPE fOC rNC

2 wt% LMW 98 2 102.83 1.13 0.989 0.011 0.962

4 wt% LMW 96 4 100.73 2.26 0.978 0.022 0.971

8 wt% LMW 92 8 96.54 4.52 0.955 0.045 0.990

2 wt% MMW 98 2 102.62 1.13 0.989 0.011 0.964

4 wt% MMW 96 4 100.52 2.26 0.978 0.022 0.973

8 wt% MMW 92 8 96.34 4.52 0.955 0.045 0.992

2 wt% HMW 98 2 102.08a 1.13 0.989 0.011 0.969

4 wt% HMW 96 4 100.00a 2.26 0.978 0.022 0.978

8 wt% HMW 92 8 95.83a 4.52 0.955 0.045 0.996

a Actual density of HMW matrix was not given by manufacturer,

therefore 0.96 g/cm3 was used as an estimate.

TABLE 3. Actual composition of nanocomposites.

Label

Post-extrusion

Organoclay Montmorillonite

wt% vol% wt% vol%

2 wt% LMW 1.95 1.06 1.22 0.41

4 wt% LMW 4.01 2.20 2.51 0.85

8 wt% LMW 7.50 4.19 4.69 1.62

2 wt% MMW 1.85 1.01 1.16 0.39

4 wt% MMW 3.73 2.05 2.33 0.79

8 wt% MMW 7.91 4.43 4.95 1.72

2 wt% HMW 2.13 1.17 1.33 0.45

4 wt% HMW 3.99 2.22 2.50 0.85

8 wt% HMW 7.49 4.27 4.69 1.63
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76 mm by 1.6 mm. The mold was allowed to heat for 4 h

prior to molding to ensure thermal equilibrium.

X-ray Diffraction

Wide angle X-ray diffraction (XRD) patterns were

conducted using a Scintag XDS 2000 diffractometer with

Cu Ka radiation (wavelength ¼ 1.542 Å) at a scan rate of

0.58C/min on injection molded plaques.

Tensile Properties

The tensile properties were measured using an Instron

Mechanical Tester (model 4204) following the ASTM

standard D638. The test samples were cut from injection

molded plaques typically in the direction of flow having

dimensions of �8 mm wide, 1.6 mm thick, and 80 mm in

length. The load was measured with a 1 kN load cell, and

the strain was measured using an extensiometer (Instron

model 2630-25), while the cross-head speed was kept at

1.27 mm/min during all tensile tests. For all tests, the av-

erage and the standard deviation were calculated from at

least five samples, and data points greater than 2 standard

deviations from the mean were removed. All tests were

performed at ambient conditions (room temperature).

Dynamic Mechanical Thermal Analysis

Dynamic mechanical thermal analysis (DMTA) of the

MMT/HDPE nanocomposites was performed using a

Rheometrics RMS-800. Measurements of storage modulus

(G0), loss modulus (G00), and tan d were recorded as a

function of temperature in the range of 30–1408C at a

ramp rate of 38C/min and frequency of 1.0 Hz under a

continuous nitrogen environment. To perform the tests,

rectangular strips �80 mm long by 8 mm wide by 1.6

mm thick were cut in the flow direction of injection

molded square plaques.

RESULTS AND DISCUSSION

X-ray Diffraction

The XRD spectrum of MMT Cloisite 20A is pre-

sented in Fig. 1 along with the diffraction spectra of the

8 wt% clay nanocomposites for the three molecular

weight matrices used in this study. Upon characterization

of injection molded plaques of the 8 wt% nanocompo-

sites, a lowering in intensity of the diffraction peak was

observed when compared with the clay itself correspond-

ing to a lowering in the concentration of clay. The d-

spacing of Cloisite 20A, calculated from Bragg’s law

(d001 ¼ l/2 siny), was found to be 24.2 Å, which was

also the value given by the manufacturer, Southern Clay

Products [22]. The nanocomposites each displayed two

characteristic diffraction peaks: one at a smaller angle

relative to that of the clay and another at a larger angle.

The peaks located at the smaller angle corresponded to a

larger distance separating the clay particles, namely

28.3, 29.4, and 33.2 Å for the LMW, MMW, and HMW

samples, respectively, while the higher angle diffraction

peaks were related to smaller d-spacings of 23.0, 22.0,

and 23.0 Å for the LMW, MMW, and HMW samples,

respectively. The occurrence of these two peaks in each

composite was attributed to the simultaneous expansion

of the clay galleries because of intercalation of the vari-

ous HDPE matrices in between the MMT platelets and

collapse of the interlayer galleries during melt process-

ing of the nanocomposites.

The reader is reminded that prior to XRD analysis, the

nanocomposites were melt blended in a single screw ex-

truder, then injection molded into plaques for testing. The

thermodynamic stability of melt processed PE nanocom-

posites has been discussed by Alexandre et al. [33] who

studied in situ polymerized nanocomposites containing

3.4 wt% unmodified hectorite clay. The initial XRD spec-

tra of the in situ polymerized nanocomposite suggested an

exfoliated morphology because of the absence of any dif-

fraction peaks. Upon subsequent melt processing in the

form of compression molding, broad diffraction peaks

were observed between angles of 2y ¼ 4–88, which the

authors attributed to the reformation of repetitive clay

structures because of collapse. This collapse suggested

that the exfoliated nanocomposite structure was thermody-

namically unfavorable for nonpolar polymer such as poly-

ethylene and polystyrene (PS), which have little to no

attractive interactions with the clay itself [34].

Degradation of the organic modifier may also account

for the observed decrease in d-spacing of the nanocompo-

sites upon melt processing. Tanoue et al. [30] observed a

collapse in the structures of PS/MMT nanocomposites and

verified via Fourier transform infrared spectroscopy that

thermal degradation occurred during the extrusion process

in a twin screw extruder (TSE) at a temperature of 2008C
and 200 rpm Degradation of the organic modifier, which

FIG. 1. XRD spectra of Cloisite 20A and 8 wt% nanocomposites for

LMW, MMW, and HMW matrices.
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in this case was a quaternary alkyl ammonium salt con-

taining two methyl, one benzyl, and one hydrogenated tal-

low substituents, would reduce the interlayer spacing

between the clay platelets because the location of the or-

ganic modifier is on the surface of the clay platelet. Other

researchers have also reported the instability of organic

modifiers in MMT at temperatures at 2008C or above

[35–37]. Even though the results presented here were all

obtained on samples melt processed at 1908C, the possi-

bility of thermal degradation cannot be excluded because

of the proximity of the processing temperature to 2008C.
Furthermore, the nanocomposites were subjected to two

separate processing operations, i.e. extrusion and injection

molding.

It was postulated that degradation of the organic modi-

fier residing in the interlayer of the MMT used here was

responsible for the observed collapse in d-spacing from

24.2 Å for the as received organically modified MMT to

23.0, 22.0, and 23.0 Å for the LMW, MMW, and HMW

8% nanocomposites, respectively. Each nanocomposite

has been processed using identical conditions during

extrusion (1908C, 20 rpm) and injection molding (1908C,
200 rpm). If the quaternary alkyl ammonium cation was

in fact degrading at the conditions reported here, it would

seem likely that the extent to which the organic modifier

was degrading would be comparable for each nanocompo-

site. This statement was supported by noting the diffrac-

tion peaks corresponding to the collapsed structure for

each nanocomposite were nearly identical to one another

differing by 1.0 Å. On the other hand, if the interlayer

collapse was due to compression of the clay galleries due

to the viscous matrix, it would be expected that the more

viscous HMW matrix would cause a greater decrease in

the d-spacing observed by XRD than the less viscous

LMW and MMW matrices. Indeed, the LMW nanocom-

posite exhibits the same calculated d-spacing as the

HMW nanocomposite and, thus, there appears to be no

effect of matrix viscosity on the thermodynamic stability

of the nanoclays within the nanocomposite for this system

of HDPE’s.

The observed increase in the d-spacings of the 8 wt%

nanocomposites was attributed to increased intercalation

with increased matrix molecular weight. As the molecular

weight of the polymer was increased so was the viscosity

of the material, and thus, the shear force generated by

means of the matrix on the clay platelets was increased

and their separation and dispersion throughout the HDPE

matrix was improved. Previous work has shown that

increasing the molecular weight of a polymer matrix or

the molecular weight of a compatibilizer can increase the

separation of clay platelets as shown by XRD. Fornes

et al. [32] worked with three different nylon 6 matrices of

Mn ¼ 16,400 (LMW), 22,000 (MMW), and 29,300

(HMW) g/mol and found that no diffraction peak existed

for both the MMW and HMW samples, while the LMW

exhibited a characteristic diffraction peak. They proposed

that the higher molecular weight matrices imparted

greater shear stress onto the stacks of clay platelets to

separate them and achieve exfoliation while the LMW

system only ‘‘skewed’’ the stacks rather than exfoliate

them.

Kaempfer et al. [31] examined polypropylene (PP)/

MMT nanocomposites where two samples of maleic an-

hydride grafted PP of different molecular weight were

added as a compatibilizer to the PP/MMT composite. It

was found that the nanocomposite containing the higher

molecular weight compatibilizer (Mn ¼ 7,500 g/mol)

showed a XRD peak at a smaller 2y angle, and hence,

greater intercalation of the PP/MMT nanocomposite com-

pared with the low molecular weight compatibilizer (Mn

¼ 2,900 g/mol). The d-spacing for the nanocomposite

containing the HMW compatibilizer was given to be 68

Å compared with 29 Å for the LMW compatibilizer.

Hence, it was concluded that increasing the shear force

exerted onto MMT aggregates through increased polymer

molecular weight does have a positive influence on inter-

TABLE 6. Tensile properties for MMW matrix and nanocomposites.

Organoclay

concentration (wt%)

Young’s modulus

(MPa)

Stress at 0.2%

yield (MPa)

Stress at

peak (MPa)

Stress at

break (MPa)

Elongation at

break (%)

0 1141.30 6 129.31 8.24 6 0.58 23.86 6 0.61 9.72 6 1.19 107.21 6 34.05

2 1253.43 6 191.87 11.56 6 0.61 25.12 6 0.44 8.54 6 0.16 114.74 6 15.46

4 1364.23 6 160.17 8.42 6 0.25 23.37 6 0.82 8.08 6 0.58 67.72 6 12.96

8 1518.72 6 154.44 11.71 6 0.35 24.66 6 0.60 8.51 6 0.19 12.49 6 6.15

TABLE 5. Tensile properties for LMW matrix and nanocomposites.

Organoclay

concentration (wt%)

Young’s modulus

(MPa)

Stress at 0.2%

yield (MPa)

Stress at

peak (MPa)

Stress at

break (MPa)

Elongation at

break (%)

0 961.27 6 145.17 5.85 6 1.00 18.59 6 1.03 12.49 6 0.72 823.44 6 116.10

2 1150.07 6 72.76 6.45 6 0.76 19.18 6 0.07 6.50 6 0.07 233.21 6 40.34

4 1245.06 6 152.77 6.73 6 0.55 17.37 6 0.56 5.90 6 0.24 122.58 6 35.91

8 1407.36 6 142.95 7.54 6 0.64 18.64 6 0.60 6.37 6 0.17 77.85 6 31.61
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calating, and in some cases exfoliating [32], polymer

chains within nanoclay galleries. It was also noted that

this molecular weight effect has not been shown before

for unmodified HDPE. It was found that Zhong and De

Kee [23] varied the molecular weight of a maleated

HDPE compatibilizer in generating their nanocomposites.

However, no change was observed in the d-spacings of

their 5 wt% MMT, 5 wt% maleated HDPE, 90 wt%

HDPE nanocomposites as the compatibilizer molecular

weight was varied.

Tensile Properties

Previous work has shown that as the level of clay

intercalation was increased in a PLS nanocomposite,

greater improvements in mechanical properties such as

the Young’s modulus have been found compared to less

intercalated systems of comparable clay loading [3, 38].

The tensile properties presented in the following discus-

sion are summarized in Tables 5–7. The XRD results pre-

sented above indicated that a greater amount of intercala-

tion occurred for the HMW nanocomposite containing 8

wt% clay, shown by a larger d-spacing compared with the

LMW and MMW composites. In comparing the Young’s

modulus for each of the 8 wt% nanocomposites as shown

in Fig. 2, a greater percentage increase in the Young’s

modulus occurred for the HMW matrix relative to its

unfilled matrix, 68%, compared with that of the LMW

and MMW 8 wt% nanocomposites, which exhibited 46%

and 33% increases in Young’s modulus, respectively.

Similarly, at 4 wt% clay, a 26% increase in Young’s

modulus occurred for the HMW nanocomposite relative

to its unfilled matrix compared with 8.3% and 20% for

the LMW and MMW nanocomposites, respectively.

Greater separation of the clay platelets within a polymer

matrix at a constant concentration, in this case 8 wt%,

would lead to greater dispersion of the nanoclays and

reduce the amount of aggregates existing within the nano-

composite. Aggregation of clay particles has been shown

to reduce the amount of reinforcement that can be pro-

vided by the clays resulting in less enhancement of the

Young’s modulus [32].

The increased d-spacing observed for the HMW nano-

composite was postulated to be a result of the increased

shear stress generated by means of both extrusion and

injection molding the HMW matrix to separate the clay

platelets compared with that of the less viscous LMW

and MMW matrices. Kaempfer et al. [31] and Fornes

et al. [32] have both reported greater levels of exfoliation

with higher molecular weight polymers resulting in

greater increases in the Young’s modulus relative to the

unfilled matrix. Fornes et al. [32] studied nylon 6/MMT

nanocomposites, where the MMT was surface treated

with a methyl, tallow, bis-2-hydroxyethyl, quaternary am-

monium cation, and reported a 107% increase for both

the MMW and HMW nanocomposites at �7 wt% clay

loading compared with a 74.5% increase for the LMW

nanocomposite. Kaempfer et al. [31] studied maleated PP

and varied the molecular weight of the maleated PP used

as a compatibilizer between the clay and polymer matrix.

At 5 wt% clay content and 20 wt% compatibilizer con-

tent, it was found that the modulus of the composite con-

taining the HMW compatibilizer increased by 128% rela-

tive to that of the unfilled matrix containing 20 wt% of

the compatibilizer. In comparison, the specimen contain-

ing the LMW compatibilizer showed an increase of 102%

for the Young’s modulus.

Similar observations were made with the stress at 0.2%

yield (Fig. 3) with regard to clay concentration, namely,

the stress required to cause a 0.2% yield increased with

increasing clay content, as was the case for the Young’s

modulus. The stress at peak, shown in Fig. 4, exhibited

only a slight variation for the LMW and MMW nanocom-

posites at all clay concentrations, while the HMW nano-

composite showed a noticeably greater increase at 8 wt%

clay content of 14% relative to its unfilled counterpart.

FIG. 2. Young’s Modulus as a function of MMT concentration for

three molecular weights. Connecting lines have been added to clarify

trends in data.

TABLE 7. Tensile properties for HMW matrix and nanocomposites.

Organoclay

concentration (wt%)

Young’s modulus

(MPa)

Stress at 0.2%

yield (MPa)

Stress at

peak (MPa)

Stress at

break (MPa)

Elongation at

break (%)

0 1331.28 6 99.59 11.44 6 2.63 35.54 6 1.24 13.79 6 1.21 11.21 6 1.19

2 1324.49 6 115.31 14.00 6 0.40 37.18 6 0.82 12.96 6 0.64 12.09 6 1.40

4 1684.02 6 184.10 14.03 6 0.59 31.02 6 1.38 10.07 6 1.57 10.76 6 0.31

8 2230.22 6 117.45 14.42 6 1.43 40.40 6 1.15 40.42 6 1.17 10.66 6 1.44
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The percent elongation at break in general decreased

with increasing clay content for all molecular weights as

observed in Figs. 5 and 6. This behavior was attributed to

the nanocomposites becoming more brittle as the inorganic

filler particles were added to the polymer matrix. How-

ever, a greater percentage decrease in the elongation at

break was observed for the nanocomposites compounded

from the LMW matrix, which exhibited a 91% decrease in

going from the unfilled LMW matrix to the 8 wt% nano-

composite. The MMW and HMW 8 wt% nanocomposites

exhibited 80% and 23% decreases in percent strain at

break relative to their corresponding unfilled matrices,

respectively. The larger decrease observed in the LMW

nanocomposites may be explained by the fact that more

clay aggregates exist in the LMW nanocomposites due to

less separation of the clay platelets due to the less viscous

polymer matrix. The clay aggregates act as stress concen-

trators reducing the ductility of the nanocomposites. For-

nes et al. [32] have shown similar observations in their

work with various molecular weight nylon 6 matrices.

The stress at break in Fig. 7 exhibits conventional

behavior for the nanocomposites compounded from the

LMW and MMW HDPE matrices. A decrease in the

stress at break was observed, as clay was added to both

these matrices indicating a weakening of the material

because of unexfoliated clay particles acting as stress con-

centrators as was argued in accounting for the decrease in

the percent elongation at break in the previous paragraph.

This behavior has also been shown by other authors as

well in work involving PS, HDPE, and LDPE [30, 39,

40]. However, anomalous behavior was seen in the HMW

nanocomposites, specifically at 8 wt% clay concentration.

As the clay content was increased in the HMW nanocom-

posites from 0 to 4 wt%, the stress at break decreases as

expected, but a significant rise in the stress at break

occurs at a clay loading of 8 wt% where the stress at

break increased from 13.8 to 40.4 MPa representing a

193% increase. Although a greater interlayer separation

for the 8 wt% HMW nanocomposite was observed via

XRD compared with the 8 wt% LMW and MMW sam-

ples, it was not believed to be sufficient to account for

such an increase in strength. It was believed that true

FIG. 4. Stress at peak as a function of MMT concentration for three mo-

lecular weights. Connecting lines have been added to clarify trends in data.

FIG. 5. Elongation at break as a function of MMT concentration for

LMW and MMW nanocomposites. Connecting lines have been added to

clarify trends.

FIG. 6. Elongation at break as a function of MMT concentration for

HMW nanocomposites. Connecting lines have been added to clarify

trends in data.

FIG. 3. Stress at 0.2% yield as a function of MMT concentration for

three molecular weights. Connecting lines have been added to clarify

trends in data.
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exfoliation has not been achieved in this 8 wt% nanocom-

posite and, thus, it was concluded that clay aggregates

must remain within the HMW HDPE matrix. It remains

unclear as to the cause of such behavior.

Injection Molding vs. Compression Molding

The influence of the processing method on the tensile

properties of the nanocomposites was examined by com-

pression molding the 8 wt% nanocomposites at all three

molecular weights and comparing their properties to those

of their injection molded counterparts. It was found that

the Young’s moduli of the compression molded nanocom-

posites were significantly less than those of injection

molded samples as shown in Fig. 8. The nanocomposites

compounded from the LMW and MMW HDPE matrices

showed a 34% and 26% increase in Young’s modulus,

respectively, upon injection molding. However, the great-

est difference in modulus between compression molded

and injection molded nanocomposites was found with the

HMW matrix. An 81% increase in Young’s modulus was

shown for the HMW matrix upon injection molding. The

observed increase in Young’s modulus was attributed to

two factors: the greater shear history imparted by injec-

tion molding where a screw speed of 200 rpm was uti-

lized in the barrel of the injection molder prior to mold

filling, as well as orientation of the nanoclay particles in

the flow direction. The reader is reminded that tensile

properties reported above were measured in the flow

direction of the injection molded plaques to capture the

effects of possible orientation. The larger percent increase

in Young’s modulus observed with the HMW matrix was

believed to be due to the effects of shear in the barrel,

during plastication, and the greater alignment of the clay

particles during mold filling.

Anisotropy of Tensile Properties

Although we have reported tensile properties measured

along the flow direction of an injection molded part, the

degree of mechanical anisotropy may be significant. The

anisotropy of the tensile properties was examined by com-

paring the tensile properties of injection molded plaques

cut in the flow direction and in the direction transverse or

perpendicular to flow. Table 8 shows the tensile properties

of the unfilled HMW matrix, 8 wt% LMW, MMW, and

HMW nanocomposites tested in both the transverse direc-

tion and flow directions. It was seen that as the molecular

weight increased, the degree of anisotropy in tensile prop-

erties became more significant. The LMW and MMW

nanocomposites exhibit nearly identical properties indicat-

ing that there was no preferred orientation of the clay par-

ticles during injection molding. The flow induced stresses,

i.e. shear and extensional, applied to the clay particles in

the injection molder were not enough to align the clay

particles because of the low viscosity of the matrix as

will be shown later in the rheology portion of this paper.

For the 8 wt% HMW nanocomposite, tensile properties

measured in the transverse direction are lower than those

measured in the flow direction. This behavior was attrib-

uted to alignment of the nanoclay during mold filling

because of increased flow induced stress provided by the

more viscous matrix, causing significantly improved ten-

sile properties in the direction of flow.

The degree of anisotropy for the HMW nanocompo-

sites could be attributed to the more viscous HMW matrix

imparting greater amounts of stress to separate and orient

the nanoclay particles in the direction of flow during the

injection molding process. However, anisotropy of the

HMW matrix itself could also be a substantial contributor

to the tensile properties as the long polymer chains may

orient during injection molding. When the tensile proper-

ties of the HMW matrix were measured in the transverse

direction, it was found that anisotropy did exist in the

properties of the unfilled HMW matrix. While the differ-

ence in transverse and flow properties was not as large as

compared to the 8 wt% HMW nanocomposites, this dis-

tinction may account for the greater enhancements

observed in the tensile properties of the HMW nanocom-

FIG. 7. Stress at break as a function of MMT concentration for three mo-

lecular weights. Connecting lines have been added to clarify trends in data.

FIG. 8. Young’s Modulus of compression molded and injection molded

8 wt% nanocomposites.
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posites in addition to the increased stress provided by the

HMW matrix during processing. Thus, it was concluded that

the tensile properties of the HMW nanocomposites increased

to a greater extent than the properties of the LMW and

MMW nanocomposites. This behavior was attributed to

the HMW matrix being able to impart greater stress onto

the clay particles and orient itself as well as the clay in the

direction of flow as shown by larger tensile properties in the

flow direction than in the transverse direction.

Estimation of Young’s Modulus From Theory

The observed increase in the Young’s modulus with

addition of layered silicates into a polymer matrix is of

obvious practical benefit to many applications where

improved strength and stiffness may be required. How-

ever, realizing the full potential of mechanical property

increase remains unclear even when fully exfoliated nano-

composite morphologies are shown by XRD. Evaluation

of the expected modulus increase for the HDPE/MMT

nanocomposites presented here was based on two separate

theories developed by Halpin and Tsai [41, 42] and Ji

et al. [43].

The effectiveness of these two models to predict actual

experimental values of Young’s modulus depends on the

assumptions in each theory. Halpin and Tsai’s model

shown below in Eq. 4 assumes unidirectional orientation

as well as a high degree of adhesion of the filler particles

to the surrounding polymer matrix,

Ec ¼ Em

1þ zZff

1� Zff

� �
; (4)

where Ec ¼ composite modulus, Em ¼ unfilled matrix

modulus, ff ¼ filler volume fraction,

Z ¼ Ef=Em � 1

Ef=Em þ z
; (5)

z ¼ 2ðl=tÞ; (6)

Ef is the filler modulus taken to be 178 GPa for MMT

[42], and l/t is the aspect ratio of MMT taken here to be

�100 [42]. It is noted that the high aspect ratio of 100

assumes that each MMT platelet has been fully separated

or exfoliated from its initial stack of clay aggregates.

For PLS nanocomposites synthesized from nonpolar

polyolefins such as polyethylene, the assumption of the

degree of bonding between MMT and the polyethylene

matrix would be invalid because of differences in the sur-

face energies of hydrophilic MMT and hydrophobic poly-

ethylene. The level of adhesion could be slightly

increased by the use of organic modifiers such as long

alkyl chains on the surface of MMT to increase the orga-

nophilic character of the nanoclay.

The model developed by Ji et al. takes into account

three phases present in a PLS nanocomposite: the matrix,

filler, and the interphase region between the clay platelets

with the polymer matrix residing within it. Ji’s model

shown below in Eq. 7 makes no assumption as to the

state of clay orientation and so is valid for randomly

oriented systems in contrast to the theory of Halpin and

Tsai,

1

Ec

¼ 1� a
Em

þ a� b
ð1� aÞEm þ aðk� 1ÞEm= ln k

þ b
ð1� aÞEm þ ða� bÞðkþ 1ÞEm=2þ Efb

; ð7Þ

where

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½2ðt=tcÞ þ 1�ff

p
; (8)

t is the thickness of the interphase region taken to be the

d-spacing given by XRD analysis, tc is the thickness of

MMT taken to be �1 nm [14], b ¼ Hff, and k ¼ Ef/Em.

The dependence of Ji’s model on the interphase separa-

tion between clay particles further generalizes the model

by making no assumption as to the state of intercalation

or exfoliation of the clay platelets. If d-spacing data are

available then the dependence of Young’s modulus on the

degree of exfoliation may be examined.

In Table 9, the expected moduli increase predicted by

both the Halpin and Tsai correlation as well as Ji et al.’s

correlation are compared with those obtained experimen-

tally for the nanocomposites. As seen in Table 9, all of

the experimental Young’s moduli presented are below

those predicted by the Halpin-Tsai correlation. The dis-

crepancies between experiment and theory are attributed

to lack of significant bonding occurring between the poly-

TABLE 8. Comparison of tensile properties taken in transverse and flow directions.

Material Test direction Young’s modulus (MPa) Stress at 0.2% yield (MPa) Stress at peak (MPa) Stress at break (MPa)

8 wt% LMW Transverse 1468.26 6 153.15 7.37 6 0.68 19.13 6 0.28 6.55 6 0.16

Flow 1407.36 6 142.95 7.54 6 0.64 18.64 6 0.60 6.37 6 0.17

8 wt% MMW Transverse 1525.61 6 116.21 8.42 6 0.41 20.76 6 0.53 7.54 6 0.31

Flow 1518.72 6 154.44 11.71 6 0.35 24.66 6 0.60 8.51 6 0.19

0 wt% HMW Transverse 1251.40 6 109.16 7.16 6 0.16 22.49 6 0.97 11.58 6 2.16

Flow 1331.28 6 99.59 11.44 6 2.63 35.54 6 1.24 13.79 6 1.21

8 wt% HMW Transverse 1893.06 6 164.35 8.95 6 0.56 20.23 6 0.99 6.88 6 0.38

Flow 2230.22 6 117.45 14.42 6 1.43 40.40 6 1.15 40.42 6 1.17
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ethylene matrix and MMT, orientation of the filler par-

ticles, and complete exfoliation of the MMT [42]. The

percentage deviation of the experimental moduli from

those predicted by the Halpin-Tsai model were observed

to be greatest for the 8 wt% LMW and MMW nanocom-

posites in which the Halpin-Tsai model over estimated

the Young’s modulus by 76% and 89%, respectively. In

contrast, the Halpin-Tsai model over estimated the experi-

mental modulus of the 8 wt% HMW nanocomposite by

38%, much less than observed for both the 8 wt% LMW

and MMW nanocomposites. The HMW matrix might

have provided more flow induced stress to orient the clay

particles during mold filling than did the LMW and

MMW matrices and, thus, a closer approximation to the

Halpin-Tsai theory, which is valid for unidirectionally ori-

ented filler particles, resulted [41].

Ji et al.’s model provides a closer approximation of the

Young’s modulus as shown in Table 9. By taking into

account the separation of nanoclay particles directly (i.e.

degree of intercalation) in the model as well as being

valid for randomly oriented particles, a more accurate pre-

diction of Young’s modulus was possible. It was observed

that the theoretically predicted modulus from Ji et al.’s

model was within or close to standard deviation for the

experimentally obtained moduli for the 8 wt% LMW and

MMW nanocomposites. However, the model of Ji et al.

predicted a tensile modulus that was more than two stand-

ard deviations less than the experimentally obtained

Young’s modulus for the 8 wt% HMW nanocomposite.

As discussed previously in this article, the mechanical an-

isotropy observed for the 8 wt% HMW nanocomposite

might have accounted for this deviation as Ji et al.’s

model was developed for filler particles randomly distrib-

uted in a polymer matrix [43]. It is noted that when d-

spacing data was not available, no attempt at determining

the Young’s modulus from Ji et al.’s model was made.

Dynamic Mechanical Thermal Analysis

DMTA results are presented in Figs. 9–11. It was seen

that for all three matrices G0 increased with increasing

clay content throughout the entire temperature range

tested in agreement with past work [33, 42, 44]. The per-

centage increase in G0 upon addition of clay in compari-

son with the unfilled matrix was greatest for the LMW

matrix nanocomposites and least for the HMW matrix

nanocomposites at a given temperature and clay content.

Thus, the addition of clay does not affect the HMW ma-

trix as much as the LMW and MMW matrices in the tor-

sional deformation mode employed in DMTA. However,

FIG. 9. 3G0 and corresponding HDT from DMTA for LMW matrix

and nanocomposites.

FIG. 10. 3G0 and corresponding HDT from DMTA for MMW matrix

and nanocomposites.

TABLE 9. Comparison of experimental Young’s modulus with various theoretical correlations.

Material Experimental modulus (MPa) Ji et al. [43] (MPa) Halpin-Tsai [41, 42] (MPa)

2% LMW 1150.07 6 72.76 N/Aa 1340

4% LMW 1245.06 6 152.77 N/Aa 1750

8% LMW 1407.36 6 142.95 1390 2470

2% MMW 1253.43 6 191.87 N/Aa 1530

4% MMW 1364.23 6 160.17 N/Aa 1930

8% MMW 1518.72 6 154.44 1680 2870

2% HMW 1324.49 6 115.31 N/Aa 1810

4% HMW 1684.02 6 184.10 N/Aa 2240

8% HMW 2230.22 6 117.45 1980 3080

a No XRD data available.
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from the tensile properties of the nanocomposites gener-

ated in this study, it was seen that the HMW nanocompo-

sites showed the greatest percentage increase in Young’s

modulus particularly at the 4 and 8 wt% clay concentra-

tions. The difference in property enhancement might be

due to the previously discussed anisotropic properties of

the injection molded samples. It was believed that orienta-

tion of the high aspect ratio clay particles primarily

occurred in the flow direction during injection molding,

leading to an increase in Young’s modulus for the HMW

nanocomposites. Because of this mechanical anisotropy,

the shear modulus, G0 obtained by means of the DMTA

experiments, is lower than E/3, where E is the elastic

modulus. As discussed above, the HMW nanocomposites

exhibited greater d-spacings than their lower molecular

weight counterparts, which were attributed to greater

stress available from the matrix to separate the clay plate-

lets. The higher stress generated by the HMW matrix also

induced more orientation of the nanoclays than could be

done by the LMW and MMW matrices. Thus, it was

postulated that injection molding and the resultant orienta-

tion of clay had a more significant impact on the tensile

properties of the nanocomposites, which were tested in

the direction of possible clay orientation than it did on G0

determined by DMTA. We note that G0 is based on the

contributions to the modulus from both the flow and

transverse directions.

According to ASTM D648, the heat distortion tempera-

ture (HDT) is defined as the temperature at which the

center of a material deflects 0.25 mm under a load of ei-

ther 1.82 or 0.46 MPa. As described by Scobbo [45] and

used by others [42, 46], the HDT can be estimated from

modulus vs. temperature data obtained from DMTA.

Using the equation for the center deflection of a simply

supported beam shown below, one estimates the elastic

modulus (E) of a material necessary to provide the speci-

fied deflection (D ¼ 0.25 mm) under a known load (F ¼
1.82 MPa) [45],

E ¼ FL3=48ID; (9)

where L is the distance between end supports of the beam

and I is the beam’s moment of inertia [45]. Using the

value of E calculated from Eq. 9 and the assumption that

E ¼ 3G0 for an incompressible, elastic polymer, one can

find the temperature at which the desired deflection

(0.25 mm) occurs at the given load (1.82 MPa) from

modulus vs. temperature data. Hence, changes in HDT as

a function of clay loading may be observed once the

value of the storage modulus corresponding to the HDT

of the unfilled matrix has been found as illustrated in

Figs. 9–11.

Attempts to calculate E from Eq. 9 using actual speci-

men dimensions from this work proved unsuccessful as

the value of E obtained was above the range of experi-

mental 3G0 values from DMTA because of the assumption

of E ¼ 3G0 being invalid for these materials. Thus, to

facilitate the discussion presented here, the HDT of

HDPE reported in the literature as 42.48C by Gungor [47]

was used as the HDT of the LMW HDPE matrix. The

value of 3G0 at this temperature (7.66 � 107 Pa), which is

approximately equal to the tensile modulus, E, was used

as the modulus corresponding to the HDT test conditions

of the measured deflection and specific load applied to

the test specimen from Eq. 9. As shown in Table 10, the

HDT of the nanocomposites increases as the clay content

was increased at all molecular weights studied here. How-

ever, the percentage increase with respect to the unfilled

matrix was highest with the LMW nanocomposites and

lowest with the HMW nanocomposites. The 8 wt% LMW

nanocomposite exhibited an estimated HDT of 668C rep-

resenting a 56% increase from its unfilled matrix, which

had a HDT of 42.48C, while the 8 wt% HMW nanocom-

posite showed an 18% increase in HDT from its unfilled

matrix going from 62 to 738C. As observed previously for

the enhancement of G0 from DMTA experiments, the

HMW matrix was seen to dominate over the addition of

the clay particles in the torsional mode of deformation

leading to a lower percentage enhancement of the HDT

compared with the LMW and MMW matrices. However,

the HMW nanocomposites exhibit the highest estimated

HDT at a given concentration relative to the LMW and

MMW nanocomposites because of the influence of the

HMW matrix.

TABLE 10. Estimated HDT as a function of molecular weight and

clay concentration.

MMT concentration (wt%)

0 2 4 8

LMW 42.4a 48 55 66

MMW 45 48 53 62

HMW 62 65 64 73

The values are given in degree celsius.
a As reported by Gungor [49].

FIG. 11. 3G0 and corresponding HDT from DMTA for HMW matrix

and nanocomposites.
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CONCLUSIONS

Three HDPE matrices of various molecular weights

were blended with MMT at concentrations of 2, 4, and 8

wt% in a single screw extruder. XRD measurements indi-

cated that as the molecular weight of the matrix

increased, so did the level of intercalation of the 8 wt%

nanocomposites as seen by an increase in the d-spacing of

the nanocomposites. However, there were no signs of an

exfoliated morphology indicating that attractive interac-

tions between the polymer matrix and nanoclay must exist

in order for exfoliation to occur, and that relying solely

on a high shear stress from a viscous polymer matrix was

insufficient to exfoliate the nanoclays.

Despite the lack of exfoliation, tensile tests on all

nanocomposites indicated that incorporation of nanoclay

into HDPE improved strength and stiffness as shown by

increases in their respective moduli. Significantly, greater

enhancement of the tensile or Young’s modulus was

observed for nanocomposites generated from the HMW

matrix. This was attributed to greater levels of clay inter-

calation as shown by XRD due to flow induced orienta-

tion of the clay particles during injection molding of the

test specimens because of greater amounts of shear stress

being applied to the nanoclays from the HMW matrix.

Larger tensile properties in injection molded test samples

compared with compression molded samples as well as

larger properties of samples taken in the flow direction of

injection molding compared with the transverse direction

supported this conclusion.

Comparison of experimental Young’s modulus with

the theoretical correlations developed by Halpin and Tsai

[41] and Ji et al. [43] showed that the assumptions in

each model determined the accuracy of their predictions

to experimentally obtained values. In the theory of Halpin

and Tsai, the assumptions of significant adhesion of

MMT to the HDPE matrices, exfoliated MMT particles,

and unidirectionally oriented MMT particles led to an

over estimation of the Young’s modulus [41]. Ji et al.’s

theory provided a remarkably close approximation of the

Young’s modulus to experimental results. This was due to

the ability of the model to take into account the degree of

intercalation of the nanocomposites as well as being valid

for randomly oriented filler particles in a polymer matrix

[43]. It was observed for the 8 wt% HMW nanocomposite

that the Halpin-Tsai model over estimated the experimen-

tal Young’s modulus to a lesser extent (38%) compared

with the 8 wt% LMW and MMW nanocomposites in

which the Halpin-Tsai model over predicted the experi-

mental modulus by 76% and 89%, respectively. Ji et al.’s

model showed an under prediction of the 8 wt% HMW

nanocomposite compared with experimental results, while

the model predictions for the 8 wt% LMW and MMW

nanocomposites were within standard deviation of the ex-

perimental Young’s modulus. The closer approximation

of the Halpin-Tsai model observed for the 8 wt% HMW

nanocomposite, as well as the under estimation from Ji

et al.’s model for the 8 wt% HMW nanocomposite were

both attributed to the effect the HMW matrix had on

aligning the clay particles in the direction of flow during

injection molding. This effect made the assumption of

well oriented filler particles in the Halpin-Tsai theory

more valid for the 8 wt% HMW nanocomposite and the

assumption of randomly oriented filler particles in Ji

et al.’s model less valid for this nanocomposite.

DMTA experiments indicated that the HDT was

increased with increasing clay loading at all three molecu-

lar weights used. However, the extent of enhancement in

the HDT decreased with increasing HDPE molecular

weight. Addition of the inorganic MMT did not affect the

torsional response of the HMW nanocomposites as much

as the tensile properties, which were measured in the flow

direction of the injection molded bars. This was attributed

to flow induced alignment of the clay particles as a result

of the more viscous HMW HDPE matrix leading to

greater anisotropy in the HMW nanocomposite properties.

ACKNOWLEDGMENTS

The authors thank Chevron Phillips Chemical Com-

pany LP for donating the three HDPE matrices used in

this study as well as performing the size exclusion chro-

matography work in determining MW, Southern Clay

Products, Inc. for donating the MMT Cloisite 20A used in

this study, and Quang Nguyen for performing the XRD

work presented in this article.

REFERENCES

1. S.S. Ray and M. Okamoto, Prog. Polym. Sci., 28, 1539 (2003).

2. A. Okada, M. Kawasumi, A. Usuki, Y. Kojima, T. Kurauchi,

and O. Kamigaito, MRS Symp. Proc., 171, 45 (1990).

3. R.A. Vaia, H. Ishii, and E.P. Gianelis, Chem. Mater., 5,

1694 (1993).

4. T.G. Gopakumar, J.A. Lee, M. Kontopoulou, and J.S. Parent,

Polymer, 43, 5483 (2002).

5. W. Lertwimolnun and B. Vergnes, Polymer, 46, 3462 (2005).

6. V.E. Yudin, G.M. Divoux, J.U. Otaigbe, and V.M. Svetlichnyi,

Polymer, 46, 10866 (2005).

7. T.H. Kim, S.T. Lim, C.H. Lee, H.J. Choi, and M.S. Jhon,

J. Appl. Polym. Sci., 87, 2106 (2003).

8. A.J. Hsieh, P. Moy, F.L. Beyer, P. Madison, and E.

Napadensky, Polym. Eng. Sci., 44, 825 (2004).

9. K.M. Lee and C.D. Han, Polymer, 44, 4573 (2003).

10. G. Galgali, S. Agarwal, and A. Lele, Polymer, 45, 6059

(2004).

11. M. Mehrabzadeh and M.R. Kamal Polym. Eng. Sci., 44, 152
(2004).

12. M.A. Osman, V. Mittal, M. Morbidelli, and U.W. Suter,

Macromolecules, 36, 9851 (2003).

13. M.A. Osman, J.E.P. Rupp, and U.W. Sutter, J. Mater.
Chem., 15, 1298 (2005).

510 POLYMER COMPOSITES—-2007 DOI 10.1002/pc



14. M. Valera-Zaragoza, E. Ramirez-Vargas, F.J. Melellin-

Rodriquez, and B.M. Huerta-Martinez, Polym. Degrad. Stab.,
91, 1319 (2006).

15. J.W. Gilman, C.L. Jackson, A.B. Morgan, and R. Harris Jr.,

Chem. Mater., 12, 1866 (2000).

16. T. Pinnavaia and G. Beall, Polymer-Clay Nanocomposites,
Wiley, New York (2000).

17. M. Zanetti, S. Lomakin, and G. Camino, Macromol. Mater.
Eng., 279, 1 (2000).

18. A. Usuki, M. Kato, A. Okada, and T. Kurauchi, J. Appl. Polym.
Sci., 63, 137 (1997).

19. M. Kawasumi, N. Hasegawa, M. Kato, A. Okada, and A.

Usuki, Macromolecules, 30, 6333 (1997).

20. K.H. Wang, M.H. Choi, C.S. Koo, Y.S. Choi, and I.J.

Chung, Polymer, 42, 9819 (2001).

21. Y.T. Lim and O.O. Park, Rheol. Acta, 40, 9929 (2001).

22. Southern Clay Products Inc., Technical Data Sheets, (2006)

Available at http://www.nanoclay.com.

23. Y. Zhong and D. De Kee, Polym. Eng. Sci., 45, 469 (2005).

24. E.C. Lee, D.F. Mielewski, and R.J. Baird, Polym. Eng. Sci.,
44, 1773 (2004).

25. R.A. Vaia, K.D. Jandt, E.J. Kramer, and E.P. Giannelis,

Macromolecules, 28, 8080 (1995).

26. Z. Shen, G.P. Simon, and Y. Cheng, Polym. Eng. Sci., 42,
2369 (2002).

27. H.S. Jeon and J.K. Rameshwaram, Computational Methods
in Materials Characterisation, Computational Mechanics,

Boston, MA, 255 (2004).

28. S. Tanoue, L.A. Utracki, A. Garcia-Rejon, J. Tatibouet, and

M.R. Kamal, Polym. Eng. Sci., 45, 827 (2005).

29. S. Tanoue, L.A. Utracki, A. Garcia-Rejon, P. Sammut, M.-T.

Ton-That, I. Pesneau, M.R. Kamal, and J. Lyngaae-Jorgen-

sen, Polym. Eng. Sci., 44, 1061 (2004).

30. S. Tanoue, L.A. Utracki, A. Garcia-Rejon, J. Tatibouet, K.C.

Cole, and M.R. Kamal, Polym. Eng. Sci., 44, 1046 (2004).

31. D. Kaempfer, R. Thomann, and R. Mulhaupt, Polymer, 43,
2909 (2002).

32. T.D. Fornes, P.J. Yoon, H. Keskkula, and D.R. Paul, Poly-
mer, 42, 9929 (2001).

33. M. Alexandre, P. Dubois, T. Sun, J.M. Garces, and R. Jerome,

Polymer, 43, 2123 (2002).

34. R. Vaia and E.P. Giannelis, Macromolecules, 30, 8000 (1997).

35. J.T. Yoon, W.H. Jo, M.S. Lee, and M.B. Ko, Polymer, 42,
329 (2001).

36. J. Zhu, A.B. Morgan, F.J. Lamelas, and C.A. Wilkie, Chem.
Mater., 13, 3774 (2001).

37. D.M. Delozier, R.A. Orwoll, J.F. Cahoon, N.J. Jonston, J.G.

Smith Jr., and J.W. Connell, Polymer, 43, 813 (2002).

38. J. M. Dealy, Rheometers for Molten Plastics, Van Nostrand

Reinhold, New York (1982).

39. M.A. Osman, J.E.P. Rupp, and U.W. Sutter, Polymer, 46,

1653 (2005).

40. J. Morawiec, A. Pawlak, M. Slouf, A. Galeski, E. Piorkowska,

and N. Krasnikowa, Eur. Polym. J., 41, 1115 (2005).

41. J.C. Halpin and J.L. Kardos, Polym. Eng. Sci., 16, 344 (1976).

42. T.D. Fornes and D.R. Paul, Polymer, 44, 4993 (2003).

43. X.L. Ji, J.K. Jing, W. Jiang, and B.Z. Jiang, Polym. Eng.
Sci., 42, 983 (2002).

44. Y. Xie, D. Yu, J. Kong, X. Fan, and W. Qiao, J. Appl.
Polym. Sci., 100, 4004 (2006).

45. J.J. Scobbo Jr., ‘‘Thermo-Mechanical Performance of Polymer

Blends’’ in Polymer Blends, Vol. 2: Performance, D.R. Paul
and C.B. Bucknall (editors), Wiley, New York, 335 (2000).

46. S. Xie, S. Zhang, F. Wang, H. Liu, and M. Yang, Polym.
Eng. Sci., 45, 1247 (2005).

47. A. Gungor, J. Appl. Polym. Sci., 99, 2438 (2006).

DOI 10.1002/pc POLYMER COMPOSITES—-2007 511


