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Polymer Nanocomposites with a Low Thermal Expansion Coefficient
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ABSTRACT: In this paper, a PE©clay(PVP) nanocomposite was designed and the nanocomposite film was
produced. The film exhibits a low thermal expansion coefficient-d0 ppm?C, which is similar to that of
metals. The film also exhibits an unexpected high heat distortion temperature, which is much higher than the
melting point of polyethylene oxide (PEO), as well as a much improvebda®rier property, high stiffness, and

high strength. The significant property improvements are related to the structure of the formed composite. In this
composite, the clay crystal is first intercalated by polyvinyl pyrrolidone (PVP), which regulates the stacking of
the clay sheets and forms a well-ordered intercalated clay crystal. This intercalated clay crystal directs the
crystallization and crystal orientation of the PEO in the composite. The property change with the amount of clay
added suggests that there is a critical clay loading-d0 vol % beyond which the polymer based composite
exhibits superior properties.

Introduction structure-property relation in the nanocomposite remains
elusive. It is our objective to better understand the governing
rules of nanocomposites through rationally designing and
constructing the nanoclay-based nanocomposite and character-
izing its structure and properties. For this purpose, we made a
nanocomposite with a controlled high-order structure using

Materials typically expand when heated. The expansion is
characterized by the volumetric or linear thermal expansion
coefficient. The three primary types of materials expand
differently. Polymers expand more than metals, and metals

expand more than ceramics. The linear thermal expansion L ; . .
coefficient of polymers is in the range of 2000 ppm?C,: montmorillonite nanoparticulates, polyvinyl pyrrolidone (PVP),

that of metals is in the range of-20 ppm?C215and that of and polyethylene oxide (PEO) and studied its thermal properties.
ceramics is in the range of% ppm/C3 The material design in this paper is based on a wealth of

The high value of the thermal expansion coefficient of information from previous studies. Montmorillonite nanopar-
polymers is caused by the low energy barrier for the chain ticulate is an interesting clay nanoparti€feA single sheet of
conformation to be changédDifferent approaches have been montmorillonite comprises two layers of a two-dimensional
applied to reduce the thermal expansion in polymeric materials, array of silicon-oxygen tetrahedral on the outside and one layer
including crystallizatior?.¢ improved chain orientatiohgrosslink-  Of & two-dimensional array of an alumintior a magnesium
ing 8 and the addition of fillers of low thermal expansi®ri! oxygen-hydroxyl octahedral in the center. The unit cell of a
These studies led to some semiempirical equations to predictmontmorillonite crystal has a characteristic (001) basal spacing
the thermal expansion coefficient of a two-phase material: Of at least 9.2 A. The sheets of the-la crystal plane have a
Turner's equatioR! Halpin—Tsai's equatiort2 Fahmy-Ragai's ~ Nnegative charge and hydroxyl groups linked to aluminum or
equatiorﬁ,lo Chow’s Work}3 and more recent work by Paul’s magnesium. The cohesive force between |ayers is primarily
group!4 just to name a few. These studies also showed electrostatic and susceptible to cleavage. It is an ideal nano-
experimentally and theoretically that, in order to reduce the Particle for nanocomposite study. Either the clay crystal can be
thermal expansion coefficient of the polymeric material to be Used as the nanoparticulate, which is often called intercalated
near that of metals or ceramics, continuous fiber or filler that clay, or the single sheet of clay can be used, which is called
has an aspect ratio of higher than 100 and a low-thermal €xfoliated clay. The hydroxyl groups and charges on the particles
expansion coefficient is need&dt This requirement implies  allow the control of the interaction between the nanoparticles
that the constructed material lacks optical transparency unlessand the polymer matrix. The individual clay sheet typically has
a nanosized filler is used. an aspect ratio higher than 100, which is highly desired

There have been many studies exploring the effect of the according to conventional composite theories. Piqneering work
incorporation of nanoparticles, of different chemical nature, size, 8 Toyota showed that polymeclay nanocomposites have a
and shape, on the thermal properties of polyrd&® Extensive combined enhancement of modulus, strength, and toughhnéss.
studies were carried out on nanoctgylymer nanocomposites ~ 1he clay nanocomposite was also shown to have improved flame
because of the high aspect ratio and the low cost of the nanoclay;étardanc® and barrier properties:*2
however, these nanocomposites have a limited reduction in their Research on the structure of the nanoclay-based composite
thermal expansion coefficieAt 2?4 The lack of significant is actively being pursued. Many researchers have studied the
improvement is in agreement with some empirical predictions. structure of the clay nanocomposite containing PEO and PVP.
It was attributed to the difficulty to achieve exfoliation of the 4346 The strong absorption of these two polymers on the clay
nanoclay?® Although various commercial successes have been surface was observed but the mechanism is still not well
achieved using nanocomposites, in particular nanoclay-basedunderstood®4° It has been shown that the PEO chains residing
nanocomposites, some fundamental understanding regarding thénside the clay interlayer do not have cooperative glass transition

motions when they are confined in & A interlayer spacing’

* To whom correspondence should be addressed. E-mail: yuangiao.rao@!N Sitl SAXS was used to study the structural change of aPEO

kodak.com. clay composite upon heating, and the irreversible melting of
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PEO crystals was observed in the compo¥ité. clay—PEO
nanocomposite comprising of a Laponite clay was shown to @
possess oriented multilayers on the micrometer length $2ale.
The secondary crystallization of PEO was detected in an
organoclay-PEO nanocomposite using synchrotron X-ray dif-
fraction® The clay has been shown to influence the crystal-
lization and the crystal orientation of PE®?2 PVP is one of

the few polymers that intercalates the clay v#&t#*>53 1t was
shown that the d-spacing increases linearly with the amount of
PVP up to exfoliatiorf34° It is our intent to explore the
possibility of modulating the high-order composite structure
through surface PVP absorption and to study the structure
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Experimental Section Figure 1. X-ray diffraction patterns, reflection mode geometry, for

o o ) (a) Cloisite Nd, (b) PVP-Cloisite Na* nanocomposite, 48/52 vol %.
Montmorillonite clay, NaCloisite, was supplied by Southern Clay

Products and used as received. It has a reported aspect ratio (length/ Table 1. XRD Results of Clay Basal Spacing at Different PVP
thicknessL/t) of 200 and a density of 2.6 g/GrPolyethylene oxide, Loadings

POLYOX W-750, which has a molecular weight of 300 000 and a PVP (vol%) d-spacing (A)
density of 1.1 g/c$y was supplied by Dow Chemical (Midland,

MI). Polyvinylpyrrolidone, PVP10K, with a density of 1.2 g/ém 3(; ig 1
was obtained from BASFA 3 wt % aqueous NaCloisite dispersion 48 255

was made using a high-shear mixer. The dispersion was further 68 327
centrifuged and filtered to remove impurities and big particles. This
clay dispersion remained well dispersed without settling for several Table 2. Crystallite Size and Paracrystalline Parameter for Cloisite

months. PVP was then added to the clay dispersion at different Clay Crystal

PVP/clay ratios and stirred for 1 h. PEO was slowly added to the LA g
mixture under vigorous mixing. The mixture was put together based ——— = 0.08

on a desirable weight ratio. The corresponding volume ratio was - i . :

then calculated based on the densities and used in the results and C'0isite Na in 48/52 PVP-clay composite 105 0.16
discussion. The resultant dispersion was coated using a doctor blade | ) . o
on a substrate. The Coat|ng was first dried at°®&0for 10 m|n, Wlth the amount Of added PVP as ||Sted n Table 1, WhICh IS
followed by drying in a vacuum oven at room temperature consistent with previous studié¥.+5

overnight. A freestanding film of~30 um was peeled from the Figure 1 shows that a total of nine orders of Ij0Bragg
substrate. The samples were conditioned at’@Fk0% relative diffraction peaks of clay crystals appears in one PRy
humidity (RH) before further testing. composite film of 48 vol % PVP. Usually in an intercalated

The structure of the nanocomposite film was investigated by state, the clay (001) basal plane diffraction peak broadens as a
X-ray diffraction (XRD), differential scanning calorimetry (DSC),  result of increased disorder in the clay cry$tirhe appearance
and transmission electron microscopy (TEM). For XRD analysis, of the higher-order clay diffraction peaks in the PV&tay
a Rigaku RU-300 BraggBrentano diffractometer with a scintil-  indicates a much more perfect stacking in clay crystals. The

lation point detector and a Bruker GADDS microdiffractometer with ; ; ; ;
a 2D area detector were used. Crystal sizes of clay and PEO Welredegree of perfection of the intercalation spacing can be analyzed

calculated using the Scherrer equafiom the calculation, the (001) using the Conceg_t of thi c;yﬁtall_lte size aRr;d. paracrystalline
peak of clay crystal was used to calculate the crystal size parameter according to the following equation:
perpendicular to the clay sheet and the (120) and (032) peaks of

the PEO crystal were used to calculate the 3D crystal dimensions. ) ) 1 (ng,,)“n4
DSC analyses were performed using a Perkin-Elmer DSC 7, and a (05 = (68)5 + (0s), = - t— Q)
Joel 2000 TEM was used to obtain electron micrographs. The hki dha

oxygen barrier properties of coatings were measured using a
MOCON OX-TRAN 2/21 according to ASTM F392. The longi- i which s is the broadening of the diffraction peakis the

tudintal thermal expans(ijog Ctﬁefﬁd‘?nt anhd therlmal (Ijist.ortio.n t(?rrlT/l- JCrystal sizegy is the paracrystalline parameterjs the order
perature were measured by thermal mechanical analysis using TMAC¢' o i cvior) beak. andhy is the d-spacing of thehkl

2940 (TA Instruments). The thermal expansion coefficient was . . . .
measured when the sample was cooled at a rate°@fiBin after diffraction peak. The largek is, and the smalleg; is, the more

being heated first to 150C and equilibrated for 5 min for ~ Perfect the crystal. Table 2 lists the crystallite size and
composites and to 66C for pure polymers. The heat distortion ~Paracrystalline parameter of the neat Cloisite” Nty and the
temperature was defined by the temperature at which the samplePVP-intercalated clay crystal. The basal spacing of neat Cloisite
dimensional change was higher than 1% under a stress of 400 kPaNat clay is 13.1 A and is higher than the reported data of 9.6
The mechanical properties were measured using a Sintech testeR for dried clay due to absorbed water. It is seen thatghef
according to ASTM D882-80a. At least three samples were tested, the PVP-intercalated clay crystal is much smaller than that of
and the coefficient of variance was within 10% for all measure- the neat clay crystal. When the basal spacing of 13.1 A for the
{_)noeo;lt?:é:" ambient temperature measurements were conducted a,o5t Cloisite N4 clay and 25.4 A for the polymerclay are
o considered, the crystallite size listed in Table 2 suggests that

there are, on average, five layers of silicate sheets in one crystal
in both the pure clay and the polymeczlay crystal.

Absorption and Ordering in PVP—Clay Composites. It is important to understand how the polymer is absorbed
PVP—clay composite films of different PVP/clay ratios were on the clay and formed the above structure. It is our speculation
made. XRD spectra show that the d-spacing of clay increasesthat water plays an important role. Although the swelling of

Results and Discussion
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Figure 2. Infrared data at different temperatures by ATR; thdine is the polymer film, and the- + + line is the composite film.

the montmorrilonite clay was studied as early as 1933, the 35 ~
mechanism is still not well understo8g A recent work by
Karabornt® showed that the water can either enter the hexagonal
cavity and form hydrogen bonding with the OH groups inside
the clay molecule or forms hydrogen bonding with the surface
oxygen. To further investigate the interaction between the
polymer and clay, FTIR spectra of the polymer and composite
films were examined in situ upon heating the samples to a
temperature of 60, 100, and 170 and cooling down to room
temperature. The result is shown in Figure 2. Figure 2 compares 15 1 <

the spectra of €O vibration in PVP of both the polymer film %

and composite film at different temperatures. The@vibration 10 , , X
has a characteristic peak around 168680 cnTl. At room 0 1 2 3 4
temperature, the major peak appears about 166G &on both Number of absorbed PVP layers

films. The room-temperature peak is broad because of the rig e 3. The change of d-spacing in an intercalated clay with the

presence of the hydrogen bonding between the water andnumber of layers of the absorbed intercalar®s;represents the
polymer®” The peak maximum wavenumber and shape change experimental data and the — — line is the regressed line.

for both films upon heating. The peak wavenumber of the
polymer film moves to a higher wavenumber of 1682¢m against the number of layers of absorption in Figure 3. It shows
and the peak also narrows. The change is caused by the removahat the thickness of a single layer of absorbed PVP is 6.5 A.
of water. However, when the composite film is heated, the peak The absorption force of the PVP is comparable to that of water
remained much broader than that of the polymer film although such that the number of layers in a clay crystal does not change
the major peak shifts to a higher wavenumber of 1682%cm  after PVP intercalation. Rather, the clay crystal becomes a better-
The peak at 170C of the composite film suggests that the lower ordered structure because of the PVP absorption. However, the
wavenumber peak, which centers around 1660 cremains actual absorption mechanism still needs to be investigated,
upon heating. When two films are cooled down, the@ especially when the number of polymer layers between two clay
vibration peak of the polymer film recovers upon absorbing sheets is over two.
water again, while that of the composite film remains similar It is our belief that this newly formed clay crystal can be a
to that at 170°C. The retention of the low-wavelength peak new form of nanofiller to be used in hanocomposites because
suggests that there is still hydrogen bonding in the compositeit comprises a polymer of good mechanical and thermal
film even at 170°C. It is possible that the polymer forms properties and it has a well-ordered structure. In this paper, this
hydrogen bonding with the OH groups at the edges or when PVP-intercalated clay crystal was mixed with PEO for further
the polymer is strongly absorbed to the clay surface, the pendantstructural control and property enhancement.
group diffuses into the surface and has access to the- OH Properties of PEO—Clay(PVP) Nanocomposites.The
groups in the octahedral layer in the clay crystal. It is seen that intercalated clay with 48 vol % PVP was chosen as the new
this type of interaction is strong and stable toward heating. This nanofiller. It was blended with different amounts of PEO to
would be important for stress transfer when the composite film form PEO-clay(PVP) nanocomposite films. Their mechanical,
is loaded. thermal, and barrier properties were studied.

Assuming PVP is absorbed to the surface of the clay in a  Table 3 shows that the PE@lay(PVP) nanocomposite films
layered fashion, the d-spacing of the intercalated clay is plotted are much stiffer and stronger than that of pure PEO films. The

30 ¢ /

25 4 A

20 - J

d-Spacing of intercalated clay (A)
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Table 3. Mechanical Properties of Pee-Clay(PVP) Nanocomposite o
Films Qé 140 220
clay content break Young's break g 200 —~
(vol %) elongation (%) modulus (GPa) strength (MPa) = 120 S
= o
0.0 59.5 0.8 10.6 ] 180 @
0.4 50 0.7 10.6 2 100 1 2
1.3 19.9 1.2 9.9 @ 160 g
2.2 12.9 2.2 14.7 3 &0 -t
45 9.8 3.6 15.7 S R =
12.5 11 6.2 23.3 ‘®» on &
€ 0 120§
Table 4. O, Permeability of Peo—Clay(PVP) Nanocomposite e 100 E
[3) o g2
clay content (vol %) permeability (chem/n¥/day) < 401 é’
0 >8.128 £ 0 o5
12.2 0.03 £ 204 -
e
Table 5. Linear Thermal Expansion Coefficient and Heat Distortion g 0 . . . 40
Temperature of PEO—Clay(PVP) Nanocomposite Films 5 0 10 20 a0 40
clay concn PVP thermal expansion heat distortion Weight fraction of clay (%
(vt %) (t%)  coefficient (ppmiC) temp €C) _ ght re y (%) _
0 0 117 65 Figure 4. Thermal properties of PEEclay(PVP) nanocomposite
0 12 517 65 films: the black circle represents the linear thermal expansion coef-
: ficient, and the red triangle represents the heat distortion temperature.
6 6 51.5 150
10 9 15.7 >200 , . ) )
12 12 12.2 >200 expansion coefficient of the polymeric material to be near that
19 18 10.9 >200 of metals or ceramic®14 There have been many studies on

lowering the thermal expansion coefficient of polymers using

modulus increases by eight times with 12.5 vol % of clay, and clay16.2023.244owever, the produced nanocomposites typically
the strength doubles. However, the elongation to break decreasehave a linear thermal expansion coefficient in the range ef 30
and the material becomes less tough. 40 ppmfC. The limited reduction in the thermal expansion

Table 4 shows that PE€clay(PVP) nanocomposite films  coefficient of the nanocomposites was attributed to the difficulty
have a much-improvedarrier property. There is a 400 times  of generating the fully exfoliated clay sheet such that the
reduction in Q permeability with 12.5 vol % clay. It is  apparent aspect ratio of the filler is lower than desf®d.
speculated that the great improvement originates from the Clay exfoliation has widely been the objective of many elay
structure of the nanocomposite, which will be discussed in detail polymer nanocomposite studies. It is believed that the exfoliation
later. renders the ultimate property enhancement while partial inter-

Table 5 lists the linear thermal expansion coefficient and the calation hampers the level of improvement. Exfoliation indeed
heat distortion temperature of PE@lay(PVP) nanocomposite  was shown to drive the property of the nanocomposites.
films. It is seen that the thermal expansion coefficient of the However, it is our understanding that while the state of clay
nanocomposite film is lowered to10 ppm?C at a clay loading (primary particle) is important to the composite, the higher order
of 10 vol %. In addition, the heat distortion temperature structure can be more crucial. In the case of PiE@y(PVP)
increases to 200C from 65°C, which is the melting point of nanocomposites, it is clear that exfoliation does not occur. To
the PEO. Although the PEO crystal was seen to melt via DSC the contrary, more ordered intercalation is present in the
measurement upon heating above’@0the film still maintains nanocomposite. The apparent aspect ratio of the intercalated
its integrity under load up to 20%C, which is 130°C higher clay is~20 based on the calculated clay crystal size, much less
than the melting point of the major phase of the composite. than the expected 200. Therefore, significant improvements in
The film is also transparent and has a transmission of 80%. properties that were observed cannot be explained by only the
One deficiency of the PE©clay(PVP) film is the potential effect of continuum mechanics. Figure 4 plots the change in
sensitivity to water or moisture. Both PEO and PVP are water- the thermal expansion coefficient and heat distortion temperature
soluble and clay is water swellable. The composite film was with the amount of added clay. These data suggest that there is
immersed in water. The film property does not change after a critical clay loading when the property of the composite
being taken out in one week and dried. The film eventually experiences an abrupt change. The structural investigation and
lost its integrity after several months in water. These results the effort of correlating the property with the structure will be
suggest that the moisture sensitivity of the composite film is discussed.
greatly reduced, but the material is still prone to the attack of  Structure of PEO—Clay(PVP) Nanocomposites and Its
water molecules. In order to develop better materials for use, Relation with Properties. PEO-clay(PVP) nanocomposites
further effort is needed to explore other hydrophobic materials. discussed in the paper demonstrate good properties of a low
It is our speculation that in the formation of the composite in thermal expansion coefficient, high heat distortion temperature,
this paper, water first hydrates the surface of the clay and openshigh modulus and strength, and low, @ermeation. It is
up the gallery. Afterward, the PVP chain is drawn into the important to understand the structure of the nanocomposite and
gallery and a strong polar interaction and possibly hydrogen origins of the property improvement.
bonding forms with the clay. Therefore, if a polar polymer and ~ When PEO was blended with P\htercalated clay, the final
a solvent that can swell the clay are used, this process might befilm had an identical XRD spectrum as that of the PVP
used for other matrix polymers. intercalated clay in the reflection mode (Figure 1). This result

Conventionally, it has been shown that continuous fibers or suggests that the P\VWntercalated clay crystal remained intact
fillers of low-thermal expansion that have an aspect ratio of during blending. One interesting feature of the PEO based
higher than 100 are needed in order to reduce the thermalcomposite diffraction pattern is the absence of any PEO



Macromolecules, Vol. 41, No. 3, 2008 Polymer Nanocomposites with Low Thermal Expansi®89

1 observed in the reflection mode diffraction pattern (Figure 1b)
collected using a point detector. If we change the alignment of
the film and position it with the film surface perpendicular to
the X-ray beam, a 2D XRD pattern is obtained (Figure 6c) and
is dominated by two high-intensity diffraction rings. Diffraction
rings are observed in XRD patterns when the orientation of the
representative lattice planes is random. The two high-intensity
rings in Figure 6¢ are due to diffraction from the PEO (120)
and (032) diffraction planes. Going back to Figure 6b, we were
able to identify meridian arcs, which are the result of the same
-31—— PEO (120) and (032) diffraction planes.

S EEg-PIVPPVP Therefore, we can interpret the XRD data from Figure 6b,c
i 'C?y( ) . . as an indication that the PEO is crystalline (agrees with DSC),
20 40 60 80 100 and the PEO chain in the crystal is perpendicular to the plane
of the film surface. This chain orientation of PEO is not observed
e & DSC i f PEO (black circle), PEOVP of in films without clay. When 2D XRD data of a PEE@PVP film
jgure o. scans or 1ims o ack circle), O H i i
87113 volume ratio, (red triangle) and PEGlay(PVP) of 76/12(11)  “ere collected in both edge and surface orientations, both XRD
volume ratio (green square). patterns were found to be |plent|cal and showed dlffractl_on rings
indicating random orientation throughout the PERVP film.
diffraction peaks, which suggests that PEO does not crystallize The orientation of the PEO crystal in the clay nanocomposite
in this composite. However, a DSC scan of the PERy- has to originate from the presence of the intercalated clay. When
(PVP) film as shown in Figure 5 (green square) indicates that the nanocomposite films were heated, the melting of PEO
the PEO in the clay nanocomposite is highly crystalline. On Crystals was observed with in situ high-temperature XRD
the basis of a heat enthalpy of 180 J/g for a PEO crystab measurements, while there was essentially no change in the clay
of the PEQ in the nanocomposite (65 wt % PEO) is crystalline, crystal (Figure 7). When the composite film was cooled down
which is comparable to the crystallinity of PEO in a PEO  after annealing at 156C, PEO was seen to recrystallize and
PVP polymer film made with no clay under the same condition résume the orientation as before.
(Figure 5, red triangle). Figure 5 further shows that the melting ~ With the use of the diffraction data in Figure 6b,c, several
point of PEO crystals in both PEEPVP and PEG-clay (PVP) PEO diffraction peaks were measured for their respective
films moves to a slightly lower temperature. d-spacings, allowing for determination of the unit cell parameters
Two-dimensional (2D) XRD patterns were collected to for PEO in the nanocomposite film. These unit cell data agree
determine if additional orientation effects existed in the nano- well with the PEO monoclinic unit cell reported in the literature
composite film that would explain the contradiction in the by Takahas?® To gain further knowledge of the composite
reflection mode XRD and DSC data. In Figure 6a, the 2D XRD microstructure, the crystallite size of PEO crystals in the
pattern for a Cloisite Nafilm, with the film edge perpendicular ~ nanocomposite was determined using the Scherrer techffique.
to the X-ray beam, is shown. Diffraction arcs, characteristic of Table 6 indicates that different crystal planes have different
a preferred orientation, are in the equatorial direction and are crystal sizes. From the data in Table 6, the crystal size of PEO
equivalent to the (0 diffraction peaks detected by the point in the nanocomposite film is-200 A(length)x 200 A(width)
detector in Figure 1a. There is also a weak meridional arc seenx 100 A(depth) where the crystal size along thaxis is~100
in Figure 4a, the result of &k0) clay lattice plane. In Figure  A. The dimensions are identical to the PEO crystal without the
6b, the 2D XRD pattern for the nanocomposite with the film presence of clay. This is consistent with our speculation that
edge perpendicular to the X-ray beam shows several equatorialPEO crystallizes outside the intercalated clay. Generally speak-
arcs representing several (P@iffraction peaks as seen in Figure ing, the composite is made of two constituents: the intercalated
1b. However, there are additional high-intensity meridional- clay crystal and the PEO crystal. The two constituents in the
positioned diffraction arcs seen in Figure 6b, which were not nanocomposite have a similesaxis-dimension based on Tables

Heat (W/g)

Temperature (°C)

032)

(120

(a) (b) (©)

Figure 6. Two-dimensional X-ray diffraction patterns for (a) Cloisite Nelay, edge alignment, (b) PE&lay(PVP) nanocomposite, 76/12(11)
vol ratio, edge alignment, (c) PE&lay(PVP) nanocomposite, 76/12(11) vol ratio, surface alignment.
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Figure 7. In situ XRD measurement when PE®lay(PVP) of 76/
12(11) volume ratio, composite film was heated: (a) reflection mode

with a temperature profile of 38C — 70°C — 0 °C, (b) transmission
mode with a temperature profile of 3€C — 70 °C.
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Figure 8. TEM of the cross section of a PE@lay(PVP) nanocom-
posite film.

Table 6. Crystallite Size of Peo, the Composition of PeeClay(PVP)
Is 76/12(11) Volume Ratio

(hkI) lattice plane

crystallite size (A)

neat PEO (120) 223
neat PEO (032) 146
PEO in PEG-clay(PVP) (120) 256
PEO in PEG-clay(PVP) (032) 123

2 and 6. This is speculated to facilitate the mutual templating
of the ordering of the two types of crystals in the nanocomposite.
In addition, the absorption of the PEO on the edge of the clay
sheets also helps to dictate the crystallization growth direction.
The PEO crystals and intercalated clay crystals are mixed

together with a fixed orientation of the PVhtercalated clay

crystal being parallel to the film plane and the PEO chain axis

(c-axis) being perpendicular to the film plane.

Macromolecules, Vol. 41, No. 3, 2008

discussed in many two-phase systems and is considered an
important factor to contribute to different propertfésThe
critical percolation point, or the phase transition point, is affected
by various lattice mode. For instance, although the triangular
lattice has a percolation concentration of 0.5, the percolation
concentration for a bcc (body-centered cubic) or fcc (face-
centered cubic) lattice is at a value of 0.2. At 10 vol % clay,
the volume ratio of the PEO crystal and PViAtercalated clay
crystal at a PE©clay(PVP) ratio of 76/12(11) vol % was
calculated to be 2.7:1; thus, the volume fraction of the nanofiller
is about 0.27. It is likely that the composite reaches percolation
at this composition. The properties of the two-phase material
often have singular behavior near its critical concentration. Thus
the significant property enhancement in the above-discussed
composites may originate from the extended filler volume
through intercalation and the low-percolation threshold from
the composite morphology. This would be a new route to
generate nanocomposites with unique properties.

Conclusion

In this paper, it has been shown that a PEay(PVP)
nanocomposite film exhibits a low-thermal expansion coefficient
of ~10 ppm?C, which is similar to that of metals, and an
unexpected high-heat distortion temperature that is much higher
than the melting point of the PEO. The film also exhibits a
much improved @ barrier property, high stiffness, and high
strength. The significant property improvement is related to the
structure of the formed composite. In this composite, the clay
crystal is first intercalated by PVP, which regulates the stacking
of the clay sheets and helps to form a well-ordered intercalated
clay crystal. This intercalated clay crystal as the nanofiller directs
the crystallization and crystal orientation of the PEO in the
composite.
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