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16.1 INTRODUCTION

As a part of continuum mechanics, rheology has been developed assuming conti-

nuity, homogeneity, and isotropy. In multiphase systems such as nanocomposites,

these assumptions are rarely valid. Thus, the rheology of multiphase systems (MPSs)

determines volume-average properties or bulk quantities [Hashin, 1965]. The volume-

averaged rate of strain tensor,〈γ̇ij〉, and the corresponding stress tensor are expressed,

respectively, as

〈γ̇ij〉 =

〈
∂υi

∂xj

〉
+

〈
∂υj

∂xi

〉
where

〈
∂υi

∂xj

〉
=

1

∆V

∫

∆V

∂υi

∂xj

dV (16.1)

〈σij〉 = −Pδij + η0〈γ̇〉 +
1

∆V

∑

∆V

(Sij − xiFj) (16.2)

where υi is the local velocity, xi a local coordinate, ∆V an elementary volume, P

the pressure, δij the components of the unit tensor, η0 the viscosity of the continu-

ous phase, and Sij and Fi represent the hydrodynamic and nonhydrodynamic forces

acting on a dispersed-phase particle. Since the thermodynamic interactions affect the

hydrodynamic forces and vice versa, the latter forces are coupled. The first two terms

of Eq. (16.2) represent the contribution to the stress tensor of the matrix and are

identical to those of a homogeneous fluid, and the third term describes the perturbing

influences of the dispersed phase [Batchelor, 1970, 1971, 1974, 1977].

Consequently, the rheological measurements of MPSs should be carried out such

that the dimension of the flow channel is significantly larger than the size of the

flow element. For example, the relative viscosity, ηr , of diluted spherical suspensions

measured in a capillary instrument depends on the (d/D)2 factor, where D is the sphere

diameter and d that of the capillary—for d (w 10D, the error is around 1% [Happel

and Brenner, 1983]. Thus, if 1% error is acceptable, the size of the dispersion should

be at least 10 times smaller than the characteristic dimension of the measuring device

(e.g., diameter of a capillary in capillary viscometers, distance between stationary and

rotating cylinders or plates). Following this recommendation is not always possible,

which lead to “the decline and fall of continuum mechanics” [Tanner, 2009].

The major distinction between the rheometry of the single-phase material and

MPSs is the effect of flow on morphology and on the resulting rheological response.

Depending on the type and intensity, the morphology of MPSs may be modified sig-

nificantly by flow. Since the stress and strain affect the dispersion and the distribution

of the dispersed phase, different structures are expected from dissimilar flow fields

(e.g., irrotational flow in uniaxial experiments and shear flow), even under steady-state

conditions. Because of the morphology sensitivity to the test conditions, there are dis-

agreements between predictions of continuum theories and experiments [see Utracki

and Kamal, 2002, Table 7.10]. Since in most MPSs the morphology of a given mate-

rial controls its performance, testing the same MPSs under different flow conditions

is equivalent to testing different materials. In consequence, the test method selected
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should reflect the final use of the data (e.g., when simulation of the flow through dies

is important, capillary data are useful, but in general, for MPS characterization, low

strain dynamic tests are preferred [Utracki, 1988, 1989, 1995]). Recognizing the flow

effects on the structure and physical properties, simultaneous methods of the struc-

ture characterization in flow have been developed. For example, Ho et al. [2001] used

small-angle neutron scattering (SANS) for characterizing clay dispersion in aqueous

media. Bousmina [2006] studied the kinetics of clay intercalation during flow by

x-ray diffraction (XRD). The nanoscale rheology became possible after the inven-

tion by Israelachvili [1985] of the surface force apparatus (SFA). In the device, the

steady-state and dynamic shear behavior of liquid films, 0.3 nm to 1 µm thick, might

be studied [Luengo et al., 1997; Mukhopadhyay and Granick, 2001]. These measure-

ments revealed strong effects of the crystalline solid substrate on the molecular or

segmental mobility at a distance of ≤ 120 nm. Evidently, the ultimate reduction of

scale for the rheological measurements is the study of single macromolecules [Sakai

et al., 2002; Wang et al., 2005; Nakajima et al., 2006; Watabe et al., 2006], discussed

authoritatively by Nakajima and Nishi in Chapter 3.

Before discussing the flow behavior of polymeric nanocomposites (PNCs), the

nature of these materials should be outlined. As the name indicates, PNCs must contain

at least two components, a polymeric matrix with dispersed nanoparticles [Utracki,

2004]. PNCs with thermoplastics, thermosets, and elastomers have been produced.

The nanoparticles, by IUPAC’s definition, must have at least one dimension that is

not larger than 2 nm. They can be of any shape, but the most common for structural

PNCs are sheets about 1 nm thick with the aspect ratio p = D/t = 20 to 6000, where

D is the inscribed (or equivalent) diameter and t is the thickness of the sheet. These

inorganic lamellar solids might be either natural or synthetic [Utracki et al., 2007].

Molecular modeling of SFA experiments show that the incorporation of crystalline

solids with high surface energy to an organic phase creates a gradient structure in

the orthogonal direction to the clay surface, z. The first few layers at z ≤ 6 nm are

solidlike, with slow segmental mobility and low free-volume content. At increasing

distance from the solid surface, 6 < z (nm) < 120, the segmental mobility exponen-

tially increases, accompanied by a reduction of the shear viscosity from η ≈ 1012 Pa·s

to the value characteristic for the molten polymer [Simha et al., 2001; Utracki and

Simha, 2004; Utracki, 2007]. This type of structure is also present in PNCs comprising

intercalants and compatibilizers.

The degree of clay dispersion depends on the interactions between the components,

the intercalation kinetics, imposed stress/orientation, and concentration (i.e., “crowd-

ing”). In perfectly dispersed PNCs six types of morphologies have been observed:

isotropic, nematic, smectic, columnar, house of cards, and crystalline [Balazs et al.,

1999; Ginzburg et al., 2000]. As the concentration increases, the degree of clay dis-

persion decreases. When the volume fraction exceeds φ = 0.008, the crowding causes

formation of local stacks with diminishing interlayer spacing, d001. Evidently, poor

dispersion may also result from thermodynamic immiscibility or insufficient mixing.

Thus, as the degree of dispersion increases, the system changes from a composite

type with micrometer-sized particles, to an intercalated mesosystem (d001 = 1.6 to

8.8 nm), and finally, to a fully exfoliated PNC (d001 > 8.8 nm).
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Depending on the type of PNC and the method of preparation, the system might be

either end-tethered or nontethered [i.e., with matrix ionically or covalently bonded to

the nanofiller surface, or only adsorbed on it (directly, or through a compatibilizer)].

The former resembles highly branched hairy clay platelet with tens of thousands

of macromolecules attached to a single clay platelet through the initially reactive

intercalant molecules [Okada et al., 1988; Utracki and Lyngaae-Jørgensen, 2002].

The latter systems resemble a composite: polymer reinforced with platelike solids for

which the inorganic phase dimensions are enlarged by the intercalation and adsorption

of organic molecules.

Work with PNCs is seriously complicated by the thermal decomposition of the

quaternary intercalant at T ≥ 150◦C, which in the presence of oxygen may lead to

formation of peroxyradicals and degradation of the matrix [Hofmann, 1851]. Thus, the

PNC behavior and performance greatly vary from one system to another, depending

on the method of preparation, composition, dispersion, orientation, and so on. In

this chapter the focus will be on common elements (e.g., the unprecedented strong

interparticle interactions at low deformation rates).

16.1.1 Flow of Suspensions at Vanishing Deformation Rates

The relative viscosity, ηr , of suspensions in a Newtonian medium as a function of the

volume fraction of the suspended particles, φ, might be expressed as

ηr = 1 + [η]φ + k1([η]φ)2 + · · · + kn−1([η]φ)n (16.3)

where the intrinsic viscosity, [η], depends on the rigidity and shape of the suspended

particles. In a shear field the particles rotate with a period dependent on the rate of

shearing, γ̇ , and the aspect ratio, p:

t =
2π

γ̇

(
p +

1

p

)
(16.4)

For ellipsoids of rotation, the aspect ratio is frequently defined as a ratio of the major

to minor axes; p′ = a1 /a2 (i.e., for prolate ellipsoids, p′ > 1, and for oblate ellip-

soids, p′ < 1). Equation (16.4) is symmetrical, predicting the same period of rotation

for prolate and oblate ellipsoids provided that their aspect ratio is, respectively, p′

and 1/p′ [Goldsmith and Mason, 1967]. Such symmetry is not observed for [η], as

the flow is affected differently by rods than by platelets. Thus, a customary defini-

tion of the aspect ratio is used in this chapter, p being defined as the ratio of the

largest to the smallest dimension; that is, for rods, p = length/diameter, and for disks,

p = diameter/thickness, so for both geometries, p > 1.

In 1940, Simha derived dependencies for [η] of the freely rotating monodispersed

ellipsoids. The derivation considered the viscosity increase due to the disorienting

influence of the thermal motion. At the limit of the shear rate to the rotational

diffusion coefficient ratio, γ̇/Dr → 0, [η] of the prolate and oblate ellipsoid sus-

pension with high aspect ratio, p ≫ 1, was derived as, respectively [Simha, 1940;
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Frisch and Simha, 1956],

[η] ≈
14

15
+

p2

15 (ln 2p − 3/2)
+

p2

5 (ln 2p − 1/2)
; p =

a1

a2
(16.5)

[η] ≈
16

15
+

p

(arctan p)
; p =

a2

a1
(16.6)

The experimental data of [η] versus p for disks polydispersed in size and shape with

p ≤ 300 followed the empirical dependence [Utracki, 1989]

[η] = 2.5 + a(pb − 1) (16.7)

where a = 0.025 ± 0.004, b = 1.47 ± 0.03, the correlation coefficient squared,

r2 = 0.9998, and the standard deviation, σ = 0.622. Figure 16.1 displays the [η] versus

p dependence for differently shaped particles; the strongest enhancement is for the

prolate ellipsoids, an intermediate for oblate ellipsoids and the smallest for spheres.

The Eq. (16.6) prediction for disks is systematically higher than that of Eq. (16.7),

with the difference decreasing with p. Extensive discussions on the suspension behav-

ior in diluted region have been presented by Goldsmith and Mason [1967] and van

de Ven [1989].

When the concentration increases, terms higher than linear have to be included in

Eq. (16.3). For suspensions of spherical particles a monotonic increase was observed

and predicted in the full range of 0 ≤ φ ≤ φmax, where φmax is the maximum packing

volume fraction; experimentally, φmax = 0.62 for monodispersed hard spheres and
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FIGURE 16.1 Intrinsic viscosity for monodispersed rods, disks, and hard spheres. The

empirical dependence for polydispersed disks is also shown.
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φmax = 0.78 to 0.87 for polydispersed spheres [Utracki, 1989]. Within this concen-

tration range the disks show two regions of behavior, the first stretching from zero up

to the limit of free rotation (encompassed volume), corresponding to φmax, and the

second above it. Within the first, the disks are free to assume a random orientation,

thus in molten polymer they represent exfoliated PNC. Within the second, φ > φmax,

free rotation is impossible, thus the platelets align, forming local stacks with decreas-

ing interlayer spacing. The limiting concentration, corresponding to φmax, can be

calculated: for example, assuming that the disks are monodispersed, circular, and

that the volume they require for free rotation is that of the encompassed spheres.

Geometrical consideration shows that φmax = a0/p, where the constant a0 = 0.93

and 1.24 ± 0.07 for monodispersed and polydispersed oblate ellipsoids, respectively

[Jogun and Zukoski, 1999; Utracki, 2004]. Empirically, for p < 100 the following

dependence was found:

1

φmax
= 1.55 + 0.0598p (16.8)

Recent analysis of old experimental data [Utracki and Fisa, 1982] suggested another

relation:

1

φmax
= 0.136 + 1.401p1/3 (16.9)

Figure 16.2 displays the experimental data and the three dependencies. The results

originating from geometrical consideration of fully exfoliated plates predict faster

reduction of φmax than observed experimentally, especially for particles with a large
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are calculated, while the points are experimental. (See the text.)
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aspect ratio. Of the two empirical relations, Eq. (16.8) or (16.9), the latter describes

observed data better. However, since for low p the geometrical dependence offers a

reasonable φmax prediction, it is possible that the high-aspect-ratio suspensions con-

tained stacks of locally aligned platelets, or in PNC terminology they are intercalated.

These dependencies are valid for suspensions of disks without strong interactions.

Since clays have anions on the flat surfaces and cations on the edges, they may

form a three-dimensional structure known as a house of cards [Jogun and Zukoski,

1996]. Okamoto et al. [2001b] observed these structures of montmorillonite (MMT)

preintercalated with octadecyl ammonium (MMT-ODA) dispersed in a mixture of

polypropylene (PP) and maleated-PP (PP-MA).

16.1.2 Nanoparticles and Their Surface Modification

Nanoparticles used in PNCs are one-dimensional (e.g., fibers, tubes, whiskers),

two-dimensional (platelets), or three-dimensional (spheres or nearly so e.g., see

Chapter 15). The latter ones are rather meso- than nano-sized and are used mainly in

functionalized PNCs. Currently, structural PNCs of industrial interest contain platy

inorganic substances that can be exfoliated into dispersions of individual platelets

about t ≃ 1 nm (or less) thick; examples are given in Table 16.1.

Natural clays have been formed from alkaline volcanic ashes, structurally modified

during about 100 million years in seas or lakes [Keller, 1979; Giese and van Oss, 2002].

Evidently, neither the original ash nor the sea or lake composition has been identical

around the globe; thus, the clay compositions vary with geographical location and

deposit strata. Natural clays also contain organic and inorganic contaminants (e.g.,

algae, nonhumic and humic substances, carbonates, silica, feldspar, gypsum, albite,

anorthite, orthoclase, apatite, halite, calcite, dolomite, siderite, biotite, muscovite,

chlorite, stilbite, pyrite, kaolinite, hematite) and must be laboriously purified [Norrish,

1954; Cohn, 1966].

Clays of interest to PNCs are crystalline, composed of plate-shaped crystals about

1 nm thick with p = 50 to 6000 (p ≈ 250 of most commercial organoclays). They

have large specific surface area, Asp ≈ 750 to 800 m2/g, and cation-exchange capac-

ity, CEC = 0.5 to 2 (meq/g). Bulk clays absorb a large volume of water, and under

suitable conditions fully exfoliate in it. Two natural clays with CEC ≈ 1 meq/g are

of special interest: montmorillonite (MMT) [All.67Mg0.33(Na0.33)]Si4Ol0(OH)2, and

hectorite (HT), [Mg2.67Li0.33(Na0.33)]Si4O10(OH,F)2. During flow, their platelets ori-

ent with the major axis in the flow direction and surface usually parallel to the shear

plane [Kojima et al., 1995; Varlot et al., 2001; Lele et al., 2002; Bafna et al., 2003;

Galgali et al., 2004]. Upon cessation of flow in low-viscosity media, the Brownian

motion leads to a randomization of the flow-imposed orientation. For PNCs the ran-

domization process may require hours [Utracki and Lyngaae-Jørgensen, 2002; Ren

and Krishnamoorti, 2003].

Commercial organoclays are preintercalated clays, mainly MMT. Quaternary

ammonium chloride of the type R1R2(CH3)2N+Cl− [R1 is usually a long paraf-

finic chain (e.g., octadecyl) and R2 a functional group that is supposed to ameliorate

miscibility with the polymer] represents the main class of intercalants [Utracki, 2008].
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TABLE 16.1 Layered Minerals for Use in PNC

Smectite clays Montmorillonite, bentonite, nontronite, beidellite, volkonskoite,
hectorite, saponite, sepiolite, stevensite, sauconite, sobockite,
svinfordite, kenyaite

Synthetic clays E.g., hectorite, MgO(SiO2)s (Al2O3)a (AB)b (H2O)x (where AB is a
ion pair, e.g., NaF)

Layered silicic acids Kanemite, makatite, octosilicate, magadiite, kenyaite, layered
organosilicates

Other clays Mica, vermiculite, illite, ledikite, tubular attapulgite, etc.

Layered hydroxides Brucite: Mg(OH)2 or gibbsite: Al(OH)3

Layered double
hydroxides

[M2+
1−XM3+

X (OH)2]Y+(An−Y/n ). mH2O, e.g., Mg6Al3.4(OH)18.8
(CO3)1.7.H2O; or Zn6 Al2 (OH)16 CO3.nH2O

Layered
aluminophosphates

E.g., mineral AlPO (berlinite), Al4(PO4)3(OH)3·9H2O (vantas-
selite), or from hydrothermal synthesis of H3PO4 + Al(OH)3 with
structure-directing agents

M4+ phosphates or
phosphonates

M4+ = Ti, Zr, or Sn; e.g., α -form: Zr(HPO4)·2H2O; γ-form:
ZrPO4O2P(OH)2 ·2H2O; λ-form: ZrPO4XY (X and Y are anionic
or neutral ligands), etc.

Chlorides FeCl3, FeOCl, CdI2, CdCl2

Chalcogenides TiS2, MoS2, MoS3, (PbS)1.18(TiS2)2

Cyanides Ni(CN)2

Oxides H2Si2O5, V6O13, HtiNbO5, Cr0.5V0.5S2, W0.2V2.8O7, Cr3O8,
MoO3(OH)2, V2O5, VOPO4·2H2O, CaPO4CH3·H2O,
MnHAsO4·H2O, Ag6Mo10O33, etc.

Others Graphite, graphite oxide, boron nitride, etc.

Source: Adapted from Utracki et al. [2007].

16.1.3 Diversity of PNCs

PNC have been prepared with virtually all polymers, from water-soluble macro-

molecules to polyolefins and high-temperature specialty resins such as polyimide

(PI). Elastomer-based PNCs with large clay platelets have been commercialized for

improved barrier properties in automotive tires or sport balls. Elastomeric epoxy resins

with clays demonstrate substential improvement in mechanical properties (e.g., ten-

sile modulus and strength) [Varghese and Karger-Kocsis, 2005; Utracki, 2008]. In

this chapter we focus primarily on clay-containing PNCs, the CPNCs.

For PNCs, the layered double hydroxides (LDHs) constitute a new class of mainly

synthetic, reinforcing nanoparticles. During synthesis, LDHs may be preintercalated

with organic anions. Unfortunately, most LDH platelets are thin, t = 0.6 ± 0.1 nm,

small in diameter, d = 30 to 40 nm [Wu et al., 2007]), and decompose thermally at

T ≈ 207◦C [Camino et al., 2001]); consequently, their main application has been for

absorption of HCl during dehydrochlorination of poly(vinyl chloride) (PVC) and

halogenated polymers, or as flame retardants. The flow behavior of polyethylene

(PE) with LDHs was reported to be similar to that of CPNCs [Costa et al., 2006].

There are no commercial PNCs with LDHs on the market, but experimental products

such as Perkalite, a preintercalated aluminum–magnesium (Al-Mg) LDH, have been
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announced for use with elastomers and polyolefins [Akzo Nobel, 2007]. Costa et al.

[2008] reviewed LDH-based PNCs.

Besides clays and LDHs, carbon nanotubes (CNTs) are recognized as potentially

valuable nanofillers. They have been known since the early 1990s and are being pro-

duced as multiwalled nanotubes (MWNTs) or single-walled nanotubes (SWNTs).

More than 10,000 research papers have been published on CNTs, but their PNC tech-

nology is still in its infancy. SWNTs are expensive (2009 prices: $200–2500/g); they

are produced with variable diameters (0.7 to 1.4 nm) and different chiral numbers,

thus conductance. The product may contain up to 30 wt% catalytic impurity. Because

of the cost involved, CNTs are being in situ polymerized into high-performance poly-

meric matrices such as poly(p-phenylene benzobisoxazole). Since SWNTs enhance

not only mechanical and thermal properties, but offer unique enhancement of the

resistance to the electron radiation (by a factor of > 105), they are being explored

for use in aerospace. However, the optimistic assessment still projects 5 to 10 years

of development before commercial applications [Huber, 2004; Smith et al., 2004].

Considering our limited space here, the rheology of PNCs with CNTs is not discussed.

16.1.4 Model Suspension for PNCs

CPNCs constitute a new class of materials, made of a viscoelastic matrix containing

a low concentration of disk-shaped nanofiller particles. Compared to polymers with

microsized filler particles, these materials show significantly different dynamics and

flow behavior. The main source of the difference is the nanosize, which is related to

its large specific surface area with high surface energy, responsible for adsorption of

nanosized solidified layers of organic molecules, which increases the solid loading to

the extend that about. 1 vol% clay might reduce the chain mobility of 99 vol% of the

matrix. Other sources for the difference are related to the specific type of aggregation

of clay platelets, (i.e., the house-of-cards and stack domains) [Okamoto et al., 2001b].

The specificity of CPNCs and their different behavior notwithstanding, one might gain

insight into their mechanism and structure by comparison with model systems.

At a vanishing deformation rate (γ̇ → 0) and concentration (φ → 0), the hydro-

dynamic volume as expressed by [η] increases linearly with the aspect ratio, p. When

concentration reaches φmax, the disks are no longer able to rotate in shear but form

locally oriented stacks; hence, the flow behavior changes. The stacks may show an

apparent yield stress and present a smaller resistance to flow, as observed for PE

with phlogopite mica. For this system the relative viscosity at γ̇ → 0 followed two

Lingard–Whitmore proportionalities: lnηr ∝ φ, with [η] = 51.6 and 8.5 for the free

and hindered rotation regions, respectively. Substituting the former value into Eq.

(16.7) leads to p = 92 ± 1 [Fisa and Utracki, 1984].

As the rate of deformation increases, the flow fields affect the morphology of the

dispersed particles (orientation, dispersion, aggregation, etc.) as well as the structure

of the flowing body (e.g., skin-core effect, weld lines, flow encapsulation). Evidently,

orientation is engendered more efficiently in irrotational flows, but even in shear, an

increasing shear rate causes a progressive alignment of clay platelets [Utracki and

Lyngaae-Jørgensen, 2002].
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The behavior known from the studies of microcomposites was also observed in the

flow of a commercial, fully exfoliated CPNC from Ube (1015C2; PA-6 with 2 wt%

MMT-ω-aminododecyl acid). By comparison with microcomposites, in CPNCs other

processes may be taking place. Of these, the most important is the change for better

or worse of the platelet dispersion. For example, Bousmina [2006] recorded varia-

tions of XRD diffractograms during steady-state shearing. The data indicated that

to achieve exfoliation the strain rate and total strain, γ , are important. Only for

0.2 s−1<γ̇c<0.6 s−1, the clay dispersion was found to increase with γ . It was also

observed that shearing for a long time at γ̇ = 0.6 s−1 caused twisting and folding of

MMT platelets. The well-known thermal degradation of ammonium intercalant at

T > 150◦C affects the clay dispersion in the opposite direction; elimination of the

intercalant causes a progressive collapse of the spacing back to inorganic stacks.

Nanocomposites with spherical silica particles (mesosized; D = 10 to 80 nm) have

been of industrial and academic interest. Large differences in the degree of dispersion

in poly-ε-caprolactam (PA-6) matrix were reported; silica spheres with D = 17 nm

aggregated, whereas those with D = 80 nm were fully dispersed [Reynaud et al.,

2001]. A similar observation was reported by Oberdisse and Boué [2004]. The yield

stress versus concentration curves were significantly higher for particles with D ≤

25 nm than for those with is D = 50 nm. This coincides with the earlier report by

Pukánszky [1990] that incorporation of nanoparticles increases the tensile strength

only if their diameter is D < 50 nm.

Colloidal silica (φ = 0 to 0.04; D = 12 nm) was dispersed in polyethylene glycol

(PEG) with a number-average molecular weight Mn = 45 to 292 kg/mol [Zhang and

Archer, 2002]. The dynamic viscoelastic data indicated a transition from liquidlike

to solidlike behavior at 0.01 < φ < 0.02, about one order of magnitude smaller than

the three-dimensional percolation threshold, φp = 0.156. The effect depends not only

on the particle content and surfactant, but also on the PEG molecular weight—larger

Mn engendered stronger solidlike effects (see also [Zhu et al., 2005]). The proposed

mechanism postulated that the silica particles are surrounded by immobilized shells

of PEG that are bridged by macromolecules. Bartholome et al. [2005] confirmed

this mechanism indirectly; the solidlike behavior was reduced by grafting the silica

particles.

Utracki and Lyngaae-Jørgensen [2002] observed several common aspects of exfo-

liated CPNCs and liquid-crystal polymers (LCPs). Similar six-phase structures are

predicted for CPNCs and observed in LCPs: isotropic, nematic, smectic-A, columnar,

house of cards, and crystal [Porter and Johnson, 1967; Balazs et al., 1999; Ginzburg

et al., 2000]. These phases in CPNCs originate in a balance between the thermody-

namic interactions, clay concentration, and platelets orientation, while in LCPs they

depend mainly on temperature. Since it is more difficult on the one hand to prepare

disk-shaped than rigid-rod molecules, and on the other to develop flow theory for

LCPs with disk moieties, the number of publications on the latter systems is small

[Ciferri, 1991].

The LCP rheology usually describes the material behavior in a specific form,

mainly nematic, which shows flow behavior similar to that of CPNC. This phase

morphology is characterized by local orientation, evident in rheooptical studies. As
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FIGURE 16.3 Schematic of viscosity versus shear rate dependence for nematic LCP. (After

Onogi and Asada [1980].)

shown in Figure 16.3, there are three regions of flow for the nematic LCP [Onogi

and Asada, 1980; Wissbrun, 1981]: (I) a shear-thinning region at low deformation

rates, (II) a plateau region, and (III) a power-law shear thinning region. The struc-

ture in region I is highly variable, dependent on the specimen history and resulting

polydomain morphology. There are strong interactions between nematic domains that

resemble the yield stress behavior but with a slope of −1/2 instead of − 1. In region

II, rheooptics indicates systematic rotation of nematic domains; hence, here these

domains are dispersed in a continuous matrix. The latter structure dominates region

III, where initially, the domains tumble and then, at high enough deformation rates,

become aligned in the flow direction. Figures 16.3 and 16.4 demonstrate that the three

regions of LCP flow are duplicated by such exfoliated CPNCs as 1015C2. Evidently,

owing to the size difference of oriented LCP mesogens and CPNC platelets, the time

required for domain orientation is significantly different.

One of the most intriguing characteristics of nematic LCP is the behavior of the

first normal stress difference, N1. The experiment and theory indicate that for the flow

of nematic LCP there is a region of the deformation rates where N1 < 0 [Kiss and

Porter, 1980; Marrucci, 1991]. The change from tumbling to flow-aligned stationary

monodomain flow takes place at shear rates in the middle of the negative N1 range.

Some theories also predicted negative values of N1 for the transitory response after

startup at low shear rates.

Another similarity in the rheological response between CPNCs and LCPs is the

stress growth behavior at startup [Metzner and Prilutski, 1986; Utracki, 2004]. For

a constant applied shear rate, the shear stress, σ12, goes through a maximum. Its

magnitude depends on the shear history; the longer the specimen is undisturbed, trest,

the larger is the stress overshoot:

∆σ ≡ (σ12,max − σ12,∞)γ̇=const ∝ ∆ηt→∞exp(−τσ/trest) (16.10)
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consecutive shear rate experiments. (From Utracki [2004].)

where at the constant rate of shearing the shear stresses are taken, respectively, at

maximum, σ12,max, and at equilibrium, σ12,∞, and τσ is an average relaxation time of

the mesogens or clay platelets (i.e., the time required for randomization of fully shear-

oriented mesogens). Thus, the behavior is explained by the orientation and interaction

of anisometric particles [Viola and Baird, 1986]. Similar stress growth behavior is

expected in extensional flow, but there the changes should be faster.

The domain flow theory of LCP assumes a balance between the alignment tendency

under a velocity field and the elastic resistance to deformation of the director field

[Marrucci, 1984]. The average value of the Eriksen distortion stress, σE , was taken as

proportional to the elastic constant, K, and inversely proportional to the domain size.

The flow behavior should depend on the local orientation: for high velocity in the

region where the orientation director and velocity vector are parallel to each other,

with low velocity for the opposite direction. As a result, the relation between the stress

and the deformation rate might be scaled by the domain size:

σE
∼= K

(
1

a∗2
−

1

a∗2
0

)

σ =
ηequil γ̇a∗

0

a∗ − a∗
0

〉
⇒

〈
ηreduc ≡

η

ηequil
=

1

1 − x∗

γ̇reduc = γ̇
a∗2

0 ηequil

K
=

(1 + x∗) (1 − x∗)2

x∗3

x∗ ≡
a∗

a∗
0

(16.11)

where a0
* and a* are domain sizes in region I and during the flow, respectively.

The reduced viscosity, ηreduc, and the reduced domain size, x* , within LCP regions
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FIGURE 16.5 Reduced viscosity and domain size versus reduced shear rate in regions I and

II for LCP. (After Marrucci [1984].)

I and II are displayed in Figure 16.5. The reduced viscosity, ηreduc, versus reduced

deformation rate has two asymptotic limits; at low rates the initial log-log slope =

− 1
2 , whereas at high rates in region II the log-log slope = 0. Thus, the derivation

provides explanations for the shape of the flow curves of LCPs. Since the theory

postulates the presence of large domains with aligned particles, it may be useful for

interpreting the flow behavior of CPNC systems as well.

The van der Waals interactions between flat circular platelets of diameter D and

thickness t separated by distance d were described by Russel et al. [1989]:

UA = 64kBTn0λ̄
2 exp {−κd} +

AHD2

12π

[
1

d2
+

1

(2t + d)2
−

2

(t + d)2

]

+
m2

1�2 + m2
2�1 + (m1m2)2

/
3kBT + 3h�1�2ν1ν2

/
2 (ν1 + ν2)

(
4πε0d3

)2

(16.12)

where λ̄ = tanh{1.6 × 10−19ψs/4kBT }. In Eq. (16.12), ψs is the surface energy, mi

(i = 1, 2) are the permanent dipole moments of platelets i = 1 and 2, �i their polar-

izabilities, υi ionization frequencies, 2πh = 6.6256 × 10−34 J·s (Planck constant),

and the permittivity in vacuum, ε0 = 8.854 × 10−12 C2/J·m. The Hamaker constant,

AH = 2 × 10−21 �s (mJ/m2); thus, for clays, AH ≈ 2 × 10−20 J. Figure 16.6 shows

UAversus d dependence for interacting platelets. It is noteworthy that when platelets

are at a distance <3.75 nm, the van der Waals forces are larger than those of C C

bonds and attempts at mechanical exfoliation would lead to matrix degradation. Fortu-

nately, the presence of an adsorbed organic layer moderates these forces significantly

[Bousmina, 2006].
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1 nm, separated by a distance d. (Calculated from Bousmina [2006].)

For colloidal suspensions of spherical particles the concentration changes their

separation d uniformly. Thus, one might predict the phase transitions between diluted,

caged, or close-packed structures by calculating the attractive interactions from Eq.

(16.12) and postulating a specific type of repulsive interactions. The transitions are

detectable in plots of ηr versus the reduced stress:

σr =
σ12

σC

σC =
D3

8kBT
(16.13)

where σC is the critical stress and D is the particle diameter. The non-Newtonian

viscosity ratio depends on concentration and stress in the full range, σ = 0 − ∞

[Quemada and Berli, 2002]:

η (σ)

η (σ → ∞)
=

1 + σr

Υ + σr

(16.14)

where

Υ ≡
1 − φ/φ0

1 − φ/φ∞

=





η∞

η0
for φ < φ0

−σY

σC

for φ ≥ φ0

with σy the apparent yield stress. The flow of CPNCs is more complex, as the structure

involves free rotation, the formation of rotating domains, both sensitive to stress and

strain.
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Mobuchon et al. [2007] studied the viscoelastic properties of a model system

comprising 4 wt% C15A† (Cloisite C15A = MMT intercalated with a 25% excess of

dimethyl dihydrogenated tallow ammonium, MMT-2M2HT) in a nonpolar Newtonian

fluid consisting of a blend of two miscible low-molecular-weight poly(butane-co-

ethylene), with η = 28.5 Pa·s at 25◦C. The system was not exfoliated, although

some individual platelets were seen between stacks. The authors analyzed the effects

of flow history on the linear and nonlinear viscoelastic properties. They found

that different pre-shear rates created different structures, but with similar recovery

kinetics. As reported for a number of nonexfoliated systems, at low frequency the

suspension exhibited a solidlike behavior, also dependent on flow history. A low

pre-shear rate caused development of stronger pseudoequilibrium structures. The

authors also reported that stress overshoots in reversed stress experiments could be

scaled with strain, although the maximum overshoot increased with shear rate and rest

time.

In summary, the model systems discussed in this part were zero-shear suspensions

of disk-shaped particles in Newtonian liquids, mica-filled polymeric composites,

LCPs and colloidal suspensions. The LCP model offers a good understanding of

the flow behavior of exfoliated CPNCs. In the case of intercalated systems similar

behavior is expected but is complicated by stress-induced changes in the degree of

the dispersion and aspect ratio, as well as other possible modifications, such as the

thermal decomposition of intercalant.

16.2 MELT RHEOLOGY

The rheological studies of PNCs are discussed in a sequence starting with the flow

behavior in steady-state shearing, then in small-amplitude oscillatory and elongation

flows, and terminating with mathematical modeling. Most studies on PNC flow have

focused on the linear viscoelastic behavior. The attention is drawn to the solidlike

behavior at small deformation rates, claiming that the nonterminal flow region is

the most important PNC characteristic. However, such behavior has been observed

in all MPSs having a percolated three-dimensional network i.e., in suspensions,

ionomers, polymer alloys (e.g., compatibilized, low concentration blends [Utracki and

Kamal, 2002]), composites, and foams [Utracki, 1988, 1995, 2004; Krishnamoorti

and Yurekli, 2001; Solomon et al., 2001]. Thus, such behavior is not unique for PNCs,

but related to the presence of three-dimensional structures. Furthermore, the argument

that in PNCs the percolation threshold is reached at lower volume loading than for

spheres is only partially correct. The situation is more complex in multicomponent

PNCs (e.g., in those that contain compatibilizers with strongly polar end groups,

which might form dispersed dipole–dipole or ionic micelles). It seems that stress

overshoots at the startup of steady-state shearing, and studies of the time lag for the

randomization of particle orientation, constitute a better diagnostic tool.

†In this chapter the customary abbreviations for Cloisites are used: C15A, C20A, C25A, C30B, and so on.
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16.2.1 Stress Overshoots in Shear

Measurements of the transient rheological properties started in 1964 when the Weis-

senberg rheogoniometer became available. The device was modified by Meissner,

and network theories of entangled polymers have been used to interpret the observa-

tions [Carreau, 1972; Meissner, 1972; Stratton and Butcher, 1973; Murayama, 1981].

Characteristically, the magnitude of N1 overshoot is larger and delayed in compari-

son to that of σ12. A plot of σ12(t)/σ12(∞) versus γ = γ̇ t resulted in a master curve

characteristic of the melt. Typical relaxation times for N1, and σ12 and for melt reen-

tanglement have been reported as 54, 3.6, and 385 s, respectively [Dealy and Tsang,

1981]. The stress overshoot, σ12(t), reached a maximum at a strain, γ ≈ 5. Stress

overshoot, flow reversal and relaxation experiments have been carried out on LCP

solutions [Walker et al., 1995]. The master curve reached a maximum at γ ≈ 22.

It is noteworthy that while LCP is a model for PNCs, owing to differences in size

between mesogens and clay platelets, the time scale for the orientation–disorientation

of particles is expected to be different.

Solomon et al. [2001] studied the flow-induced structural changes in polypropylene

(PP)–based PNCs by measuring the stress growth and flow reversal behavior. The

CPNCs contained 2.03 to 4.8 wt% MMT-ODA and PP-MA compatibilizer. The stress

growth was measured at shear rates of γ̇ = 0.005 to 1.0 s−1. As shown in Figure

16.7, the overshoot went through a maximum at γ̇ = 0.5 s−1. The stress versus strain

curves reached a maximum at γ ≈ 0.6 ± 0.3. Measurements of the flow reversal stress

overshoot were carried out at γ̇ = 0.1 s−1. The overshoot increased regularly with the

rest time, trest (interval between preshearing and flow reversal). The data followed the

scaled relation [σ12(max)/σ12(∞) − 1]/w (MMT) versus trest. The authors observed

that the structures relaxed faster than expected. The system was not totally exfoliated,

but it contained compatibilized clay stacks. The stress responses have been controlled
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FIGURE 16.7 Scaled stress growth at startup versus shear rate for PP-based PNC containing

4.8 wt% MMT-ODA and maleated-PP as compatibilizer. (From Solomon et al. [2001].)
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by hydrodynamics, while the fast disorientation was driven by stress relaxation and

randomizing Brownian motion.

A similar relaxation of orientation for PP-based CPNCs with PP-MA was reported

by Lele et al. [2002]. The authors presheared the system and then followed the dis-

orientation with XRD. Again, the relaxation time was faster than expected from the

theory of Brownian motion. Ren et al. [2000, 2003] studied polystyrene (PS) and

poly(isobutylene-co-p-methyl styrene)–based CPNCs. The interlayer spacing in the

system was d001 = 2.1 to 2.5 nm; thus, it was intercalated only. The authors assumed

that the disorientation observed was not governed by Brownian motion but by the

stress relaxation of macromolecules.

Thorough rheological studies have been carried out using a commercial, fully exfo-

liated CPNC from Ube (1015C2 = PA-6 with 2 wt% MMT–dodecyl ammonium acid)

[Utracki and Lyngaae-Jørgensen, 2002; Utracki, 2004]. During the reactive prepara-

tion of this CPNC, about one-third of MMT anions were neutralized by ammonium

cations, which resulted in a CPNC with direct bonding between clay and the matrix

through about 30,000 dodecyl paraffinic links. It is noteworthy that the inorganic

volume content in these nanocomposites was φ = 0.0064. Specimens prepared by

diluting this CPNC with the PA-6 resin matrix to an organoclay content of 0, 0.5, 1.0,

1.5, and 2 wt% were also tested. Even at such a low loading, the dynamic and steady-

state flow curves resembled the dependence illustrated in Figure 16.3. Within regions

II and III (ω > ωc = 1.4 ± 0.2 rad/s), at strains γ ≤ 0.10 the rheological signals were

the same for scans up or down in frequencies, indicating no structural changes. How-

ever, at higher strains the shearing up and down in frequencies resulted in different

rheological signatures. At high strains and deformation rates, the flow curves for dif-

ferent concentrations of organoclay collapsed onto the dependence characteristic of

neat matrix, indicating orientation of clay platelets in the flow direction.

To verify this postulate, two CPNC specimens were prepared, one sheared dynam-

ically between parallel plates (disks) at ω = 100 rad/s and γ = 40% for 15 min, and

another just inserted into the rheometer, melted, but not sheared. To determine the

clay orientation, the specimens were microtomed close to the disk border (maximum

shear strain) in the planar and perpendicular directions and then observed under the

high-resolution transmission electron microscope [Perrin, 2002]. In the first speci-

men the well-dispersed clay platelets (see Figure 16.8) were found to be oriented

perpendicular to the stress direction, while in the second, unsheared specimen, the

exfoliated, often bent platelets were randomly oriented.

Startup tests for 1015C2 at T = 240◦C and γ̇ = 0.003 to 0.01 s−1 showed an ini-

tial stress growth followed by the signal increase caused by polycondensation. For

γ̇ > 0.03 s−1
, stress overshoots were observed. Their magnitude increased consis-

tently with the rate of shearing. Next, interrupted stress growth experiments have

been carried out in three stages: (1) preshearing (see the first superimposed peaks in

Figure 16.9 for 3 runs), (2) allowing for trest, and (3) shearing either in the same or the

opposite direction. Except for the data for trest ≤ 25 s (a small effect on the imperfect

flow orientation), the platelet randomization during trest generated the same rheolog-

ical signal when the shearing was imposed in the preshearing or reversed direction.

The overshoot peaks (see Figure 16.9) followed the distribution equation,
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FIGURE 16.8 TEM of PNC from Ube shows “in-plane” orientation of MMT platelets.

Orientation in an unsheared specimen was random, with many bent clay platelets. (From Perrin

[2002].)

∆η ≡ η − η∞ = a0t
b(a1)t t = total time − trest (16.15)

where b ≈ ½is a measure of the width of ∆η distribution, a0 that of the orientation, and

a1 ≈ 1 that of the overshoot dissipation rate. Equation (16.15) fitted the data with the

correlation coefficient squared (r2) and the coefficient of determination, both greater

than 0.999.
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FIGURE 16.9 Transient viscosity responses for PNC presheared at γ̇ = 0.1 s−1 for 300 s,

relaxed for trest = 600, 1200, and 2000 s, then sheared for 300 s at the same rate. The baseline

reflects polycondensation of the PA-6 matrix. (From Utracki [2004].)
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baseline) shear viscosity for CPNC calculated from the experiments exemplified in Figure

16.9. Utracki [2004].)

Figure 16.10 illustrates the relation between the maximum of the stress over-

shoot and the rest time, trest. The maxima, ∆ηmax, were computed as the extrema of

Eq. (16.15), setting d∆η/dt = 0. The data follow a single exponential curve:

∆ηmax = a exp

(
−b

trest

)
; a = 213 ± 7 , b = 290 ± 29 , r2 = 0.997 (16.16)

Letwimolnun et al. [2007] studied the stress overshoot of PP-based CPNCs with 5

to 30 wt% PP-MA and 5 wt% MMT-2M2HT (C20A). Composition and melt com-

pounding in an internal mixer or a twin-screw extruder (TSE) affected the degree of

dispersion, from poor intercalation to exfoliation. The authors presheared the CPNC

(forward shearing) and then after trest, sheared it in the reverse direction, observing

increases of the stress overshoot with trest and with the degree of clay dispersion

(estimated from the melt yield stress). Comparing the dependencies in Figures 16.10

and 16.11 it is evident that randomization of orientation in diluted, exfoliated PA-6-

based CPNC [Utracki, 2004] is about twice as fast as that of PP/PP-MA/C20A: 1 h

versus > 2 h. The slower randomization in the latter system might originate in more

massive intercalated stacks and/or higher matrix viscosity.

In the case of intercalated nanocomposites with aggregates, the reversed and for-

ward flows after preshearing might lead to different responses: for example, for PP

with 17 wt% ethylene–propylene copolymer, 3.6 wt% PP-MA and 2.4 wt% C20A

[Vermant et al., 2007]. After a short rest time, the stress overshoot obtained in for-

ward flow was prominent, whereas no overshoot was seen in the reversed flow. The

authors suggested that in the presence of aggregates, the forward flow makes them

interlock, whereas the reverse flow disentangles them. By increasing the rest time, flow



658 RHEOLOGY OF POLYMERS WITH NANOFILLERS

0

100

200

0 400 800 1200

PP/PP-MA/C20A = 80/15/5

∆σ
∆σ

 - experiment
 - Eq. (17.10)

S
tr

e
s
s
 o

v
e

rs
h
o

o
t,

 ∆
σ

 (
P

a
)

Rest time, t
rest

 (s)

∆σ =269exp{-405/t}
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PP/PP-MA/C20A = 80/15/5 prepared in a TSE; the solid line represents Eq. (16.10). (From

Letwimolnun et al. [2007].)

in either direction resulted in similar overshoot. This was explained by the attractive

interparticle forces, which create a more uniform particle network, and the differences

between structures in the two directions diminish. Because of the tendency for the

creation of three-dimensional structures, the linear viscoelastic behavior of CPNC is

usually limited to a low deformation rate and/or strain (e.g., nonlinearity at 1% strain

has been reported) [Solomon et al., 2001; Lee and Han, 2003a,b].

Li et al. [2003] postulated that the storage modulus of CPNCs, G′, is a sum of three

contributions: these of the polymer matrix (G′
p), the confinement in the intercalated

stacks (G′
c), and the interparticle frictional interactions between tactoids (G′

i):

G′
CPNC = G′

p + G′
c + G′

i (16.17)

The latter contribution is the most sensitive to concentration, sharply increasing above

the percolation threshold, φ > φp . Experimentally, φp was determined by plotting

low-frequency G′ values versus clay content. At φ <φp, liquidlike rheological behav-

ior was observed, whereas above it, φ > φp , the behavior was solidlike. The stress

overshoot at startup increased with clay loading and deformation rate, and it was

scaled by strain. Similarly, the stress overshoot after a rest period in the intercalated

CPNC also scaled with strain; hence, the randomizing Brownian motion has a small

effect on the behavior of these systems.

Poly(butylene terephthalate) (PBT) was melt compounded at 230◦C with C10A

(MMT preintercalated with dimethyl benzyl hydrogenated tallow ammonium) [Wu

et al., 2005a]. The clay concentration was 0 to 8 wt% and d001 = 3.4 to 3.7 nm; thus,

CPNC was only intercalated. The linear viscoelastic region was observed for γ < 0.01
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and φp ≈ 0.03, but the stress overshoot at startup or after flow reversal was observed

only for clay loading of φ ≥ 0.06. As reported for other intercalated systems, the

overshoot scaled with strain, indicating a LCP-type phase behavior, with interactions

between the tactoids.

During the last few years, in addition to natural and synthetic layered silicates

(such as clays) other layered inorganics have been used in PNCs (e.g., LDH) [Utracki

et al., 2007]. The rheological studies of these systems are scarce. Costa et al. [2005,

2006, 2008] used Mg–Al-based LDH for reducing the flammability of low-density

polyethylene (LDPE). PNCs with or without maleated LDPE (LDPE-MA) were stud-

ied. LDH platelets had hexagonal or circular disk geometry with diameter of less than

60 nm and were 0.76 nm thick. In LDPE they mainly formed aggregates up to a few

hundred nanometers thick and up to 3 �m long, with few individual platelets. Because

of the cationic nature of LDH, these particles interacted with LDPE-MA, which in

turn increased the non-Newtonian behavior at low frequency. PNCs with 5 or 10

wt% LDH were rheologically nonlinear with a strong influence of concentration on

the stress overshoot in flow reversal. As for clay-containing PNC, the overshoot also

increased with rest time. The behavior was interpreted as caused by the presence of

three-dimensional structures formed by the aggregation of LDH stacks, which could

be ruptured by shear and re-formed during the rest.

In summary, two mechanisms are responsible for stress overshoots after rest.

The first is based on randomization of the orientation imposed by Brownian motion

and relaxation of the matrix, whereas the second assumes that a three-dimensional

structure is broken by shearing and re-forms under quiescent conditions. The for-

mer mechanism is expected to be applicable to LCP and exfoliated PNC, where

platelets are still able to rotate freely. The second mechanism dominates the inter-

calated systems, especially those with large low-aspect-ratio stacks. The probability

of the Brownian force contribution might be assessed from the rotary diffusivity

coefficient and the diffusion time [Larson, 1999]:

Dr =
3kBT

4ηmD3
⇒ tD ≃

(π/2)2

Dr

=
π2ηmD3

3kBT
(16.18)

Equation (16.18) postulates that platelets are circular with diameter D, rotating in a

matrix of viscosity ηm , at temperature T (kB = 1.381 × 10−23 J/K is the Boltzmann

constant). The time required for a disk to rotate by π/2 is tD . For PA-6-based CPNC,

substituting into Eq. (16.18) the average clay platelet diameter, D = 300 nm, and

the matrix viscosity at the processing temperature T = 500 K of ηm = 300 Pa·s, gives

tD ≈ 3800 s, a value close to the approximate 3600 s determined for the randomization

of orientation in Figure 16.11. Thus, Brownian forces may indeed be responsible for

the kinetics observed for structural changes in fully exfoliated, diluted CPNC. Evi-

dently, the calculations are only approximate and do not take into account grafting of

clay platelets by PA-6 macromolecules, which on one hand increases the effective clay

platelet diameter, and on the other hand increases the effective viscosity of the matrix.

A comment regarding intercalated PNC is needed. According to Eq. (16.18),

the rate-controlling parameters are D3 and ηm . The intercalated stacks of even
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small-diameter platelets (e.g., D < 60 nm) may form aggregates ≤ 3 �m in size [Costa

et al., 2005, 2006]. In consequence, tD calculated for intercalated systems might be five

orders of magnitude larger than that calculated for exfoliated PNC; hence precluding

the Brownian motion as the randomization mechanism.

16.2.2 Steady-State Shear Flow

Steady-state shearing is important for predicting processability and performance

of PNC. After discussing the transient effects and stress overshooting, it is evi-

dent that steady-state shearing might seriously affect the structure of extruded or

injection-molded PNC articles. Thus, it is expected that shearing from a low to a high

deformation rate will engender different flow curves than that from a high to a low

shear rate. There are many reports on the effects of flow-induced changes of morphol-

ogy, such as orientation of clay platelet or the flow effects on the matrix crystallinity

[Kojima et al., 1994]. For example, during flow through a die and the subsequent

stretching between chilled rolls, the clay platelets in PA-6 matrix became oriented

in-plane, while PA-6 crystallized with the chain axes parallel to the clay surface.

Injection molding of the same CPNC engendered five layer orientations: skin with

in-plane orientation for the macromolecules and clay platelets, an intermediate layer

with chains oriented perpendicularly to the clay surface, and a center layer with clay

platelets oriented perpendicular to the flow direction and the macromolecules oriented

parallel to it [Kojima et al., 1995]. Thus, during film stretching by rolls or during the

fountain flow within the mold cavity, the macromolecular chains are oriented in-plane

and crystallize with the chain axes parallel to the clay surface, but at lower stresses the

crystal lamellae are laying on the clay surface with chains oriented perpendicularly

to it.

Medellin-Rodriguez et al. [2001] studied the orientation of Ube CPNC (with 0,

2, and 5 wt% of organoclay) during steady-state shearing between parallel plates

at γ̇ = 60 s−1 and T = 240◦C for up to 20 min. Under these conditions there was a

gradual change in platelet alignment reflected in the increased scattering intensity

perpendicular to the shear plane. Tumbling of clay platelets took place at φ < φm , but

since the motion was periodic with long residence time in the preferred direction, the

overall platelet orientation was in the flow direction [Goldsmith and Mason, 1967].

After stopping the flow, the randomization of orientation was slow (e.g., at T = 240◦C

it took more than 12 min to randomize the platelets, whereas the PA-6 relaxation time

was ≈ 0.4 s).

Since the commercial 1015C2 is exfoliated, well characterized, and available in

large quantities, it has been used in a diversity of tests, including melt rheology. For

example, it was sheared under steady state in a cone-and-plate geometry, increasing

the shear rate from the initial value with “preshearing time” between the consecutive

data acquisition points of ∆t = 0 to 540 s (see Figure 16.4). Starting at γ̇ = 0.01 s−1

the viscosity, η, decreased from a plateau toward a power-law region [Sammut and

Utracki, 2004]. The first normal stress difference of these experiments are presented

in Figure 16.12. The value of N1 is increasing with preshearing time. Two further

aspects are noteworthy:
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FIGURE 16.12 First normal stress difference, N1, of Ube 1015C2 PNC versus shear rate; α

is the slope of the dependence. (See the text.)

1. N1 is proportional to the rate of shear, N1 = αγ̇ , with the α -parameter increasing

with the rest time, α = 205 + 0.206trest (the correlation coefficient r = 0.996).

2. There is a significant difference in the N1 and η dependencies on γ̇; in the

full range of the accessible variables, N1 ∝ γ̇ , while η shows a more complex

behavior.

The proportionality between N1 and γ̇ has been observed at low deformation

rates for concentrated LCP solutions in cresol [Kiss and Porter, 1980; Moldenaers

and Mewis, 1992], for colloidal and noncolloidal suspensions, and fiber suspensions

in a Newtonian matrix [Zirnsak et al., 1994], as well as for block copolymers and

multibranched star polymers [Brady and Bossis, 1985; Kotaka and Watanabe, 1987;

Masuda et al., 1987; English et al., 1997]. For LCP this behavior was considered

originating in polydomain flow [Larson and Doi, 1991], while for rigid fiber suspen-

sions in interparticle interactions [Zirnsak et al., 1994]. It is tempting to postulate

that the clay platelet orientation is the origin of the difference. Evidently, the scan

direction and the pre-shearing time between data points affect the orientation, but the

proportionality N1 = αγ̇ and complexity of the η = f (γ̇) dependence remain. The

Larson–Doi [1991] theory of polydomain flow leads to

N1

σ12
= 2(λ2

p − 1)
−1/2

λp =
p′2 − 1

p′2 + 1
(16.19)

where λp is a characteristic parameter of the system dependent on the domain aspect

ratio, p′. Since λp is constant, Eq. (16.19) predicts that in domain flow there is pro-

portionality between N1 and σ12. Unfortunately, such proportionality does not exist

for the CPNC studied.
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The orientational effects of flow when increasing or decreasing shear rate are not

limited to PA-6-based systems, although in PA-6 the exfoliation makes the effects

particularly large. By contrast to clay behavior in PA-6, in PS, clay platelets are noto-

riously difficult to disperse. However, even for these systems, different flow curves

were reported for shearing up and down the γ̇ scale [Hyun et al., 2001; Kim et al.,

2002]. The authors named the phenomenon hysteresis loops. Figure 16.13 presents the

dynamic viscosity, η′, and dynamic elasticity, G′/ω2, versus ω, thus, a similar depen-

dence as that for steady-state shearing displayed in Figure 16.4 for ∆t = 0 s. Two

specimens were sheared, one for increasing ω and the other for decreasing ω. The

results are different, despite the significantly weaker orientational effects of small-

amplitude oscillatory flow than that of steady-state shearing. Similar observations

were reported for flow of polyamide-12 (PA-12) with 2.5 wt% C30B [Médéric et al.,

2006].

Results from the capillary flow of CPNCs are less interesting. Since the nature

minimizes the expenditure of energy, during MPS flow the less viscous phase migrates

to the high-stress areas, hence toward the wall [Utracki and Kamal, 2002]. During

the flow of suspensions through tubes the solid particles migrate away from the wall,

either to the tube axis, or to an annulus midway between the tube wall and the axis

[Whitmore, 1962]. In consequence, in capillary flow clay platelets migrate away from

the wall and the viscosity decreases to the level of the matrix polymer. However, since

migration takes time, the closeness of the flow curve of CPNCs to that of the matrix

depends on several factors (i.e., the capillary length-to-diameter ratio, the stress level,

composition, etc. [Aalaie et al., 2007]. The steady-state shear flow curves obtained for

PS with w = 0 to 9 wt% organoclay in parallel-plate experiments merged to a common

dependence at high γ̇ [Han et al., 2006].
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In the case of compatibilized systems it may be the low-viscosity compatibilizer

that is forced to migrate toward the wall. In such a case, the CPNC viscosity at low

γ̇ are larger than that of neat polymer, but smaller at high γ̇ . Numerous examples

of this behavior have been reported [Wang et al., 2003; Gu et al., 2004]. Manifestly,

the magnitude of the effect depends on the relative (to the matrix) viscosity of the

compatibilizer and its concentration [Lee et al., 2006].

Lee et al. [2007] studied the rheological behavior of poly(ethylene-co-vinyl

acetate) (EVAc; 40 wt% VAc) and its CPNC with ≤ 10 wt% C30B; the tests were

conducted under steady-state and small oscillatory shear flow. The samples were pre-

pared by melt compounding at 110oC for 25 min, which resulted in a high degree of

dispersion. The flow behavior was quite regular, well described by the Carreau-Yasuda

equation [Carreau, 1968, 1972; Yasuda, 1979]:

η − η∞

η0 − η∞

=
[
1 + (τγ̇)a

](n−1)/a
(16.20)

where η0 and η∞ are the viscosities at γ̇ → 0 and γ̇ → ∞, respectively, while

τ and n are, respectively, the primary relaxation time, and the power-law index.

The variations of these parameters with C30B content are displayed in Fig-

ure 16.14; the dependencies are similar to those for a series of polymers with

increasing molecular weight. One might suppose that clay platelets are grafted by

EVAc, forming multibranched copolymer molecules with polar center and non-

polar skin, behaving as a homopolymer and unable to form three-dimensional

structures.
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16.2.3 Small-Amplitude Oscillatory Shear Flow

Because of the complications caused by the stress-induced orientation of clay platelets

resulting in different rheological responses, the studies of CPNC flow focus on small-

amplitude oscillatory shear flow (SAOS). As the discussion on the steady-state flow

indicates, there is a great diversity of structures within the CPNC family. Whereas

some nanocomposites form strong three-dimensional structures, others do not; thus

while nonlinear viscoelastic behavior is observed for most CPNCs, some systems can

be studied within the linear regime.

SAOS tests of CPNC should start with strain sweeps to determine the range of

variables where the linear viscoelasticity is to be found. The strain sweep data might

be described by KBKZ-type nonlinearity expression [Utracki and Lyngaae-Jørgensen,

2002]:

G′(γ) =
G′

0

1 + G′
1γ

2
f − G′

2γ
3
f

G′′(γ) =
G′′

0

1 + G′′
1γ

2
f − G′′

2γ
3
f

(16.21)

where G′ and G′′ represent the storage and loss shear modulus, respectively; the strain

fraction is γ f = γ/100, and Gi are equation parameters with G0 defining the linear

viscoelastic values of G′ and G′′. One of the advantages of the linear region is the

validity of the time–temperature (t–T) superposition principle—thus the possibility

of extending the studies over many decades of frequency [Ferry, 1980].

Krishnamoorti et al. [1996] reported the t–T superposition for the end-tethered

CPNCs of PA-6 and poly(ε-caprolactone). The authors observed that orientation of

clay platelets depends on the amplitude of dynamic stress. The alignment changed the

slope within the terminal zone, reduced the dynamic moduli, and affected the complex

viscosity, η∗, at ω ≤ 3 rad/s. The effects were related primarily to changes in G′,

caused by enhanced interactions between the flow domains. Utracki [2004] reported

good t–T superposition for the PA-6-based CPNC, 1015C2. Presheared samples were

scanned from ω = 100 to 0.1 rad/s at T = 230 to 260oC; as shown in Figure 16.15,

good superposition was obtained. It is noteworthy that whereas 1015C2 is exfoliated,

the CPNCs based on PS are not. However, the t–T superposition was also obtained

for the latter, having large stacks and behaving like diluted suspensions [Sepehr et al.,

2005].

The frequency shift factor, aT , has been related to the free-volume fraction, f [Ferry,

1980]. There is a direct correlation between f and the Simha–Somcynsky (S-S) hole

fraction, h [Utracki and Simha, 2001b]. Under ambient pressure, h depends on the

reduced temperature [Utracki and Simha, 2001a]:

h = a0 + a1T̃ + a2T̃
2 ; where T̃ ≡ T

T∗

a0 = −0.0921; a1 = 4.89; a2 = 12.56; r2 = 0.99999
(16.22)
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for 1015C2. Slopes of the three lines are indicated. (From Utracki [2004].)

with T∗ being the characteristic for a given substance temperature-reducing parameter

(see Chapter 6). Equation (16.22) leads to a general expression for the shift factor

between two reduced temperatures, T̃ and T̃0:

ln aT = B

(
1

a0 + a1T̃ + a2T̃ 2
−

1

a0 + a1T̃0 + a2T̃
2
0

)
(16.23)

where B ≈ 2.21. Alternatively, one may cast Eq. (16.23) into Williams–Landel–Ferry

(WLF) form [Williams et al., 1955]:

ln aT =
−(B/h0){(T̃ − T̃0)[1 + (a2/a1)(T̃ + T̃0)]}

(h0/a1) + (T̃ − T̃0)[1 + (a2/a1)(T̃ + T̃0)]
≃

−(B/h0)(T − T0)

(h0/a1)T ∗ + T − T0

(16.23a)

For (a2/a1)(T̃ + T̃0) ≃ 0.18<1, the classical WLF dependence in reduced-

temperature form is recovered. Similarly, Eq. (14.23) transforms into an

Arrhenius-type expression:

log aT = ao +
∆Hη

RT
(16.24)

For Ube 1015C2 the experimental value of the activation energy of flow, ∆Hη =

18 kJ/mol, agrees with the value calculated from Eq. (16.24) with T∗ = 11,307 K

computed from the pressure–volume–temperature (PVT) measurements for the matrix

PA-6 [Utracki et al., 2003].
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Within the linear viscoelastic region the modified Krieger–Dougherty [1959]

dependencies might be used [Utracki, 1988; Utracki and Lyngaae-Jørgensen, 2002]:

η′ ≡
G′′

ω
= η0

[
1 +

G′′

Gη

]−m1

ψ ≡
G′

ω2
= ψo

[
1 +

(
G′′

Gψ

)2
]−m2

(16.25)

where ηo , Ψo , Gη, and GΨ are constants. Equation (16.25) is valid at clay content

φ < φm ; for φ > φm the three-dimensional structure engenders the apparent yield

stress, which follows the relation [Utracki, 1989]

σy(ω) = σ0
y [1 − exp (−τyω)]u (16.26)

where the strength of domain interactions is σo
y , the relaxation time of the aggregate

is τy , and the exponent u accounts for the aggregate size polydispersity.

As shown in Figure 16.16, Eqs. (16.25) and (16.26) with u ≃ 1, well describe the

dynamic behavior with yield of the end-tethered CPNC 1015C2 [Utracki and Lyngaae-

Jørgensen, 2002]. By diluting this CPNC it was found that at γ = 0.40 the yieldlike

behavior occurs at φ > φm ≃ 0.12. Thus, according to Eq. (16.9), the effective aspect

ratio of the interacting entities is p ≈ 200. Independent of dilution, the onset of the

yieldlike behavior occurred at ωc ≈ 1.4 ± 0.2 rad/s, related to the relaxation time of

the aggregate, τy = 4.5 s. At given T and γ , the aggregates are destroyed at frequencies

above ωc . This relaxation time is significantly longer than that for PA-6: τPA = 0.2

s. If ωc reflects the transition from region I to II of the LCP-type behavior, then the

domain size, calculated from the expression [Marrucci, 1984],
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γ̇ ≃
K

a2
0ηequil

(16.27)

is ao ≈ 300 nm for the three compositions with 100, 75, and 50 wt% of 1015C2 and

comparable to the nominal value, ao ≈ d = 286 + 2z1 = 298 nm, where z1 = 6 nm is

the thickness of solidified layer on the clay surface.

It has been shown that for an incompressible linear viscoelastic liquid there is an

interrelation between G′ and G′′ through the frequency relaxation spectrum, H(λ)

[Utracki, 2004]:

G′

ω2
= λ

(
G′′

ω

)
or ψ(ω) = λη′(ω) (16.28)

with λ being a relaxation time. A relation between G′ and G′′ might also be obtained

from Doi–Edwards theory as log (G′/G′′), usually plotted versus log G′′ [Doi and

Edwards, 1978]. Figure 16.17 illustrates the Eq. (16.28) dependence for PA-6 con-

taining 0, 25, 50, 75, and 100% of 1015C2. The data for PA-6 have a slope of –0.23,

originating in polycondensation (the test was run from the highest to the lowest fre-

quency). The λ value for PNC systems is larger and more sensitive to frequency. The

increase is due not only to PA-6 polycondensation but also to structural changes up

to the critical frequency ωc ≃ 1.4 ± 0.2 rad/s. It is noteworthy that the slopes for the

lower frequencies, ω < ωc , are significantly smaller and similar for all the dilutions,

indicating similar structure for the CPNC samples.

An early review on PNC reported that with clay loading the slopes at low-frequency

dynamic storage and loss moduli change, from liquidlike to solidlike [Giannelis
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et al., 1999]:

g′ ≡
d logG′

d logω
g′′ ≡

d logG′′

d logω
(16.29)

Thus, for PCL-based CPNCs, g′ decreased from 2 to 0.5 (PCL + 5 wt% organoclay),

and g′′ from 1 to 0.65. Similar changes were observed for other CPNCs. More recently,

Wagener and Reisinger [2003] related the slopes in Eq. (16.29) to the degree of clay

dispersion in polybutylene terephthalate (PBT containing 4 wt% MMT). The slope g′′

decreased from 0.98 (PBT) or 0.96 (PBT + Na-MMT) to 0.11 (PBT + organoclay).

This change was accompanied by an increase in the tensile modulus from 2.5 to

3.5 GPa.

Lim and Park [2001] studied the SAOS behavior of polyethylene (PE)-based

CPNCs containing C6A. Within the terminal region the dynamic moduli and their

slopes increased with increasing clay content, while the ratio G′(CPNC)/G′(matrix)

decreased with increasing frequency. The authors reported that while the noncompat-

ibilized systems were intercalated, addition of maleated-PE (PE-MA) resulted in a

high degree of exfoliation even at 5 wt% C6A. With increasing frequency the storage

modulus of CPNC drifted toward that of the matrix. Wang et al. [2002] also stud-

ied CPNC containing PE-MA but with three silicates: C20A, Laponite SCPX2231,

and synthetic SiO2, having the aspect ratio p = 100 to 200, 20 to 30, and 1, respec-

tively. Since XRD did not show diffraction peaks down to 2θ = 2o, the systems were

well dispersed with d001 ≥ 4.4 nm. The low-frequency slope, g′ ≡ d ln G′/d ln ω,

decreased with silicate loading and their p from g′ (matrix) ≈ 1.2 to 0.3, 0.62, and

0.82, respectively. It is noteworthy that exfoliation is not the only mechanism leading

to slope reduction (e.g., formation of clay aggregates, phase separation, or presence of

compatibilizer micelles leads to similar effects) [Lepoittevin et al., 2002]. Similarly,

melt blending PP: PP-MA = 0: 1 or 1: 1 with C6A resulted in intercalated CPNC

with d001 = 3.3 nm [Galgali et al., 2001]. The low-frequency (ω = 0.06 to 1 rad/s)

“terminal” slope was analyzed using the dependence

g′
o ≡ lim

ω→0

d log G′

d log ω
= ao + a1wPP−MA + a2wclay + a3t

ao = 1.48 ± 0.09 a1 = −0.085 ± 0.013 a2 = −0.043 ± 0.015

a3 = −0.028 ± 0.027 standard deviation σ = 0.15

(16.30)

where w represents wt% of compatibilizer and clay. The parameters indicate that

the strongest influence was that of PP-MA, next was the clay content, and then the

time under stress (t = 0 to 3 h). The dynamic yield stress was observed only after

compatibilization. Since PP-MA had a small influence on d001, it was probably

located outside the clay stacks, and reduction of g′ was caused by the forma-

tion of interactive three-dimentional structures. The compatibilized CPNC also

showed lower creep compliance than that for PP or noncompatibilized CPNC;

PP-MA enhanced three-dimentional solidlike structures to a level similar to that

observed for end-tethered PA-6-based systems. The zero-shear viscosity,η0, increased



MELT RHEOLOGY 669

with PP-MA or clay loading, while the activation energy of viscosity remained

constant.

PS-based CPNCs were prepared by melt compounding preintercalated synthetic

fluoromica (Somasif ME-100) [Hoffmann et al., 2000]. The latter was intercalated

with either amine-terminated PS (ATPS) or 2-phenylethylamine (PEA), expanding the

interlayer spacing from d001 = 0.95 nm to >4 and 1.4 nm, respectively. The SAOS

rheological behavior of these systems was quite different; the presence of 5 wt%

PEA caused a slight (in comparison to the matrix) increase of G′ = G′(ω) with the

gradient g′
0 ≈ 2, while CPNC containing ATPS was exfoliated — its g′

0 ≈ 0.5. These

experiments confirmed the theoretical conclusions by Balazs and her colleagues that

amine-terminated macromolecules are efficient intercalants [1998, 1999].

Okamoto et al. [2000] preintercalated Na-MMT with oligo(propylene glycol)

diethyl methyl-ammonium chloride, or methyl-trioctyl-ammonium chloride (SPN

and STN, respectively), dispersed the organoclays thus obtained in methyl methacry-

late (MMA) or styrene (St) and then polymerized. The interlayer spacing indicated

intercalation. The frequency sweeps showed frequency-independent dynamic mod-

uli, indicating a three-dimensional solid for MMA/STN and St/SPN systems. In a

better dispersed MMA/SPN system, strong frequency dependence was observed (i.e.,

exfoliation apparently eliminated the three-dimensional structures).

16.2.4 Extensional Flows

The extensional flow behavior should be determined under well-controlled conditions,

recording the stress growth function at a constant Hencky deformation rate, ε̇(s−1),

and temperature [i.e., logη+
E(ε̇, T ) versus log t]. The stress growth function may show

either behavior similar to that of steady-state shear, 3η+
S , or it might show strain

hardening (SH)-a nonlinear viscoelastic behavior. SH is defined as a logarithm of

a ratio of the stress growth function in elongation to three times that for the linear

viscoelastic response in shear, with both values taken at the same T and t. [Sammut,

2007]:

SH ≡ log

(
η+

E

3η+
S

)

t

(16.31)

Thus, for linear viscoelastic materials, SH = 0. SH has been reported for entangled,

highly branched, long-chain-branched, or polydispersed resins as well as for the more

recent bimodal metallocene polyolefins. Partially cross-linked polymers or blends of

standard resins with ultrahigh-molecular-weight homologs may also show SH. For

these single-phase polymeric systems all SH functions at a different strain rate plotted

versus the Hencky strain, ε = ε̇t, fall on a single line:

SH = SH0 + ε·SSH (16.32)

where SSH is the slope of SH versus ε. Noteworthy, SSH is a characteristic mate-

rial parameter; experimentally, its value, SSH ≈ 0.2, was calculated for long-chain
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branched polymers as well as calculated for PP-MA-based CPNCs from data by

Okamoto et al. [2001 b,c]. Equations (16.31) and (16.32) demonstrate that changes

from linear to nonlinear flows originate in the strain-induced structural changes.

Multiphase polymeric systems respond differently to extensional stresses. For

example, exceptionally, diluted suspensions show strain softening, SS [Utracki, 1984;

Takahashi, 1996]. This behavior was traced to a disturbance of the stress distribution

around solid particles during extensional flow. However, when the concentration of

filler particles was large enough to engender three-dimensional structures, the appar-

ent yield stress was seen to affect the level of the stress growth function (i.e., at a

low strain rate, the signal was significantly higher than at a high rate). Because of the

yield stress effects, the superposition of the stress growth function usually observed

[Eq. (16.32)], is absent [Mutel et al., 1984]. For short glass fiber (≤ 40 wt%)–filled

PP, neither SH nor SS was observed. However, the question is whether CPNCs with

the hairy clay platelet (HCP) morphology will show either SH or SS.

The first report of the elongational flow behavior of CPNCs came from Okamoto’s

laboratory [Okamoto et al., 2001a–c; Nam et al., 2001, 2002]. The authors studied the

flow of melt-compounded CPNC of PP-MA with 0, 2, 4, and 7.5 wt% of MMT-ODA.

The silicate stacks were 193 to 127 nm long and 5 to 10.2 nm thick, with d001 ≃ 2.31

to 3.24, 3.03, and 2.89 nm, respectively. The measurements were carried out in a

Meissner-type elongational rheometer (RME) at T = 150◦C and ε̇ = 0.001 to 1.0 s−1.

The SH behavior was quite unique; since PP-MA melt did not show SH, its presence

in CPNCs must have originated from grafting clay platelets by PP-MA. At 4 wt%

organoclay loading, the effect was large (see Figure 16.18), decreasing regularly as

the strain rate increased. Figure 16.19 shows that at constant Hencky strain, ε = 0.3;

SH followed the power-law dependence: SHε ≈ a0ε̇
−a1 . The authors traced the strong
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FIGURE 16.18 Strain hardening for CPNC of PP-MA with 4 wt% C18-MMT

(d001 = 3.03 nm). (Data from Okamoto et al. [2001b,c].)
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SH for CPNCs containing a small amount of clay to the presence of house-of-cards

structures, resulting in the yield behavior. The flow-induced structures were different

in shear and elongation.

One of the consequences of the high SH value of CPNCs is its foamability, expected

in multiphase systems from the yield stress behavior [Utracki, 1995]. Furthermore,

owing to high SH, the foams should have good dimensional stability. It is notewor-

thy that SH stabilizes such processes as film blowing, blow molding, wire coating,

and extrusion foaming. More recently, SH was reported for PP as well as its CPNC

with 5 wt% C15A and PP-MA [Lee et al., 2006]. In the Meissner-type Rheometrics

elongational rheometer (RME) at ε̇ = 0.05 to 1 s−1 the maximum SH was obtained at

ε = 3 to 5; SH was absent for noncompatibilized systems, the observation confirmed

by Lee and Youn [2008].

High SH values were reported for PS-based CPNCs with 2 or 10 wt% C10A

[Tanoue et al., 2004a,b]. Münstedt-type rheometrics extensional rheometer (RER)

and RME instruments were used, but deformations in the former were not uniform.

The data from RME (at ε̇ = 0.1 to 1 s−1 and ε ≤ 4.4) were corrected for clamp slip-

page. SH was observed for neat PS (SSH = 0.12 ± 0.03) and that containing 2 or

10 wt% organoclay.

CPNCs with SH were prepared with other polymer matrices, but the effects were

smaller than those reported for PP-MA-based CPNC. Thus, PMMA with 10 or 15 wt%

smectite preintercalated with methyl diethyl propylene glycol ammonium showed

enhancement of the SH above the effect observed for the matrix [Kotsilkova, 2002].

A correlation between SH and birefringence was reported.

Several CPNCs were tested by Sammut [2007], who in addition to RER and

RME (equipped with optical interferometry for simultaneous measuring of the

width and thickness of deformed specimen, thus the true strain) also used the
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Sentmanat extensional rheometer (SER), an add-on to the advanced rheometrics

expansion system (ARES; now from TA Instruments). The maximum Hencky strain

was about 4. Neither PP nor its CPNC with 5 wt% C15A and PP-MA compat-

ibilizer showed any SH. Also, tests of PA-6 and 1015C2 gave negative results.

Only preliminary tests of Toyota experimental 1022C5 (containing 4.91 ± 0.24 wt%

MMT, d001 = 5.62 ± 0.28 nm, exfoliation degree = 39 ± 16%) indicated the presence

of a small amount of SH at ε ≈ 1 and ε̇ = 0.5 to 1 s−1. These careful measure-

ments indicate that in CPNCs true SH occurs less frequently than one might have

expected.

16.2.5 Fourier Transform Analysis of CPNCs

Fourier transform rheology (FTR) [Wapner and Forsman, 1971] was used for the

analysis of CPNCs. The experiments were performed in the ARES using the software

developed by Wilhelm [2002]. It was expected that the method may be suitable for

characterization of the nonlinear viscoelastic response of CPNC. The FTR analysis

is based on the expression

σ ∝ A1cos ωt + A3 cos 3ωt + A5 cos 5ωt + · · · (16.33)

Usually, the FTR signal is plotted as the relative magnitude of the odd harmonic peaks

divided by that of the first peak: Rn (ω) = In (ω)/I1(ω), with n = 3, 5, 7, . . .. Since

harmonics occur only for nonlinear viscoelastic systems, Rn (ω) = 0 evidences the

linear viscoelastic behavior. As In (ω) decreases with n, the strongest third harmonic

peak, R3(ω), has been used primarily.

Experiments were performed on several CPNCs with PA-6, PP, or PS matrix.

The large-amplitude oscillatory shear (LAOS) was conducted at the injection fre-

quency of ν0 ≤ 10 Hz and strain γ ≤ 70%. The results confirmed that the nonlinearity

increases with strain and frequency. The FTR advantage rests in the quantification

of these influences, as well as in that of the shearing time [Debbaut and Burhin,

2002; Utracki, 2004]. An example of data is presented in Figures 16.20 and 16.21.

At constant γ = 40%, the degree of exfoliation affects the R3 signal. With all other

independent variables being constant (e.g., 1015C2, T, γ), R3 increases at increasing

frequency.

Unfortunately, because of the clay platelet alignment in the stress field, the method

did not fulfill expectations. To obtain a strong enough signal, large strains and fre-

quencies had to be used, but these destroy the characteristic LCP-type structure, and

the rheological behavior was controlled by the matrix. As evident from data in Figure

16.21, the melt-compounded PA-PNC samples with good and poor clay dispersion

showed behavior similar to that of the matrix. However, the CPNC with clay grafted

by PA-6 (1015C2 in Figures 16.20 and 16.21) was found to have a higher degree

of nonlinearity, revealing the effects of clay–matrix interactions, which resulted in a

high degree of dispersion.
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FIGURE 16.20 FTR data for 1015C2 at ω = 1 Hz and the strain ranging from 0.20 to 0.70.

(From Sammut et al. [2007].)

16.2.6 Free-Volume Effects on Flow

The experiments showed that for a great diversity of low-molecular-weight liquids

(solvents), there is a singular relationship between the zero-shear viscosity, η0, and

density, ρ [Batchinski, 1913]:

η0,P,T ∝ ρP,T (16.34)
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FIGURE 16.21 R3(ω) vs. shearing time at ω = 10 Hz and γ = 0.4, for PA-6 and PA-6 based

CPNC. (From Sammut et al. [2007].)
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The theoretical explanation for these observations was based on the concept of free

volume that upon changes of P and T affects density and viscosity similarly [van der

Waals, 1873]. Doolittle modified Eq. (16.34) to read [Doolittle 1951a, b, 1952, 1954;

Doolittle and Doolittle, 1957]

ln η0,P,T = a0 +
a1

f
f =

V − V0

V
(16.35)

where f is the free-volume fraction, V the total volume (at given P and T), and V0 the

occupied volume.

The Simha–Somcynsky (S-S) [Simha and Somcynsky, 1969; Somcynsky and

Simha, 1971] equation of state incorporates the hole fraction, h, a direct measure

of f (for details, see Chapter 6). Thus, it was natural to modify empirical equation

(16.35) by replacing f calculated from the density by h computed from the equation

of states, as well as replacing η0 by its more general, constant stress homolog, ησ

[Utracki, 1974, 1983a,b, 1985, 1986; Utracki and Simha, 1981, 1982, 2001b; Utracki

and Ghijsels, 1987]:

ln ησ(P, T ) = a0 + a1YS YS ≡
1

a2 + h(P, T )
(16.36)

The relation predicts that ησ(P, T ) is a function of T and P only through h = h(T, P).

The parameter a0 reflects the effect of molecular weight, a1 is related to the segmen-

tal friction coefficient, and a2 only linearizes the dependence. The procedure is to

measure the PVT surface of a given liquid, and from the S-S equation of state extract

h = h(P, T ) at the same P and T as those used for the viscosity measurements. For

n-paraffins and their mixtures and lubricating silicone oils (viscosity spans about six

decades), good superposition was obtained in a wide range of variables, [e.g., 20 ≤

T (◦C) ≤ 204 and 0.1 ≤ P (MPa) ≤ 500]. Furthermore, for these nonpolymeric liq-

uids the universality of the parameters a1 = 0.79 ± 0.01 and a2 = 0.07 was observed.

However, application of Eq. (16.36) to molten polymers has been less straight-

forward. No “master curve” could be defined for a given series of polymers, as

the molecular-weight distribution affected the magnitude of the a1 parameter. Fur-

thermore, as discussed in Chapter 14, the melts undergo a secondary liquid–liquid

transition at TT /Tg ≥ 1.20 ± 0.05 [Boyer, 1985, 1987; Bicerano, 2003; Ngai, 2000,

2003]. Thus, not only did different pressure parameters have to be used below and

above TT , but to achieve superposition of the rheological data onto a master curve, the

characteristic pressure–reducing parameter, P∗, had to be redefined as P∗
R = ξpP∗,

where the factor ξp depends on the substance. Evidently, the different sources of the

rheological and PVT data could have introduced extra errors. Fortunately, Sedlacek

et al. [2004, 2005] reported η and PVT data for eight commercial polymers mea-

sured within the same range of T and P. The authors observed that Eq. (16.36) was

not followed: At high P the viscosity data were below the master curve defined by

low-pressure data.
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The data and procedures were reevaluated carefully [Utracki and Sedlacek, 2007],

but the plots of η versus h still did not result in superposition; for superposing the

data, P∗
R = ξpP∗, with ξp = 1 to 2.1, had to be used. These results imply that at

lower temperatures the free-volume cells are smaller than required for segmental

jumps. The nonuniversality of the η versus h dependence is related to the diver-

sity of liquid structures. It is noteworthy that as T increases, the magnitude of ξp

decreases. Amorphous polymers at T > 1.52Tg are expected to follow Eq. (16.36),

which has been proven valid for low-molecular-weight solvents and silicone oils

[Utracki and Simha, 1981, 1982, 2001b]. It is interesting to recall that Boyer

[1985, 1987] postulated that “true liquid” behavior of amorphous polymer occurs at

T≥TLρ = TLL + 50◦C, with TLL ≥ 1.20Tg being the liquid–liquid transition tempe-

rature; for PS (Mn = 390 kg/mol), TLρ/Tg ≈ 1.27 to 1.38. However, in amorphous–

atactic polymers with traces of tacticity [e.g., poly(vinyl chloride)] with melting-point

temperature 1.5 ≤ Tm/Tg ≤ 2.0, the true liquid behavior should be expected at even

higher T. Thus, the departures from the flow behavior predicted by Eq. (16.36)

observed for molten polymers must be considered not an exception but a rule.

The necessity of using different ξp values for different polymers means that the

empirical Eqs. (16.36) to (16.37) are nonuniversal. In addition, since the William–

Landel–Ferry (WLF) relation is based on Eq. (16.37), its applicability is not general.

These dependencies might be used as empirical, with parameters to be determined

for each system within the range of independent variables. However, judging by the

success of WLF dependence at ambient pressure, it might be that under this condition

the superposition is more common. This is also illustrated in Figure 16.22, where the

ambient pressure dynamic viscosity at 240◦C (i.e., T/Tg = 1.62) is plotted versus 1/h

for CPNC 1015C2; both the zero-shear and constant stress data follow a straight line:

log η′ ∝ 1/h.

16.2.7 Modeling of PNC Flows

Mathematical modeling of PNC rheological behavior is essential for understanding the

nanocomposites. Models predicting the flow of materials might be used for estimating

the structure and thus the performance of the final products [i.e., mechanical or barrier

(permeability) properties]. Scores of papers have been published on the rheological

behavior of nanocomposites, but only a few research teams have developed predictive

models. Different approaches have been used to describe PNC thermodynamics and

rheology: a self-consistent field (SCF) lattice model, molecular dynamic (MD) and

Monte Carlo simulations, continuum mechanics, molecular network–based models,

and the GENERIC approach (dynamic equations compatible with thermodynamics)

[Vaia and Giannelis, 1997a,b; Balazs et al., 1998, 1999; Zhang and Archer, 2004;

Anderson et al., 2005; Gu and Grmela, 2008].

MD was used for idealized nanocomposites containing 5 vol% of differently

shaped model nanoparticles: rodlike, compact (icosahedral, or 20-sided), and sheet-

like [Knauert et al., 2007]. The authors computed the relative shear viscosity, ηr , and

the tensile strength, τ, of the melt (see Figure 16.23). The one-order-of-magnitude

increase in ηr was explained by chain bridging between nanoparticles. The largest
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(Data from Utracki and Lyngaae-Jörgensen [2002] and Utracki et al. [2003].)

increase ηr and parallel to it, the number of bridging molecules was computed for rods

and the smallest for sheets. However, for ηr the shape of nanoparticles had a relatively

small effect. For τ the order was reversed and the effect of nanoparticle shape was

more pronounced. The sheets provided the largest increases in tensile strength, while

the other particles (especially rods) reduced the strength below the matrix value. Since

bridging could not explain these effects, the authors postulated that deformability of

nanoparticle sheets contributed to the strength by reducing the Poisson ratio. Simula-

tions were carried out for polymer–particle interactions that would favor dispersion.

However, even in such a case, MD suggested that aggregation of sheets is more severe

than that of other shapes.

Kairn et al. [2005] used coarse-grained MD for predicting the rheological behav-

ior of CaCO3 (D = 70 nm)-filled PP. Although there were some differences in scale

between the simulated composite and the experimental data, qualitative similarities

were noted in the shear behavior. Starr et al. [2003] investigated the effect of particle

clustering on the PNC rheological behavior. Systems with well-dispersed particles

showed higher η, especially at low γ̇ , which increased with concentration (φ ≥ 0.15).

From the hydrodynamic point of view, an opposite effect could be expected i.e., that

large rigid particles would provoke greater η than a collection of small ones, [Bicerano

et al., 1999]. However, the simulation indicated that clusters formed were dynamic, not

rigid. Moreover, the reduced molecular mobility of polymer near the particle surface

also increased viscosity. These results have been confirmed for PP-based PNC with

the same composition but a different degree of clay dispersion [Sepehr and Utracki,

2006].
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length for rod-like, compact (icosahedra), and sheet-like particles. (From Knauert et al. [2007].)

MD simulations, suitable for predicting the viscosity and time-dependent shear

modulus of PNC with nonentangled or weakly entangled polymers, are limited to

systems that have only a few nanoparticles. Borodin et al. [2005] used a multi-

scale modeling of PNC mechanical properties consisting of three steps: (1) creating

MD simulations of viscoelastic properties of the matrix and cylinder-filled compos-

ites, then postulating the position-dependent shear modulus; (2) starting with the

MD-simulated bulk– and interfacial–polymer properties, calculating the viscoelastic

properties of PNC using the material-point method (MPM); and (3) comparing the

viscoelastic properties obtained for a composite from the MPM with those from MD.

This strategy could be used for highly concentrated systems, complex geometries, and

a diverse level of attractive interactions between the matrix and filler particles. The

computing time was also reduced. The multiscale modeling of PNC properties is a

popular and useful approach discussed in many reviews (see, e.g., [Zeng et al., 2008]).

Pryamitsyn and Ganesan [2006] reviewed and suggested new uses for the coarse-

grained, momentum-conserving dissipative particle dynamic (DPD) method. The

model assumes spherical nanofillers of a fixed size radius, R = 2.5 units of the polymer

segment diameter, dispersed at φ = 0, 0.007, 0.11, 0.33, 0.43, and 0.5. The polymer

matrix was modeled as a beadstring of FENE type, with a chain length NP . The con-

centration was varied by changing the number of the dispersed particles, NC , while

keeping the number of polymer segment units constant. In simulations the shear rate

ranged from γ̇ = 5×10−4 to 1 s−1. To prevent particle aggregation a weak attractive

force was assumed between nanoparticles. The simulation suggested that the shear

flow of PNC is similar to that of colloidal suspensions, provided that the particle-

induced changes in the polymer rheology and polymer slip effects are accounted for.

At low nanoparticle loadings, matrix shear thinning dominates. At higher loadings, the
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NP = 16. See text. (From pryamitsyn and Ganesan [2006].)

flow is controlled by the particle–particle interactions. An example of the computed

relative viscosity versus deformation rate is shown in Figure 16.24. It is noteworthy

that at the highest clay concentration, the initial slope ∂ log ηr/∂ log γ̇ ⇒ − 1
2 .

Several authors used the continuum mechanics for modeling conventional poly-

mer composites as well as PNC. Ren and Krishnamoorti [2003] used a K-BKZ

integral constitutive model to predict the steady-state shear behavior of a series of

intercalated nanocomposites containing an organo-MMT and a disordered styrene–

isoprene diblock copolymer. The model predicts the low-γ̇ shear stress properties

calculated from the experimental linear stress relaxation and the relaxation-based

damping behavior. However, as it does not take into account the effect of clay platelet

orientation, it is unable to predict the shear stress behavior at intermediate γ̇ and the

normal stress behavior at all γ̇ and clay contents.

Letwimolnun et al. [2007] used two models to explain the transient and steady–

state shear behavior of PP nanocomposites. The first model was a simplified version

of the structure network model proposed by Yziquel et al. [1999] describing the

nonlinear behavior of concentrated suspensions composed of interactive particles.

The flow properties were assumed to be controlled by the simultaneous breakdown

and buildup of suspension microstructure. In this approach, the stress was described

by a modified upper-convected Jeffery’s model with a modulus and viscosity that are

functions of the suspension structure. The Yziquel et al. model might be written:

1

G(ξ)

δσ

δt
+

σ

η(ξ)
=

(
1 +

η∞

η(ξ)

)
γ̇ +

η∞

G(ξ)

δγ̇

δt
(16.37)

G(ξ) = G0ξ + G∞ (16.38)
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η(ξ) = η0

(
1

ξ
−1

)(n−1)/(n+1)

(16.39)

where δ/δt is the upper-convected derivative; σ and γ̇ are the stress and rate of

deformation tensors, ξ is the structure parameter, varying between 0 and 1; G(ξ)

and η(ξ) are the elastic modulus of the structured material and its power-law viscosity

(n being the power-law exponent); G∞ and η∞ are the elastic modulus and the viscos-

ity of the “destroyed” structure (here the matrix filled with noninteractive particles),

G0 + G∞ is the elastic modulus of the structured material at equilibrium; and η0 is a

characteristic viscosity.

For ξ = 1 the viscosity goes to infinity and the behavior is that of a solid or of

a material with yield stress. Hence, the model describes a transition from solid- to

liquidlike behavior as ξ decreases under applied stress from 1. The evolution of the

structure parameter ξ with time is described by a kinetic equation, where the structure

breakdown is related to the energy dissipated by the flow process:

∂ξ

∂t
=

k1

λ0
(1 − ξ) − k2

λ0

η0
ξ |σ : γ̇| (16.40)

where λ0 = η0/(G0 + G∞) is a characteristic relaxation time (assumed to be constant).

The first term on the right side of Eq. (16.40) accounts for the effects of Brownian

motion, responsible for the structure buildup at rest. In this model, n and η∞ are

determined by steady-state shearing. G0 + G∞ and G∞ are obtained from the plateau

values of G′ at small deformation for the nanocomposite and binary blend (PP/PP-

MA), respectively. The kinetic constants k1 and k2 and the characteristic time λ0

(or η0) are taken as adjustable parameters. The model predicted the values of stress

overshoot and the steady shear viscosity of PP/PP-MA/C20A as well as the effect

of structure reorganization during rest time and breakdown under flow. However, the

stress overshoot and steady-state plateau predicted were reached too rapidly.

The second model used by Letwimolnun et al. [2007] is an extension of that used

by Sepehr et al. [2004] for short fiber suspensions. A hydrodynamic diffusive term

related to the Brownian motion, Dr , was added to the diffusive term of the Folgar and

Tucker [1984] equation as D̃r = CI ¯̇γ + Dr in

ȧ2 =
Da2

Dt
=

1

2
(ωa2 − a2ω) +

λ

2
(γ̇a2 + a2γ̇ − 2γ̇ : a4) + 2D̃r(I − 3a2) (16.41)

where a2 and a4 are second- and fourth-order orientation tensors as defined by

Advani and Tucker [1987], with the trace of a2 equal to 1. A closure approxima-

tion is necessary for evaluating the fourth-order orientation tensor as a function of

the second-order tensor. In this study the natural closure approximation of Verleye

and Dupret [1994] was used; λ is a function of p′ (aspect ratio of oblate ellipsoid)

[i.e., λ = (p′2−1)/(p′2 + 1)]; γ̇ and ω are the rate-of-strain and vorticity tensors,

defined by γ̇ = κ + κt and � = κ − κt , where κ is the velocity gradient tensor, ¯̇γ

is the effective deformation rate, and CI is a phenomenological interaction diffusion
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coefficient; Dr defined in Eq. (16.18) is related to the Brownian motion [Larson, 1999;

Ren et al., 2003a,b]. The constitutive equation used for particle suspensions had the

general form [Lipscomb et al., 1988]

σ = −PI + ηs γ̇ + �
m + σp (16.42)

where P is the hydrostatic pressure, σ the sum of the contribution of the stress tensor

due to the viscoelastic matrix, σm, and the clay platelets, σp, defined as

σp = [ηs + η(�̇)] φ [A γ̇ : a4 + B(γ̇·a2 + a2·γ̇) + C γ̇ + FDra2] (16.43)

where η(γ̇) is the matrix viscosity, ηs is the Newtonian solvent viscosity, φ is the

particle volume fraction, and A, B, C, and F are rheological coefficients dependent

on p′. In this work the matrix was assumed to be Newtonian with a viscosity of

ηs [�m and η(γ̇) excluded]. The particle aspect ratio and the interaction coefficient

(p′, CI ) were used as fitting parameters; p′ controls the overshoot amplitude and CI

the steady-state value [Sepehr et al., 2004].

The model predicted stress overshoot and steady state η of PP-based PNC. How-

ever, it was unable to predict the effect of γ̇ on the overshoots (i.e., the growth of stress

overshoot amplitude with increasing γ̇). The structure reorganization of particles was

predicted qualitatively and the kinetics for the particle disorientation based on the

Brownian motion was too slow in comparison with experimental results [Solomon

et al., 2001; Lele et al., 2002; Ren et al., 2003a,b], which might imply that the matrix

recovery affects the clay orientation.

Sepehr et al. [2008] are investigating the viscoelastic Giesekus model [Giesekus,

1982, 1983; Bird et al., 1987] coupled with Eq. (16.41), with D̃r described by Doi

[1981]. The interactions between polymer and particles were incorporated following

suggestions by Fan [1992] and Azaiez [1996]. These authors used Eq. (16.42) with

the contribution to stress tensor caused by clay platelets [Eq. (16.43)] and viscoelastic

Giesekus matrix expressed as [Fan, 1992]

βχ�
m + β

ατ

η0
�

m·�m + τ�
m
(1) +

Mβ(1−χ)

2
(a2·�

m + �
m·a2) = 2ηmγ̇ (16.44)

where η0 is the polymer zero-shear viscosity, α the mobility factor, τ the polymer

relaxation time, and M = 3 (for three-dimensional flows); β and χ, are the friction

coefficient and the particle–matrix interaction parameter, respectively. The original

Giesekus model might be recovered by setting β and χ = 1. The simulation results of

this model, considering the effect of diffusive terms, D̃r /= 0, with β and χ /= 1, were

compared with the experimental results for 1015C2. The model predicted correctly

the shear and normal stress overshoots that occur at the same strain. The relaxation

behavior after the cessation of flow was also well described, providing a good pre-

diction of the subsequent stress growth behavior. Similarly, the increasing magnitude

of the shear stress overshoot peak with rest time was well described, and the neg-

ative values of N1 were qualitatively predicted. However, the model overestimated
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FIGURE 16.25 Stress overshoot for PA-6 based CPNC (Ube 1015C2): (a) shear stress; (b)

first normal stress difference behavior. The data measured (solid lines) or calculated (dashed

lines) for γ̇ = 5 s−1are in absolute values, while those at two other rates are displaced for clarity

by the value indicated in the figure [Sepehr et al., 2008].

the steady-state value of N1. The experimental and simulation data are compared in

Figure 16.25.

A similar model with different diffusive terms was used by Wang et al. [2006b]

for PS/CNT nanocomposites by neglecting the Brownian motion and assuming that

β and χ = 1. In that work, the steady shear viscosity was predicted correctly, but N1

was not.

A mesoscopic rheological model based on the GENERIC framework [Grmela,

1984, 1990, 1991, 2002; Grmela and Carreau, 1987; Grmela and Ottinger, 1997]

was recently proposed for CPNCs [Eslami et al., 2007; Gu and Grmela, 2008]. The

authors considered exfoliated CPNC with homogeneously dispersed platelets in a

viscoelastic FENE-P polymer matrix. The mesoscopic level of description implies

that the matrix macromolecules are characterized by a conformation tensor, c, and

clay lamellae by another conformation tensor, a. Having chosen the state variables,

the model is formulated by writing down a framework for the governing equations and

then filling the framework by specifying the kinematics of the state variables, the free

energy, Φ, and the dissipation potential, Ξ. For viscoelastic matrix and clay platelets,

the authors generalized the FENE-P and Jeffery models [Jeffery, 1922; Bird et al.,

1980] using a formulation with free energy and specifying the dissipation potential

as:

∂c

∂t
= −∇(c·Φu) −

1

2
(ω·c − c·ω) +

1

2
(γ̇·c − c·γ̇) −

∂Ξ

∂Φc

(16.45)

∂a

∂t
= −∇(a·Φu) −

1

2
(ω·a − a·ω) +

(
−

1

2
(γ̇·a − a·γ̇) +

1

A0
tr(a·γ̇)a

)
−

∂Ξ

∂Φa

(16.46)
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with the constitutive equation

σ = −2c·Φc + 2ξa·Φa −
2

A0
ξa tr(a·Φa) (16.47)

where u is the momentum field of the fluid per unit volume and A0 = tr a is the

surface area of the platelet. The first term in Eqs. (16.45) and (16.46) was added

to include the case when a and c depend on the position coordinate r. In this

approach, the arbitrariness of closure approximation had been avoided by formulat-

ing the governing equations directly on the conformation tensor level. By appropriate

choice of Ξ and Φ, the model is able to express important physical features (e.g.,

polymer–platelet and platelet–platelet interactions). The dissipation potential chosen

was assumed to be a function of free energy and the mobility tensors of polymer,

platelet, and their coupling. The authors compared the experimental data from the

literature in steady and transient shear flows with the model predictions. The results

showed a qualitative agreement for startup flows at high γ̇ but less satisfactory at

low flows. Moreover, the stress overshoot predicted reached a steady-state plateau

sooner than the experimental overshoot, indicating faster orientation of clay parti-

cles in the flow direction. For steady shear flow, model predictions and experimental

data were in good qualitative agreement, especially for PNC with low nanofiller

content.

Sarvestani and Picu [2004] proposed a molecular network model of nonentangled

polymer matrix with less than 10 wt% of nanofiller particles. The model assumed the

creation and destruction of loops, tails, and bridges between nanoparticles. The stress

tensor contains contributions pertaining to bridging and dangling segments (B and D,

respectively):

σ =
∑

i

(〈FB
i R〉B + 〈FD

i R〉D) Fi(R) =
−3kBT

il2

R

1 − (R/il)2
(16.48)

The relation was solved by MC lattice simulations of the steady shear flow. Several

levels of polymer–filler interactions and concentrations were explored. The viscoelas-

tic response was found to depend on the lifetime of the polymer–filler junctions. As

expected, the largest effect of the nanofiller was found at low strain rates or frequen-

cies. Solidlike behavior was predicted for systems in which the polymer molecules

interact strongly with the nanoparticles (i.e., with the network of bridging segments).

Next, the authors extended the model to PNC with an entangled polymer matrix

[Sarvestani and Picu, 2005]. Entanglement effects were introduced by assuming that

diffusion in the chain contour (tube) direction is larger than that in the transverse

direction. Owing to the strong polymer–filler interactions, incorporation of particles

reduced the macromolecular mobility in both tube directions. The authors assumed

that only frictional interactions affect chain dynamics and stresses. The effects of such

model parameters as polymer–filler affinity, anisotropy of diffusion in the longitudi-

nal and transverse tube directions, and the polymer–filler attachment fraction were
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evaluated. The model simulation was compared successfully with experimental data

of shear viscosity and alignment angle versus γ̇ .

The model was extended to suspensions of monodispersed nonaggregating rigid

spherical particles in diluted solution of unentangled monodispersed macromolecules

[Sarvestani and Jabbari, 2007]. The viscoelastic response postulated depended on the

monomer–filler interactions, concentration of particles, and surface friction. These

factors increased the shear viscosity, shear thinning, and solidlike behavior at low

frequency. For example, the low-frequency G′ plateau increased with increasing inter-

actions, friction coefficient, and volume fraction of solid particles, but decreased with

increasing particle size. Next, Sarvestani [2008] presented a theory for the linear

viscoelastic behavior of entangled polymeric liquids reinforced with low filler of

nonaggregating colloidal nanoparticles. The model assumes that a fraction of entan-

gled chains is adsorbed reversibly on the particle surface. The onset of solidlike

behavior at low frequency originates in sluggish relaxation of adsorbed chains.

Since nanoparticles in PNC are orders of magnitude smaller than conventional

reinforcements, the models developed for composites are not applicable to nanocom-

posites. However, development of a universal model for PNC is challenging since

the shape, size, and dispersion of the nanoparticles vary widely from one system to

another. On the one hand, exfoliated clay provides vast surface areas of solid particles

(ca. 800 m2/g) with a large aspect ratio that adsorb and solidify a substantial amount of

the matrix polymer, but on the other hand, the mesoscale intercalated clay stacks have

a much smaller specific surface area and small aspect ratio. However, in both these

cases the particle–particle and particle–matrix interactions are much more important

than in conventional composites, affecting the rheological and mechanical behavior.

Thus, the PNC models must include the thermodynamic interactions, often neglected

for standard composites.

16.3 SOLID-STATE VISCOELASTIC BEHAVIOR

The viscoelastic behavior of molten CPNC has been discussed as part of the melt rhe-

ology. At present the focus will be on the solid-state behavior (e.g., below the melting

point, Tm , or the glass transition temperature, Tg ). This division for the melt and solid

viscoelasticity is artificial, motivated on the one hand by different instruments and on

the other by the lack of systematic studies spanning liquid and solid states of PNC, as

has been done for neat polymers [Ferry, 1980]. The dynamic tests are usually carried

out as a temperature scan at a low heating rate (e.g., 1 to 5◦C/min and at constant

frequency, usually v = 0.1, 1.0, or 10 Hz). The results are expressed as either absolute

or relative (to the matrix) storage modulus, showing strong temperature dependence.

There are attempts to replace the steady-state mechanical testing of CPNC by dynamic

scans, but the moduli obtained from these two tests often differ. However, since the

relative quantities [e.g., G′(PNC)/G′ (matrix)] correlate closely with the steady-state

tensile modulus, E(PNC)/E(matrix), the problem might be related to the instrument

calibration and experimental procedure, not to the fundamentals.
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16.3.1 Nanocomposites with an Elastomeric Matrix

Viscoelastic properties of elastomer-based CPNCs were measured at a constant fre-

quency of 1 Hz as a temperature sweep of the dynamic moduli. Exfoliated CPNCs

with polybutadiene (BR) or polyisoprene (IR) matrix were prepared by in situ anionic

polymerization, with Tg increasing by about 10◦C upon incorporation of 6.2 wt%

organoclay [Liao et al., 2005, 2006]. However, contrary to expectations, these CPNCs

did not show improved dynamic tensile storage modulus, E′.

A recent review summarized the preparation and properties of CPNCs with an

elastomeric matrix [Utracki, 2008]. As in the case of CPNCs with a thermoplastic

matrix, the enhancement of properties depends on (1) clay volume fraction, (2) degree

of clay dispersion, (3) clay aspect ratio, and (4) clay–matrix interactions. During

melt mixing the degree of dispersion as well as attrition of clay platelets and loss

of intercalant occur simultaneously. In consequence, there is an optimum mixing

time and temperature for the desired set of properties. Throughout the process the

macromolecules must diffuse into interlayer spacing in clay stacks. For this reason,

addition of inorganic clay (e.g., Na-MMT) to molten rubber leads to microcomposites

with clay particles dispersed in the matrix, resulting in poor performance. By contrast,

preparation of exfoliated CPNCs starting with rubber latex and mineral clay has

been reported. The process involves: (1) dispersion of Na-clay in water, possibly

with a stabilizer; (2) preparation of rubber latex; (3) combining the two suspensions;

(4) coagulation; and (5) vulcanization. Since the ammonium intercalants are thermally

unstable at T>130 ◦C, the use of nonintercalated clay is beneficial.

The degree of clay dispersion in the final product depends on the clay content,

additives, and procedure (i.e., addition of vulcanization ingredients, coagulation, vul-

canization, etc.). Usually, incorporation of a solid filler increases the modulus and

tensile strength, but at the expense of the elongation at break. By contrast, the addi-

tion of clay to rubber often shows the increased modulus and tensile strength of

vulcanized CPNCs with about constant elongation at break. Full exfoliation is pos-

sible at w ≤ 1.14 wt% MMT; above this limit, locally, platelets form stacks with the

d001 decreasing with increasing w. In consequence, the performance parameters of

CPNCs, even under the most ideal conditions, go through a maximum; in most cases

the optimum clay content ranges from 2 to 5 wt%. Even at poor clay dispersion, as

judged from the d001, the inorganic clay in latex shows a good performance. This may

indicate that even in the presence of clay stacks there is a high concentration of indi-

vidual clay platelets. Their dispersion is stabilized by adsorbed macromolecules, and

then by vulcanization. In many cases the semisynthetic FM with aspect ratio p ≤ 6000

engenders better performance than does MMT. It is noteworthy that the enhancement

of matrix stiffness (or relative tensile modulus) by incorporation of 5 wt% clay (inor-

ganic) is Er ≡ E(CPNC)/E(matrix) = 1.15, 2.0, and 5.5 for glassy, semicrystalline

thermoplastic, and elastomeric matrix, respectively. In other words, at 5 wt% clay

loading, the CPNC modulus increases by up to 15, 100, and 450% over the matrix

modulus, respectively [Utracki, 2009].

Dielectric relaxation spectroscopy (DRS) was used for studies of the effects

of confinement, the type and concentration of clay, and the molecular weight of
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elastomers. CPNCs with polyisoprene (IR) as the matrix were prepared by a solution

with ≤ 10 wt% C25A or C30B. The tests showed that the average relaxation time

for normal and segmental modes was independent of clay loading of w ≤ 10%, but

the dc conductivity and interfacial polarization increased with it. The authors con-

cluded that the type of clay, its concentration, or the unentangled matrix molecular

weight affects the segmental dynamics, indicating that the time and length scales

of the α -process remain unaffected. The average relaxation time of CPNCs with

high-molecular-weight IR has increased, as expected [Mijović et al., 2006].

Styrenic thermoplastic elastomers (TPSs) are block or random copolymers with

“soft” and “rigid” parts [Legge et al., 1987]. Their temperature sweeps at constant rate

are expected to show two Tg ’s (e.g., at −80 and +100◦C), corresponding to the two

components modified by the degree of domain dispersion (alternating and most ran-

dom copolymers show a single Tg ). However, CPNCs prepared by the co-dissolution

of poly(styrene-b-butadiene) (SBS) with up to 7.5 wt% organoclay, showed no change

in the rubber Tg ’s, a small decrease of PS-block Tg , and an increase of E′ by about

25% [Liao et al., 2004]. By contrast, anionically polymerized SBS in the presence of

≤ 4 wt% organoclay was found to display both effects: small increases in Tg ’s and

increased modulus [Zhang et al., 2006]. Similar behavior was reported for maleic

anhydride (MA)–compatibilized systems [Chang et al., 2004].

Another segmented elastomer, the thermoplastic urethane (TPU), is one of the most

versatile materials, due to its biocompatibility, elasticity, and abrasion resistance. The

segmental flexibility, chain entanglement, and cross-linking influence the properties

and determine application of the end products. TPUs are block copolymer with alter-

nating soft and rigid blocks, separated into two phases. Jin et al. [2006] investigated

the viscoelastic properties of CPNCs, comprising organoclay dispersed in TPU with

different hard segment contents. The TPU/C20A nanocomposites were prepared by in

situ polymerization, molded, and cured. Unfortunately, no information was reported

about the degree of clay dispersion. The dynamic temperature scan was performed

in the bending mode from −80 to 200◦C at 10 Hz, heating at 3◦C/min. The addition

of organoclay increased the TPU elasticity, decreased its damping property, and sig-

nificantly improved the thermal stability, but the effects on the tensile modulus were

small, dependent on the hard segment content (i.e., incorporation of 3 wt% of organ-

oclay to TPU containing 18, 26, 32, and 36 wt% hard segments changed the matrix

modulus by −19, −17, +7, and +5%, respectively). The dynamic testing yielded

similar results. While below Tg ≈ −30◦C, the E′ of neat PU and its nanocomposites

was about the same, above Tg the addition of organoclay had different effects on

E′, depending on the hard segment content: At low temperature the relative modulus

decreased and at high temperature it increased, but as for E the changes for E′
r were

small.

Navarro-Bañón et al. [2005] reported a similar decrease for TPU with nanosilica

(D = 7 nm) having different degrees of silanization from 15.5 to 100%. In that study,

the Tg of TPU soft segments (≈ −22 ◦C) did not vary with nanosilica content.

The authors reported that initially, at T = −80 to −30 ◦C, E′ increased, but then

it decreased at T = 10 to 50◦C. More recently, elastomeric TPU was prepared by dis-

persing C30B in polyol and polymerizing the system [Berta et al., 2009]. The dynamic
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FIGURE 16.26 Relative tensile moduli, static and dynamic, for lightly maleated ERP with

clay (circles), talc (squares), and carbon black (diamonds). (From Hasegawa et al. [2004].)

moduli, Young’s modulus, and flammability all increased with improved degree of

dispersion.

Mousa et al. [2006] used an internal mixer for compounding PVC nitrile rub-

ber(NBR) with 50 phr of DOP and up to 10 phr of MMT preintercalated with

trimethyl amine. No information about the clay dispersion was reported, but its addi-

tion increased the storage and loss moduli by a factor of 16 to 35, supposedly caused by

the interactions between the intercalant ammonium groups and the PVC/NBR matrix.

Ethylene–propylene–rubber (EPR) and ethylene–propylene–diene–rubber

(EPDM) constitute another large group of TPOs (olefinic thermoplastic elastomers).

For CPNCs there is a need for compatibilization with maleated compounds (e.g.,

EPR-MA). For example, melt-compounded EPR-MA (0.42 wt% MA) with MMT-

octadecyl amine (ODA) was compared to EPR compounds containing carbon black

or talc [Hasegawa et al., 2004; Ahmadi et al., 2005]. The organoclay was found to be

exfoliated and dispersed homogeneously. As shown in Figure 16.26, the CPNC had

higher relative tensile moduli than those of conventional composites. A difference

between the moduli measured under steady state and dynamic deformation was

noted. The difference originated not only in the method of deformation but also

in temperature. Although the difference in temperature was not large (20◦C for

E′versus 25◦C for tensile test), the plot of E′
r versus T showed a broad maximum

plateau at ∆T = 0 ± 50◦C.

Gatos and Karger-Kocsis [2005] studied the clay dispersion and viscoelasticity of

CPNC based on sulfur-cured EPDM. The organoclays MMT-ODA or MMT-3MODA

were incorporated at 10 phr. The resulting CPNCs were intercalated or exfoliated,

respectively. The dynamic temperature scan was performed at 2oC/min and 10 Hz.

At T = −80 to −40◦C the E′ of both CPNCs was about the same, about 25% higher

than that of the matrix. Significant differences were reported for T > −10◦C, Er ’s of

the exfoliated and intercalated CPNC was E′
r ≈ 2.3 and 1.7, respectively.
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r , vs. clay content at about the same temperature.

Circles, Young modulus; squares, storage modulus. (From Liu et al. [2006].)

Nanocomposites with EPDM have been compatibilized with EPDM-MA. The

viscoelastic data resembled those observed for the styrene copolymers: small changes

in Tg and modulus [Li et al., 2004]. However, the effect of MMT-ODA on E′
r depended

strongly on T: In CPNC with 5 wt% organoclay at −100 ◦C, E′
r ≈ 1, while at 25◦C

it reaches a maximum value of 2.6, compared with Er = 1.4 at this temperature.

According to x-ray diffraction and transmission electron microscopy the CPNC was

exfoliated and dispersed uniformly.

EPDM-based nanocomposites were melt-compounded with MMT preintercalated

with MA that compatibilized the system and accelerated curing [Liu et al., 2006].

The CPNC comprising < 10 wt% MMT was exfoliated. The mechanical properties

were measured under steady state and dynamic conditions (at 3oC/min and 10 Hz).

Figure 16.27 displays the relative moduli versus clay content. Manifestly, there is a

significant difference between Er and E′
r. The absolute values of E range from 1.9 to

2.4 MPa, while those of E′ from 1 to 3.9 MPa; reversed difference was reported by

Mishra et al. [2005] for TPO-based PNC. There E ranged from 13.2 to 22.6 MPa, in

comparison to E′ which varied from 47 to 137 MPa.

There is a growing tendency to incorporate nanofillers into polymer blends. When

the two polymers differ significantly in rigidity, their behavior resembles that of TPE.

For example, a blend of PA-6 with PP (PA-6/PP = 70/30) compatibilized with EPR-

MA was melt-compounded with 4 phr of MMT-ODA [Chow et al., 2005]. The CPNC

had a high degree of clay dispersion and distribution. The dynamic mechanical thermal

analyzer (DMTA) data (at 10 Hz) showed a tendency opposite to that observed for

TPE: The largest enhancement of E′ was obtained for non-compatibilized CPNC

at the lowest temperature of −100 ◦C (by about 25%); the addition of EPR-MA

reduced this effect by one-half, up to +100◦C. However, for these systems the tensile

moduli measured in steady state and dynamic mode at 23◦C were comparable (i.e.,
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E = 1.99 and 2.25 GPa for the compatibilized matrix and CPNC, whereas E′ = 1.62

and 1.97 GPa, respectively). The matrix Tg of the compatibilized CPNC increased by

about 10 ◦C. Review of polymer blends rheology (with or without nanoparticles) was

recently published [Utracki, 2010].

16.3.2 Nanocomposites with a Vitreous Matrix

Fu and Qutubuddin [2001] prepared exfoliated CPNC with PS as the matrix. Systems

containing ≤ 7.6 wt% MMT were analyzed using a dynamic mechanical analyzer

(DMA) with a three-point bending fixture at 1 Hz and a 5◦C/min heating rate from

T = −25 to 100◦C. The values of the shear storage modulus, G′, were reported to

be comparable to those of the flexural modulus. Up to T ≈ 60◦C the G′
r value was

constant, increasing with MMT content (see the dotted line in Figure 16.28). Similarly,

exfoliated PS/MMT was prepared reactively and tested in DMA at 1 Hz and 5oC/min

[Uthirakumar et al., 2004]. The relative dynamic modulus is also displayed in Figure

16.28, along with values calculated from Li et al. data [2005]. Results from these three

sources follow a similar dependence. Considering the high modulus of the polymer

matrix, the enhancement of rigidity observed upon incorporation of clay is impressive

[Utracki, 2008].

In contrast with the results obtained for elastomers, incorporation of clay into

vitreous PS-type matrix has a significantly smaller effect on the modulus. From a

physical point of view, there is a large difference of molecular mobility between these

two types. Whereas in elastomers the reinforcement takes place in a high-mobility

liquidlike environment above Tg , in the vitreous systems represented by PS the tests

are conducted at T < Tg . It would be expected that during the steady-state deformation

of elastomeric CPNC, the clay platelets might orient in the stress direction and thus

lead to lower modulus than that measured at low strain in dynamic mode.
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In their review, Schmidt et al. [2002] focused on the dynamics of the clay–matrix

interface. The MD simulation revealed the presence of three-layer intergallery struc-

tures with intercalant molecules close to the clay surface and macromolecules in the

central layer. In the case of PS-based CPNC, because of interactions between the

clay surface and aromatic rings, the polymer might diffuse toward the silicate. Fur-

thermore, the model suggested that adjacent layers might have different densities.

Within a specific range of temperature and pressure, the high- and low-density layers

show solid and liquidlike dynamics, observed by cross-polarization spin-echo nuclear

magnetic resonance (NMR) spectroscopy [Zax et al., 2000].

Okamoto et al. [2000, 2001a] investigated the dispersed structures in PNC with

PMMA or its copolymers (MMA with polar monomers) as the matrix. The PNC was

prepared by in situ polymerization with 10 wt% of organically modified smectic clay,

obtaining intercalated nanocomposites. The storage tensile modulus E′ and tan δ of

PMMA–clay and PMMA–intercalant were similar. However, when copolymers were

used as the matrix, the E′ of PNC increased over the entire temperature range, but

tan δ peaks shifted to lower T.

Hsieh et al. [2004] investigated the mechanical and flow behavior of polycarbon-

ate (PC)-based CPNC, prepared in a corotating TSE with 1.5 to 5 wt% C25A. The

rubbery plateau modulus of PNC with finely dispersed intercalated clay decreased

significantly. PNC with 5 wt% clay had Tg lower by about 10◦C than neat PC, traced

to the degradative reduction of its Mw by 43%.

16.3.3 Nanocomposites with a Semicrystalline Matrix

CPNCs with a semicrystalline matrix have complex morphology and diverse mobility,

as the type and level of crystallinity varies and the Tg of the matrix polymer may be

below or above the ambient temperature. There is also a greater diversity of chemical

composition of these polymers. Considering the industrial importance of CPNC with

PA-6 and PP matrices, only these two types are discussed.

PA-6-Based CPNC Polyamides are hygroscopic and their performance depends on

the amount of absorbed moisture. PA-6 may be plasticized with up to 6 wt% H2O,

which reduces the modulus and lowers the transition temperatures. Dry polymer melts

at Tm = 219◦C and has three lower transition temperatures: Tg ≈ 60, Tβ ≈ −60, and

Tγ ≈ −130◦C, well defined in the loss modulus versus T plots.

Vlasveld et al. [2005] investigated the viscoelastic properties of melt-compounded

PA-6 with 1 to 20 wt% nano- and microparticles: fluoromica ME-100 and its organi-

cally modified MEE grade, nanosilica (D = 20 to 50 nm), fiber-shaped nanoparticles

(D = 10 to 30 nm, L − a few hundred nanometers), and then glass beads (D = 30 �m),

glass fibers (D = 10 �m, L = 4 mm), and glass flakes (t = 2.5 �m, L = 50 to 1800 �m).

DMA tests at 1 Hz and heating rate of 5◦C/min (T = −130 to 200◦C) showed that the

modulus of PNC with 1 to 20 wt% ME-100 increased with silicate concentration over

the entire temperature range, while Tg remained constant. PNC with MEE clay had a

good dispersion of high-aspect-ratio platelets, which resulted in higher E′ values than

those of inorganic ME-100. The particle shape also affected the performance. Thus,
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spherical particles showed the smallest modulus enhancement and platelets the largest.

For microparticles the shape at a constant filler content of 5 wt% showed a trend sim-

ilar to that seen for nanoparticles (except that at high temperatures, where glass fibers

were more effective than flakes). The test results confirmed that microparticles are

significantly less effective than nanoparticles.

Winberg et al. [2005] investigated how the incorporation of clay into PA-6 affects

the free-volume cavity size and the viscoelastic properties. The CPNC contained 4

to 35 wt% C20A. DMA tests were performed using an automated torsion pendulum

while heating at 2◦C/min from 173 to 473 K at 1 Hz. The authors reported enhance-

ment of E′ with clay content (i.e., E′
r = 1.3 to 1.6 at T<Tg and E′

r = 1.3 to 3.3 at

Tg < T = 373 K). Furthermore, at = 0 to 120◦C, the loss modulus, E′′ increased with

increasing clay content.

Incarnato and co-workers [2004] reported that at constant clay content the CPNC

modulus increases with the extrusion rate. Addition of clay shifted the main E′′

peak position by about 60 to 70◦C. The same authors [2003] also investigated the

viscoelastic properties of a PA-6 and its statistical, partially aromatic copolymer,

ADS, with 3, 6 and 9 wt% C30B. In tensile mode the low-T relative modulus, E′
r

increased from 1.15 to 1.54 (at 1 Hz and 5◦C/min). The influence of clay on Tg might

be attributed to the confinement of polymer chains in silicate galleries, which partially

hinders the molecular motion [Ash et al., 2002]. It is significant that Tg does not always

increase with organoclay content, as the outcome is influenced by the type, quantity,

and miscibility of the plasticizing intercalant.

PA-6-based CPNCs with up to 10 wt% MMT-ODA were analyzed in DMA (at

1 Hz and 3 K/min; T = 143 to 383 K) [Pramoda and Liu, 2004; Li et al., 2007]. The

melt-compounded nanocomposites were exfoliated at w < 5 wt% MMT-ODA. The

organoclay presence affected PA-6 crystallinity and crystalline morphology (e.g.,

change from α- to γ-crystalline form). The dependence E′ versus T increased with

clay loading. At least up to Tg , the curves for different clay concentrations were par-

allel to each other, similar to PS-based PNC, where the relative tensile modulus was

T-independent. Plots of E′ and Tg versus organoclay content showed the opposite ten-

dency: dE/dw = 0.06 and dTg /dw = −1.03, with correlation coefficients of 0.93 and

0.98, respectively. However, as shown in Figure 16.29, E′ strongly decreased with

increasing Tg, indicating that the scatter of the data was related to the variability of

CPNC morphologies. This behavior is not unusual, indicating the reduction of molec-

ular mobility by solidification on a clay surface and possible reduction of crystallinity

in the presence of immiscible ODA intercalant. It is noteworthy that CPNC type and

performance depends on the type and quantity of intercalant and other additives [Chiu

et al., 2005].

PP-Based CPNC In PP, Tg ≈ 0◦C, and at T < Tg , as for PS or PA-6. for different

clay loadings the dynamic moduli of CPNC versus T nearly parallel each other; hence,

the relative moduli E′
r = E′ (CPNC)/E′ (matrix) is almost constant. Wu et al. [2005b]

prepared PP-based CPNC by solution blending of PP + PP-MA with MMT preinterca-

lated with cetyl pyridinium and hexamethylene diamine (HMDA)–modified PP-MA.

The nanocomposites contained 0 to 5 wt% of well-dispersed organoclay. DMA
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FIGURE 16.29 Dynamic storage modulus vs. Tg for PA-6 with 0–10 wt% MMT-ODA.

analysis (1 Hz, 2◦C/min from −80 to 90◦C) showed significant increases of modulus

at T < Tg :E′
r = 1.09, 1.48, and 1.67 for 1, 3, and 5 wt% organoclay, respectively.

At Tg < T = 80◦C the relative modulus increased even more rapidly: E′
r ≈ 4.1, 7.1,

and 7.9. However, as in other publications, the dynamic behavior was found to

depend on the type of intercalant and compatibilizer as well as their amounts. Thus,

the relative storage modulus of PP-based CPNC (with 5 wt% MMT-ODA and 0 to

20 wt% compatibilizer) was: E′
r = 0.89 to 1.2 and 0.95 to 1.6 at −68 and +124◦C,

respectively [Zhong et al., 2006]. Similarly, E′
r of CPNC of PP + PP-MA + 10 wt%

MMT-ODA decreased with T, converging from widely different values at −30 to a

single value at 170◦C [Wang et al., 2006]. At T < Tg , the magnitude of E′
r ≈ 1.08 to

1.4 depended on the PP-MA molecular weight (Mw ), while at T > Tg , E′
r reached a

maximum at T ≈ 58◦C. Incorporation of 10 wt% TPO [poly(ethylene-co-octene) with

Tg ≈ −50◦C] significantly affected the relative moduli below and above Tg [Lim et

al., 2006]. Thus, at 1Hz and 5 K/min, in the absence of TPE, E′
r = 1.57 and 1.38 at

193 and 293 K, respectively, while in its presence E′
r = 1.38 and 1.13, respectively,

at these temperatures. The tensile modulus of these CPNC (at room temperature?)

without and with the TPE was smaller: Er = 1.23 and 1.11, respectively.

Modesti et al. [2006] investigated the effects of processing on the thermal behavior

of PP-based CPNC. The authors used a homopolymer, compatibilizer (PP-MA), and

3.5 or 5 wt% organoclay. The composition was melt-compounded in a corotating

TSE (D = 42 mm, L/D = 40). The CPNC storage modulus increased less rapidly in

PP without than with PP-MA. Furthermore, the modulus enhancement increased with

increasing clay content, especially at low temperature. At T < Tg , the PP-PNC and

PP-MA-PNC showed E′
r = 1.05 to 1.13 and E′

r = 1.2 to 1.25, respectively; these

values changed to 1.2 and 1.5 at T = 80◦C. Processing also affected clay dispersion

and the dynamic-mechanical properties. The best results were obtained using low

barrel temperature and high shear stress.
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Kim et al. [2006] investigated a novel fabrication method by applying an electrical

field to enhance the clay dispersion. Melt compounding with an electrical field of

PP/PP-MA with 5 wt% C20A improved the clay dispersion. The treated electrically

PP-clay showed larger storage and loss moduli over the entire temperature range.

However, the Tg value of PP was unaffected by compounding and addition of clay.

Wang and Sheng [2005] prepared a PP-based PNC by using 1 to 7 wt% organi-

cally modified attapulgite clay, which has a three-dimensional structure and fibrous

morphology. The zeolite-like clay channels could be filled with water or organic

molecules. The viscoelastic properties of these materials showed remarkable enhance-

ments of E′ at low temperature, with the largest increase at 2 wt% clay loading:

E′
r = 2.7 for 2 wt% compared with E′

r = 1.4 for 3 wt%. The PNC with 1 and 5 wt%

clay had comparable stiffness ofver the entire temperature range. An increase of Tg

for PNC with 2 wt% clay was also noted.

Liu and Wu [2001] investigated PP-based PNC prepared by melt compounding

with clay preintercalated with unsaturated monomer, capable of tethering onto PP

backbone. The resulting CPNCs were intercalated. At low T the relative storage

modulus, E′
r increased with organoclay loading from 1.37 for 1 wt% to 1.59 for

7 wt%, and at T = 135◦C from 1.36 to 2.0. The E′′ also increased at T > Tg . The Tg of

PP initially decreased with organoclay content, reaching a minimum at 3 wt% clay.

The dynamic mechanical behavior of PP-PNC was studied by Kawasumi et al.

[1997]. The CPNCs contained PP with 5 wt% of two types of clay (a MMT Kunipia-

F and a fluoromica ME-100), and two types of PP-MA. Owing to the high aspect ratio

of ME-100, it enhanced E′ more than MMT; the relative modulus at T = 80 to 90◦C

was E′
r = 2.4. Below Tg , E′

r ≈ 1.3 to 1.4; then it increases with T to 1.7 to 2 before

decreasing near Tm .

Few reports compared the dynamic and steady-state moduli. Figure 16.30 shows

the dynamic storage plotted versus the steady-state Young’s modulus for three differ-

ent families of CPNC based on PA-6, PP, and PS with 2 wt% MMT-ODA. The tensile

and dynamic tests were conducted at room temperature using the same injection-

molded dogbones (ASTM D638). At 1 Hz and 2◦C/min, the dynamic tests were

within the linear viscoelastic zone. The value of Young’s modulus was larger than the

storage value, but a linear correlation was observed.

In CPNCs the improvement in the steady-state and dynamic moduli depends on the

matrix modulus, the clay aspect ratio, its degree of dispersion, and interaction between

the clay and the matrix. Furthermore, the reinforcement (expressed by the relative

modulus, Er or E′
r) depends on the T distance from Tg . The largest improvement in the

storage modulus belongs to PNC with the lowest Tg , hence to elastomer-based CPNC

with Tg < 25◦C, and the smallest to glassy (e.g., PS-based) CPNC with Tg > 25◦C;

the reinforcement of dried PA-6-based CPNC was moderate. A comparison of pub-

lished steady-state and dynamic moduli shows some differences between these two

sets of data, whereas the new values determined for the three types of CPNCs under

controlled conditions show acceptable agreements. The relative modulus in Figure

16.31, E′
r = E′

c/E
′
m provides a more relevant measure of clay addition effects than

that of the absolute values. Furthermore, the relative moduli seem to have a smaller

standard deviation, and its values in dynamic and steady-state tests are more compa-
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FIGURE 16.30 Dynamic storage modulus vs. steady state Young modulus for three differ-

ent families of PNC based on PA-6, PP and PS with 2-wt% MMT-ODA and their matrix at

T = 25◦C.

rable. The differences often noted may be due to the nature of the matrix, nonlinear

viscoelastic response, difference of the rate and magnitude of applied strain that may

orient the platelets, miscalibration of instrument, and so on. Therefore, before the

dynamic tests are used as a convenient replacement of the standard tensile or flexural

method, a systematic study is needed to optimize the test procedures [Utracki, 2009].

There is a need for thorough studies of the solid viscoelastic properties of CPNCs.

A single sweep of temperature at a single arbitrarily selected frequency and heating
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FIGURE 16.31 Relative storage vs. relative tensile modulus for PA, PP and their melt com-

pounded CPNC at T = 25◦C with different degree of clay dispersion. (From Sepehr and Utracki

[2006].)
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rate, or the reverse of frequency at a constant T, are insufficient for correlating with

the standard tensile test results. Since these two types of measurements gave similar

results for CPNCs with a rigid matrix (vitreous or semicrystalline polymers at ambient

T), the differences reported between E and E′ may originate from the different clay

platelets orientations imposed by sample preparation and test conditions, especially

at T > Tg .

16.4 SUMMARY AND OUTLOOK

The rheological studies of CPNCs in shear and elongation demonstrate that even at

low clay loading the flow might be complex. Nanofiller orientation, crowding during

solidification, and the seldom considered chemical changes (e.g., decomposition of

intercalant) might affect the interlayer spacing and performance. CPNCs show a

range of performances, starting with the traditional behavior of filled systems and

ending with end-tethered nanocomposites having distinct flow characteristics. For

end-tethered CPNCs, at low or moderate clay concentrations, the shear flow may be

interpreted using LCP theories. Following the Onogi and Asada [1980] classification,

three regions of flow might be identified:

1. At low deformation rates, there is a solidlike yield stress behavior with the slope

−1/2, caused by disintegration of a three-dimensional structure.

2. At middle strain rates, assemblies of clay platelets undergo either a tumbling

(in shear) or stretching (in elongation).

3. At high deformation rates, the platelets become oriented in the stress direction,

which causes the viscosity to decrease almost to the matrix level.

In end-tethered systems, three-dimensional structures are observed at about 0.5

vol% clay. These are responsible for nonlinear viscoelastic flow behavior, which may

be characterized by stress overshoot or FTR experiments. These methods are well

suited for quantification of the nonlinear effects as a function of composition, strain

rate, strain, temperature, and so on. The unique character of CPNCs is evident in

extensional flow. The still infrequent studies of these flows lead to the conclusion that

the presence of exfoliated clay platelets able to interact with the matrix (e.g., in end-

tethered systems) might enhance the strain hardening. This effect agrees well with the

hairy clay platelet (HCP) model of CPNC. Accordingly, in analogy to the improved

processability of some resins by blending them with branched homolog (e.g., indus-

trial blends of LLDPE with LDPE), one may use the CPNC technology to improve

film blowing, blow molding or foaming, and microfoaming of difficult-to-process

resins. At high extensional flow rates, the platelets may be oriented perpendicularly

to the stretch direction, which causes the transient viscosity to move into the strain-

hardening region. Both effects are stronger for end-tethered than for free platelets

systems, especially at higher levels of clay loading.



REFERENCES 695

More work is required to resolve several rheological problems of PNC flow in

shear and elongation. Conventional elongational measurements need to be combined

with the structure-characterizing methods, such as light, x-ray, or neutron scattering,

to record changes in orientation and degree of clay dispersion during flow. Finally,

as illustrated in Section 16.2.7, modeling of the rheological properties of PNC is still

in its infancy. Molecular dynamics approaches appear to be promising, as computers

are faster and better performing and the possibility of simulating the behavior of

millions of particles in three-dimensional flows using parallel computers opens up

new frontiers for MD. Nevertheless, better, more realistic phenomenological models

need to be developed. Such models incorporated in a simulation software package will

be useful not only for characterization, but primarily for predicting correct behavior

(stresses, structure, orientation) under real processing conditions as encountered, for

example, during injection molding.
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