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Rheology in Polymer/Clay Nanocomposites:
Mesoscale Structure Development
and Soft Glassy Dynamics
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Toyota Technological Institute, Japan
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3.1 Introduction

Over the last few years, the utility of inorganic nanoscale particles as filler to
enhance the polymer performance has been established. Of particular inter-
est is recently developed nanocomposite technology consisting of a poly-
mer and organically modified layered filler (organo-clay), because they often
exhibit remarkably improved mechanical and various other materials prop-
erties as compared with those of virgin polymer or conventional composite
(micro-/macrocomposites) [1-6]. These concurrent property improvements
are well beyond what can generally be achieved through the micro-/macro-
composites preparation.

The synthetic strategy and molecular design was first explored by Toyota
group with nylon 6 as the matrix polymer [7]. This new class of material is
now being introduced in structural applications, such as gas barrier film and
other load-bearing applications [5]. Polymer/clay nanocomposites (PCNs)
and their self-assembly behaviors have recently been approached to produce
nanoscale polymeric materials [1-6]. Additionally, these nanocomposites
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58 Nano- and Biocomposites

have been proposed as model systems to examine polymer structure and
dynamics in confined environments [8-10].

In order to understand the processability of these materials (i.e., the final
stage of any polymeric material), one must understand the detailed rheological
behavior of these materials in the molten state. Understanding the rheologi-
cal properties of PCN melts is not only important in gaining a fundamen-
tal knowledge of the processability but is also helpful in understanding the
structure—property relationships in these materials. Although rheological
measurement is an indirect probe, it is a well-established approach to probe
the interaction between nanofiller and polymer matrix and the time-depen-
dent structure development. In addition, more clear nanoscale and mesoscale
structure development of the systems could be provided when combined
with X-ray/light-scattering experiments and electron microscopy.

The original mesoscale structure in PCNs consists of randomly oriented
exfoliated layers or tactoids of layers. This randomly distributed nano-
filler forms a “organo-clay network” structure that is mediated by polymer
chains and organo-clay—organo-clay interactions, responsible for the linear
viscoelastic response observed in PCN melts. This mesostructure, which is
intrinsically in a disordered metastable state and out of equilibrium, and
offers an apt analogy to soft colloidal glasses and gels, was extensively dis-
cussed [11,13-27].

In this chapter, we survey mesostructure development in PCN melts with a
primary focus on flow behavior and an analogy to soft glassy dynamics [12].

3.2 Linear Viscoelastic Properties

Dynamic oscillatory shear measurements of polymeric materials are gener-
ally performed by applying a time-dependent strain of y(t) =y, sin(wt) , and
the resultant shear stress is o(t) = v,[G’sin(wt) + G” cos(wt)], with G" and G”
being the storage and loss modulus, respectively.

Generally, the rheology of polymer melts strongly depends on the temper-
ature at which measurement is carried out. It is well known that for thermor-
heological simplicity, isotherms of storage modulus (G’(®)), loss modulus
(G"(®)), and complex viscosity (|n'|(®)) can be superimposed by horizontal
shifts along the frequency axis:

bTGI(aTO)/ Tref) = bTG’ (0)/ T)
bTG”(aTm/ Tref) = bTG” (OJ,T)

In*1(aro, Te) =IM*1 (o, T)
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where a; and by are the frequency and vertical shift factors, respectively; and
T, is the reference temperature. All isotherms measured for pure polymer
and for various PCNs can be superimposed along the frequency axis.

In the case of polymer samples, it is expected, at the temperatures and
frequencies at which the rheological measurements were carried out, that
the polymer chains should be fully relaxed and exhibit characteristic homo-
polymer-like terminal flow behavior (i.e., curves can be expressed by a power
law of G'(w) =< ®? and G"(®) == m).

The rheological properties of in situ polymerized nanocomposites with
end-tethered polymer chains were first described by Krisnamoorti and
Giannelis [13]. The flow behavior of poly(E-caprolactone) (PCL)- and nylon
6-based nanocomposites differed extremely from that of the corresponding
neat matrices, whereas the thermorheological properties of the nanocompos-
ites were entirely determined by that behavior of matrices [13]. The slope of
G'(0) and G”(w) versus the a;® is much smaller than 2 and 1, respectively.
Values of 2 and 1 are expected for linear monodispersed polymer melts and
are a large deviation, and especially in the presence of a very small amount
of layered silicate, loading may be due to the formation of network struc-
ture in the molten state. However, such nanocomposites based on the in situ
polymerization technique exhibit fairly broad molar mass distribution of
the polymer matrix, which hides the structurally relevant information and
impedes interpretation of the results.

To date, the melt state linear dynamic oscillatory shear properties of
various kinds of PCNs have been examined for a wide range of polymer
matrices, including nylon 6 with various matrix molecular weights [14], PS
[15], polystyrene (PS)-polyisoprene (PI) block copolymers [16,17], PCL [18],
polypropylene (PP) [11,19-22], polylactide (PLA) [23,24], and poly(butylene
succinate) (PBS) [25,26]. In the linear viscoelastic regime, a big change in
the terminal (low-frequency) region from a liquid-like response to a solid-
like response was observed for all PCNs (G'(0) ~ G"(®) o« ®°), ascribed to
the formation of a volume spanning mesoscale organo-clay network above
the mechanical percolation threshold [22]. The terminal rheology is sensi-
tive to organo-clay loading and the extent of exfoliation/intercalation in
the polymer matrix.

A typical example of the linear dynamic viscoelastic master curves for the
neat polylactide (PLA) and various PLA-based nanocomposites (PLACNs)
with different organo-clay loading [24] is shown in Figure 3.1. The linear
dynamic viscoelastic master curves were generated by applying the time-
temperature superposition principle and shifted to a common temperature
T, using both frequency shift factor a; and modulus shift factor b;. The mod-
uli of the PLACNSs increase with increasing clay loading at all frequencies
. At high s, the qualitative behavior of G'(w) and G"(w) is essentially the
same and is unaffected by frequencies. However, at low frequencies, G'(®)
and G’(w) increase monotonically with increasing organo-clay content. In the
low-frequency region, the curves can be expressed by power law of G'(®) o< ®?
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Reduced frequency dependence of storage modulus, loss modulus, and complex viscosity of
neat polylactide (PLA) and various PLA-based nanocomposites (PLACNs) under dynamic
oscillatory shear measurement. (Reprinted from Sinha Ray S, Yamada K, Okamoto M, Ueda K,
Polymer 44, 6631. Copyright 2003, Elsevier Science. With permission.)



Rheology in Polymer/Clay Nanocomposites 61

TABLE 3.1

Terminal Slopes of G" and G” versus am for
Polylactide (PLA) and Various PLA-Based
Nanocomposites (PLACNS)

System  Organo-Clay/wt% G’ G”  E,*kJmol*!

PLA 0 1.6 0.9 170+ 5
PLACN4 4.0 0.2 0.5 225 +10
PLACN5 5.0 018 04 225+5
PLACN7 7.0 017 0.32 230+ 8

2 Flow activation energy obtained from an Arrhenius fit of
master curves.
Source: Reprinted from Sinha Ray S, Yamada K, Okamoto M,
Ueda K, Polymer 44, 6631, Copyright 2003, Elsevier
Science. (With permission.)

and G”(w) o< o for neat PLA, suggesting this is similar to those of the narrow
molecular weight (M,,) distribution homopolymer melts. On the other hand,
for a;m < 5 rad.s™, the viscoelastic response (particularly G(w)) for all the
nanocomposites displays significantly diminished frequency dependence as
compared with the matrices. In fact, for all PLACNs, G(0) becomes nearly
independent at low a;m and exceeds G”(w), characteristic of materials exhib-
iting a pseudo-solid-like behavior. The terminal zone slopes values of both
neat PLA and PLACN s are estimated at the lower a,m region (<10 rad.s™) and
are presented in Table 3.1. The lower slope values and the higher absolute
values of the dynamic moduli indicate the formation of an “organo-clay net-
work” structure in the PLACNSs in the molten state [16,24]. This mesoscale
structure is partially supported by transmission electron microscopic (TEM)
observation [24]. The correlation length between clay particles (&,,) is
smaller than the average value of the particle length (L) for PLACNS, sug-
gesting the formation of highly geometric constraints. A plausible explana-
tion and its model are presented by Ren et al. [16] (Figure 3.2). The individual
or stacked silicate layers are incapable of freely rotating; hence, by imposing
small o, the relaxation of the structure is prevented almost completely. This
type of prevented relaxation leads to the presence of the volume-spanning
mesoscale network. The effective volume occupied by the clay platelets is
much larger than may be calculated from their volume alone. At the same
time, the pseudo-solid-like behavior is observed in all PCNs, despite the fact
that the thermodynamic interaction between those polymers and organo-clay
is quite different [11,13-27]. In addition, the correlation between rheological
response and the confinement of polymer chains into silicate nanogaller-
ies is reported [28]. The confinement is directly concerned with rheological
properties and enhanced modulus.

The temperature dependence frequency shift factor (a;, Williams-Landel-
Ferry (WLF) type [29]) used to generate the master curves shown in Figure 3.1
is shown in Figure 3.3. The dependence of the frequency shift factors on the
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FIGURE 3.2

Percolation of hydrodynamic volumes of silicate layers at low concentration. Stacked silicate
layers and their interaction with each other, resulting in complete relaxation of the nano-
composite melts. (Reprinted from Ren J, Silva AS, Krishnamoorti R, Macromolecules 33, 3739.
Copyright 2000, American Chemical Society. With permission.)

silicate loading suggests that the temperature-dependent relaxation process
observed in the viscoelastic measurements is somehow affected by the pres-
ence of the silicate layers (225 kJ/mol for PLACN4 and 170 kJ/mol for neat
PLA, see Table 3.1). In the case of nylon 6-based nanocomposites, where the
hydrogen bonding is already formed to the silicate surface [30], the system
exhibits a large flow activation energy almost one order higher in magni-
tude compared with that of neat nylon 6 (450 kJ/mol and 1900 kJ/mol for
nylon 6-based nanocomposites with 1.6% and 3.7% clay loading, respec-
tively, and 350 kJ/mol for neat nylon 6) (see Figure 3.10) [31].

The shift factor b; shows large deviation from a simple density effect,
and it would be expected that the values would not vary far from unity
(b= pT/p,ecLes » Where p and p; are the densities at T and T, respectively)
[29]. One possible explanation is a network structural change occurring in
PLACNs during measurement (shear process). The reconstituting of the
organo-clay network probably supports for PCN melts under weak shear
flow (terminal zone), thereby leading to the increase in the absolute values
of G'(w) and G"(w).

The subsequent reconstitution of organo-clay domains into a mesoscale
network is also argued by simple Brownian motion, where the rotary diffu-
sivity (D,) of a circular disk of diameter (d) (= L.,,/2) is [32,33]
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(a) Frequency shift factors a; and (b) modulus shift factor by as a function of temperature.
(Reprinted from Sinha Ray S, Yamada K, Okamoto M, Ueda K, Polymer 44, 6631.Copyright 2003,
Elsevier Science. With permission.)

_ 3k,T
4n,d®

(3.1)

r0

where 1, is the polymer matrix viscosity, kg is the Boltzmann constant, and
T is the temperature.
The rotational relaxation time (ty) is given by
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_(m/2)

D, (3.2

to

A quarter period is provided to complete rotational relaxation. This time
scale is useful to discuss the reconstituting of the network via the rotation of
the organo-clays as compared with an experimental time scale. For PLACN4,
the estimated time scale for rotational Brownian motion is about 2 x 10° s at
175°C. This value is larger than the experimental time scale (1/a;0 ~ 10% s),
suggesting the major driving force for the structural evolution is not sim-
ple Brownian relaxation of the organo-clays. The extensive argument of the
reorganization of organo-clay domains in light of the rotational Brownian
motion has been presented in several papers [11,19,33,34].

However, in many intercalated nanocomposites (i.e., complete exfoliation is
not feasible), the organo-clay domains consist of the penetrated polymer chains
into nanogalleries and stacked silicate layers [35]. Irrespective of the inter-
calated nanocomposite structure, the opposite conclusion was also reported
with respect to the time scale between Brownian relaxation and experimental
relaxation [33]. In this regard, we have to clarify the mesoscale network struc-
ture. For this reason, the stress recovery following prolonged large-ampli-
tude oscillatory shear (LAOS) [19,33] and the stress response upon start-up of
steady shear or small-amplitude oscillatory shear (SAOS) [11,22] were exam-
ined to contrast the aging behavior of as-processed (unsheared) and pres-
heared (leading to parallel alignment of the silicate layers) nanocomposites.

3.3 Nonlinear Shear Response

The start-up of shear and SAOS experiments offer insight into mesoscale net-
work structural changes.

Solomon et al. conducted nonlinear reversing shear flow experiments to
study the disorientation kinetics of flow-aligned organo-clay domains in a
PP matrix during the annealing period between deformations. The transient
stress in start-up of steady shear scaled with the applied strain (not shear
rate) (Figure 3.4) [19]. This transient nonlinear rheology has non-Brownian
style. They showed the disorientation kinetics faster than that predicted by
Brownian motion and the constant WLF shift factor for the PP matrix and
nanocomposites, and they concluded that the strong attraction between the
silicate layers led to the rapid disorientation upon cessation of shear [19]. They
suggested that the stacked silicate layers into larger organo-clay domains
assemble into a heterogeneous organo-clay network as a result of attractive
interaction (van der Waals force). The organo-clay network formed under
quiescent conditions is easily perturbed by deformation. Upon the cessation
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Onset of stress overshoot in start-up of steady shear depends on the strain applied to the poly-
propylene (PP)-based nanocomposite at 180°C. (Reprinted from Solomon M], Almusallam AS,
Seefeld KF, Somwangthanaroj S, Varadan P, Macromolecules 34, 1864. Copyright 2001, American
Chemical Society. With permission.)

of flow, attractive interparticle interactions promote reconstitution of the net-
work. The reconstituting network, which more completely re-forms as the
rest time increases, is the initial state upon which deformation is oriented
and ruptured, thereby giving rise to an overshoot in the stress during the
flow reversal experiments [19].

For viscosity overshoot, Treece et al. reported that the flow ruptures the
organo-clay network in the as-processed material and flow-aligns its domains
to a degree that depends on the magnitude of the deformation [11]. The mor-
phology in both as-processed and presheared samples changes significantly
during annealing. This result supports the large increases in the magnitude
of the viscosity overshoot. The strong dependence on annealing time for the
as-processed sample clearly indicates that it is out of equilibrium [11,28]. This
behavior is an “aging” phenomenon characteristic of systems (i.e., microgel
pastes, nematic polymer, aqueous hectrite-type clay [Laponite] dispersion).
Those are classified as soft colloidal glasses and are far from equilibrium
(Figure 3.5) [36].

3.4 Analogy to Soft Colloids

Ren et al. [33] discussed the analogy to the dynamics of soft colloidal
glasses, exhibiting yield stress, thixotropy, and slow stress recovery under
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(a) Repulsive colloidal glass, (b) attractive glass, and (c) gel. Each thick line represents a Laponite
disk, and a white ellipsoid indicates the range of electrostatic repulsions. For (a), long-range
electrostatic repulsions dominate. In (b), attractive interactions affect the spatial distribution,
but repulsive interactions still play the predominant role in the slow dynamics of the system.
In (c), attractive interactions play a dominant role; a percolated network forms, which gives
the system its elasticity. (Reprinted from Tanaka H, Meunier J, Bonn D, Phys Rev. E 69, 031404.
Copyright 2004, American Physical Society. With permission.)

deformation [12,36]. A glass is homogenous on interparticle structure with
elasticity derived from the caging effect, which is characterized by long-range
electrostatic repulsion and short-range attraction [36]. In the colloidal solid,
the storage modulus and complex viscosity show logarithmic dependence
time, like PCN melts. For example, in an aqueous Laponite dispersion, the
structure reorganization responsible for the rheological behavior depends
upon the ionic strength of the dispersion, which balances the attractive and
repulsive forces between clay domains.

On the other hand, a gel also shows the soft glassy dynamics, which is
associated with metastable, structural heterogeneity on mesoscale length,
caused by a percolation infinite (volume spanning) network. PCNs have
a structural hierarchy without long-range repulsive interaction, leaving
short-range attractive forces (van der Waals forces) between polymer and
clay because of the surface modification of clay by cationic intercalant. For
this reason, PCN melts were classified as attractive colloidal gels [11]. This
picture supports other experimental results on transient start-up viscosity
under shear flow [22,33].

3.5 Reversibility of Network Formation Process

The central discussion in PCN melts is structure with elasticity. The idea
is an organo-clay network with a few weight percent (wt%). An important
question is how long the building of the solid-like network continues during
annealing (i.e., reversibility of the network formation process).
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In an aqueous dilute suspension of smectite swelling clays such as hecto-
rite and montmorillonite, the existence of a long-range structural correlation
(~100 nm) was proposed via an in situ small-angle neutron scattering (SANS)
experiment of the smectite suspension under the quiescent state [37]. This is
a worthy hypothesis for a new interpretation of network formation and com-
plex rheological properties. Such magnitude of the structural length in the
clay suspensions is suitable for a Rayleigh scattering experiment on the basis
of the different polarizabilities between clay particles and medium.

Okamoto et al. constructed a rheo-optical device, small-angle light-scatter-
ing apparatus under shear flow (Rheo-SALS), which enables us to perform
time-resolved measurements of light intensity scattered from the internal
structure developed under shear flow [38]. They examined long-range corre-
lation and its evolution in the organo-hectorite/styrene (3.5/96.5 vol/vol) sus-
pensions (dense condition: volume fraction ¢ > 0.01 [39]) under shear flow. In
this region, the power law relation for both zero- limiting value of modulus
G'(w — 0) and fluidizing stress (o) were given by

G(0—0)~ 0, ™"? (3.3)

The ratio of G”(®)/G’(®)(= tand) exhibits independence of ¢ and remains
a constant value of about 0.1. This behavior relates to self-similarity of the
linked network structure in the gelation region as reported by Winter [40].

The hectorite (Nag33(Mg,¢,Lig33)51,0,0(OH),) was modified with quar-
ternized hexadecyl, octadecyl ammonium chloride ([(C;Hj3)05(CisHsy)i sN*(C
H,),]CI") [38]. The estimated individual silicate layer under very dilute condi-
tions (¢ << 0.01) was 60 nm in length scale. Four different y were selected
to confirm the time dependence of the internal structural change under dif-
ferent steady shear flow via stress rheometer. The time development of tran-
sient viscosity (1 (y:t)) under constant shear rate (y ) for the first run at 25°C
is shown in Figure 3.6. Under y =0.1 and 1.0s™, n(y:¢) gradually increases
with time and exhibits the power law, 1 (y:t)e<t” with v =0.5 for 0.1 s and
v =02 for 1.0 s, whereas under y =10 and 10? s (yielding regime due to
the strong shear stress), n(y:t) decreases, and power law decay, N (y:#) o<t
with v = 0.17 is exhibited for both cases (Figure 3.6). The quite different vis-
cosity profiles under constant y runs were reported.

The time variation of the mean-square density fluctuation <n*>, the
mean-square anisotropy <&*>, and the relevant value of long-range cor-
relation distance (&, and &; ) upon imposition/cessation of steady shear
flow atboth low (= 0.5s7!) and high 7 (= 60 s™) were discussed (Figure 3.7).
Before flowing, the organo-clay network in length scale was 450 nm esti-
mated from &, value, suggesting the existence of a large-scale flocculated
network structure due to the edge-to-edge interaction [41]. In addition,
the boundary between networks is of importance in predicting the com-
plex flow dynamics. The suppression of <n2> is observed during flow
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FIGURE 3.6

Time variation of shear viscosity for organo-hectorite/styrene (3.5/96.5 vol/vol) suspension
with four shear rate. (Reprinted from Okamoto M, Sato H, Taguchi H, Kotaka T, Nippon Rheology
Gakkaishi 28, 201. Copyright 2000, The Society of Rheology, Japan. With permission.)

in both cases as compared with the initial quiescent state (before shear-
ing). Presumably, this is due to the hydrodynamic forces, which promote
alignment of the organo-clay networks because of the large dimensions
of the networks.

Under y = 0.5 s (corresponding to unabated viscosity regime), the grad-
ual decreasing of {(n?) and increasing of & upon imposition of shear are
observed. Simultaneously, the value of <52 is jumped upward and then
remains almost constant during flow, where & also keeps a constant value
of 400 nm, indicating that the anisotropy in the system is developed. Upon
cessation of shear at 750 s, on the contrary, n?) increases with time and
finally levels off at 1300 s with &, of 250 nm. On the other hand, <82> does not
become zero and developed orientation of the network with & of 690 nm in
the shear field is stable, even upon cessation of shear. The anisotropy gradu-
ally develops with time, forming relatively stable oriented networks, which
are stable even after the cessation of the shear.
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Time variation of <_?> and <_2> upon imposition/cessation of steady shear under low (= 0.5
s™) and high ¥ (= 60 s™) conditions. The Debye-Bueche equation is applicable in anisotropic
shear flow field for dense suspension [42]. (Reprinted from Okamoto M, Sato H, Taguchi H,
Kotaka T, Nippon Rheology Gakkaishi 28, 201. Copyright 2000, The Society of Rheology, Japan.
With permission.)

In the case of under y = 60 s, <n2> slightly decreases upon imposition
of shear, but &, does not change and agrees with the value of the initial qui-
escent state during flow. For the anisotropy, during shear flow, <52> stably
appears with & of 450 nm; upon cessation of shear, it disappears suddenly,
suggesting that such an aligned, orientated network structure in the high
shear field is labile (not stable) as compared with that under weak shear flow.
Furthermore, following the large deformation, the slippage and rotation take
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place at the interface between network domains, and the resulting shear thin-
ning behavior is observed in this condition [39]. This feature may resemble
the rotation of the grains in block copolymer melt under uniaxial deforma-
tion [43]. In PCN melts, however, the network structure is easily destroyed
(ruptured) by deformation due to the polymer chain entanglement as dis-
cussed by Solomon et al. [19].

The structure disorder creates energy barriers that prevent reorganizing/
reconstituting networks into states of lower free energy. In dynamics for a
typical soft glassy material, a slow degree of freedom is taken into account
[12,44]. Jamming is a common property of complex fluids. In the presence
of stress, the viscosity is given by the distribution of relaxation times of the
networks of “slow mode.”

Imposition of shear is considered to change the energy landscape and
allows for the system to access new metastable states [45]. For this reason,
the imposition of weak shear (y = 0.5 s™) (much smaller than yield stress) is
considered a shear rejuvenating condition (1 (7 :t) = t**), meaning that the
longest relaxation time of the slow mode decreases in time. Accordingly,
the initial network structure grows with time, accompanied by an increase
of &,

Upon cessation of shear, aging begins anew, because flow alters the
energy landscape, new metastable states are now accessible, and the system
evolves spontaneously, accompanied by an increase of & and decrease of £,
This suggests that aging of the system (i.e., the reconstituting in between
networks) starts, and a steady state is finally reached.

In the case of large deformation (y = 60 s™), those energy barriers become
greater the longer a system is aged, such that the longest relaxation time
continuously increases. As a result, upon cessation of shear, thermal motion
alone is insufficient to mediate complete structural relaxation. Therefore, the
network may become trapped in a higher energy state (almost constant value
of §). Brownian forces alone are unable to change the energy barriers created
by such an oriented organo-clay network structure, because the estimated
rotational Brownian motion of the hectrite platelets is about 102 s at 25°C.
Such discussion on energy landscape appears to be entirely valid for the
experimental results as well as isotropic particle dispersion in a Newtonian
fluid matrix [44].

3.6 Alignment of Silicate Layers in Networks

The organo-clay platelets orient in both shear and elongational flow fields. A
second question is how the platelets are oriented during the flow direction.
Lele et al. [46] reported the in situ Rheo-X-ray investigation of flow-induced
orientation in syndiotactic PP/layered silicate nanocomposite melt. The clay
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platelets rapidly oriented and remain at constant orientation in the long time
regime (~1500 s).

The orientation of silicate layers and nylon 6-base nanocomposite (N6CN)
using ex situ small-angle X-ray scattering (SAXS) is examined [33]. The clay
layers, due to their higher aspect ratio, were predominantly oriented in a
“parallel” orientation (with layer normals along the velocity gradient direc-
tion) at different times following LAOS.

Kojima et al. [47] found three regions of different orientations in the
injection-molded bar as a function of depth. Near the middle of the sample,
where the shear forces are minimal, the clay platelets are oriented ran-
domly, and the nylon 6 crystallites are perpendicular to the silicate layers.
In the surface region, shear stresses are very high, so both the clay layers
and the nylon 6 crystallites are parallel to the surface. In the intermediate
region, the clay layers, presumably due to their higher aspect ratio, still
orient parallel to the surface, and the nylon 6 crystallites assume an orien-
tation perpendicular to the silicate. Medellin-Rodriguez et al. [48] reported
that the molten N6CN samples showed planar orientation of silicate layers
along the flow direction, which is strongly dependent on shear time as well
as clay loading, reaching a maximally orienting level after being sheared
for 15 min with y =60 s™

In contrast, the orientation occurs by the “normal” to the clay surface
aligning the flow direction through vorticity during shear. Okamoto et al.
conducted the transmission electron microscopic (TEM) observation for the
sheared N6CN3.7 (clay loading = 3.7 wt%) with y = 0.0006 s for 1000 s
[49]. The edges of the silicate layers laying along the z-axis (marked with
the arrows [A]) or parallel alignment of the silicate edges to the shear direc-
tion (x-axis) (marked with the arrows [B]) rather than random orientation in
the matrix is observed, but in fact, one cannot see these faces in this plane
(Figure 3.8). Here, it should be emphasized that the planar orientation of the
silicate faces along the x—z plane does not take place prominently. For the
case of rapid shear flow, the commonly applicable conjecture of the planar
orientation of the silicate faces along the shear direction first demonstrated
to be true by Kojima et al. [47].

In uniaxial elongational flow (converging low) for a PP-based nanocompos-
ite (PPCN4) (clay loading = 4 wt%), the formation of a house-of-cards structure
is found by TEM analysis [50,51]. The perpendicular (not parallel) align-
ment of clay platelets with large anisotropy toward the flow direction might
sound unlikely, but this could be the case, especially under an elongational
flow field, in which the extentional flow rate is the square of the converging
flow rate along the thickness direction, if the assumption of affine deforma-
tion without volume change is valid. Obviously, under such conditions, the
energy dissipation rate due to viscous resistance between the platelet surface
and the matrix polymer is minimal when the platelets are aligned perpen-
dicular to the flow direction.
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FIGURE 3.8

Transmission electron micrograph (TEM) in the x—z plane showing N6CN (clay loading = 3.7
wt%) sheared at 225°C with y = 0.0006 s for 1000 s. The x-, y-, and z-axes correspond respec-
tively to flow, shear gradient, and neutral direction. (Reprinted from Okamoto M, Rapra Review
Report 163. Copyright 2003, Rapra Technology Ltd., London. With permission.)

Figure 3.9 shows double logarithmic plots of transient elongational vis-
cosity Mr(€;t) against time ¢ observed for N6CN3.7 and PPCN4 with dif-
ferent Hencky strain rates €, ranging from 0.001 s to 1.0 s™. The solid
curve represents time development of threefold shear viscosity, 3ny(y;t), at
225°C with a constant shear rate (7 = 0.001 s™). First, the extended Trouton
rule, 3no(y;t)=ne(€y;t) [52], as well as an empirical Cox-Merz relation
(n(y)=IM"1(w)) [53], fails for both N6CN3.7 and PPCN4 melts, as opposed
to the melt of ordinary homopolymers. In n:(&y;f) at any €,, the N6CN3.7
melt shows a weak tendency of strain-induced hardening as compared to that
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FIGURE 3.9

Time variation of elongational viscosity m,(€,;t) for (a) N6CN3.7 melt at 225°C and for (b)
PPCN4 at 150°C. The solid line shows three times the shear viscosity, 3n,(y;t), taken at a low
shear rate y =0.001 s on a cone-plate rheometer. (Reprinted from Okamoto M, Rapra Review
Report 163. Copyright 2003, Rapra Technology Ltd., London. With permission.)

of the PPCN4 melt. A strong behavior of strain-induced hardening for the
PPCN4 melt was originated from an aging phenomenon characteristic of
reconstituting the networks through the perpendicular alignment of the sili-
cate platelets to the stretching direction.

From TEM observation (see Figure 3.8), the N6CN3.7 forms a fine disper-
sion of the silicate platelets of about 100 nm in L,, 3 nm thickness in d
and &,,, of about 20 to 30 nm between them. The &, value is one order of
magnitude lower than the value of L, suggesting the formation of a rigid
network domain structure of the dispersed clay platelets in end-tethered
polymer chains (see flow activation energy in Figure 3.10). This suggests that
both slow (y = 0.001 s) and rapid (y = 1.0 s™) elongational flow rates are

clay”
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FIGURE 3.10

Frequency shift factors a; as a function of temperature. Flow activation energy of neat PP and
nylon 6, PPCNs and N6CNs with different contents of clay are shown.

unable to erase the energy barriers created by the in situ polymerization con-
dition. Accordingly, the longest relaxation time in the network may remain
constant. This tendency was also observed in the PPCN75 melt having a
higher content of clay (= 7.5 wt%) [31].

SANS is useful in determining the orientation of the organo-clay under
shear because of contrast matching to clay (montmorillonite) in D,O [34]. In
aqueous dispersions of hectrite (3 wt%) and poly(ethylene oxide) (PEO) (2
wt%), the platelets were oriented in the flow direction with the surface nor-
mal in the neutral direction (Figure 3.11) [34]. It is quite possible that the
dispersed organo-clay platelets attain not only parallel alignment but also
perpendicular or even transverse alignment during shear and elongational
flow fields.

The aqueous clay (kaolinite) suspensions have been investigated both
in the quiescent state [54] and under shear flow using SANS [55]. Some
20 years ago, van Olphen [51] pointed out that the electrostatic attraction
between the layers of natural clay in aqueous suspension arises from
higher polar force in the medium. The intriguing features such as yield
stress thixotropy and rheopexy exhibited in aqueous suspensions of natu-
ral clay minerals may be taken as a reference to the present PCNs. More
detailed surveys on various types of experiments can also be found in the
literature [56-63].
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Neutral direction
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FIGURE 3.11

Couette-type shear cell for small-angle neutron scattering (SANS) and model for real space
orientation of oriented clay platelets in the cell. The reference coordinate frame is anchored
in the tangential beam. (Reprinted from Scmidt G, Nakatani Al, Butler PD, Karim A, Han CC,
Macromolecules 33, 7219. Copyright 2000, American Chemical Society. With permission.)

3.7 Summary

For an improved understanding of the soft glassy dynamics in PCN melts,
in this review, we described some recent results concerning the mesoscale
organo-clay network structure and its reversibility in the light of melt rheom-
etry with a combination of scattering experiments and electron microscopy.
We studied the dynamics in PCN melts; however, it is difficult to discuss the
intrinsic feature of the networks.

Although our experimental results are still weak evidence to discuss the
mesoscale structure development in PCN, many papers ignore the existence
of percolated organo-clay networks and their intrinsically metastable states
and out-of-equilibrium condition. Once a percolated network is formed, the
networks retard crystalline capability and enhance thermal stability as well
as modulus [64,65].
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For the future, for designing high-performance PCN materials and their
processing, the correlation between the mesoscale network structure and
macroscopic properties will be probed via an innovative methodology such
as three-dimensional TEM and fast scanning Fourier transform infrared
(FTIR) imaging.
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