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The linear dynamic rheology of polymer melts filled with nano-sized fillers is investigated in relation to
a proposed two phase model. A common principle is disclosed for nanofilled polymers exhibiting either
fluid- or solid-like behaviors with increasing filler volume fraction. The bulky polymer phase far away
from the filler inclusions in the nanocomposites behaves the same as in the unfilled case while its
contribution to the composite modulus is enlarged due to strain amplification effect. The filler forms
aggregates together with polymer chains absorbed on the filler surface, which is termed as the “filler
phase” in the proposed model. The dynamics of the “filler phase” slow down with increasing filler
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1. Introduction

Filled polymers exhibit a diverse range of rheological properties,
varying from simple viscous fluids to highly elastic solids with
increasing filler volume fraction, ¢. The effect of filling on rheology
is well-known in the range of small ¢ where the reinforcement
could be attributed to hydrodynamic effects caused by the solid
inclusions in the melt stream [1—3]. For high ¢ where direct particle
contacts dominate the deformation, a straightforward solution of
hydrodynamic equations is difficult and theoretical models based
on realistic structural ideas are missing so far.

Filled polymers usually show strong flow as well as strain and
temperature history dependent rheological behaviors. It is always
important to determine the dynamic viscoelastic properties at
a strain that is low enough not to affect the material response [4].
Small strain-amplitude frequency sweep is usually used to collect
linear rheological data which are reproductive for repeated
measurements within a certain experimental error [5]. Linear
rheology is a way generally used to assess the state of dispersion of
fillers in the melt [6]. Large increases in complex modulus G*(w) and
complex viscosity 7"(w) as well as appearance of a terminal
modulus plateau in the low-frequency (w) zone have been
commonly observed in filled polymers. In nanocomposites, the
terminal plateau can even be observed at considerably low ¢.
Though the exact mechanism is not clear, the solid-like behavior is
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generally assigned to originations differing from the liquid-like
rheology at low ¢. The liquid- to solid-like transition at the low-w
zone has been ascribed to the slowdown of chain relaxation due to
polymer adsorption on the surface of particles [7—10], the long-
lived chain bridges between the particles [11,12], the jammed
network [13] of interacting particles at low and intermediate ¢
[14,15], or the colloidal and frictional interactions [15] as well as
breakdown of lubricated indirect contacts between particles at ¢
high enough [16]. In highly filled polymers, solid-like yielding can
be observed even at temperatures above the quiescent melting
temperature (Ty) or glass transition temperature (Tg) of the poly-
mer [17].

Dynamic rheology in the linearity regime is sensitive to filler
dispersion in polymers [18]. However, a straightforward description
of how linear rheology varies with ¢ is still missing so far. In this
article, we systematically study the linear rheology of different
nanofilled polymers by analyzing storage modulus G'(w) and loss
modulus G”(w). The nanocomposites under consideration include
carbon black (CB) filled high-density polyethylene (HDPE) and
ethylene-tetrafluoroethylene (ETFE) alternating copolymer inves-
tigated in our laboratory [19], fumed silica filled polystyrene (PS) by
Havet and Isayev [20], precipitated silica filled polydimethylsiloxane
(PDMS) by Shim and Isayev [21], silicon dioxide (SiO,) nanoparticle
filled PS by Filippone et al. [22], carbon nanofiber (CNF) filled PS by
Wang et al. [23], multi-walled carbon nanotube (MWCNT) filled poly
(butylene terephthalate) (PBT) by Wu et al. [24], and clay filled linear
low-density polyethylene (LLDPE) by Durmus et al. [25]. The data
were taken from published reports in which linear rheology of the
matrix was located in the terminal region and the data were
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represented in double logarithmic plot so that the data points of any
composition could be clearly read.

The paper is organized as follows. In Section 2 we propose a two
phase model to account for the linear rheology of nanofilled poly-
mers. In Section 3 we describe how the proposed model works in
the different nanocomposites under consideration. In Section 4 we
discuss the structural difference of the filler phase to account for
the underlying physical mechanisms of the linear rheology of
nanofilled polymers on the basis of the proposed model.

2. The two phase model

The presence of hard and much less deformable filler inclusions
in a soft and highly deformable matrix leads to hydrodynamic
effects referring to a strain amplification factor Af [26]. Af can be
experimentally determined [27—30] and is used to account for the
reinforcement of filled elastomers [31] and the dynamic moduli in
the high-w zone [7]. The global straining on the filled polymer is
concentrated in the interstitial fluid [1] so that the local strain of the
interstitial fluid must exceed the macroscopic strain. Continuum
mechanical theories assuming a perfectly bonded interface
between the matrix and the rigid inclusions predict an effective
complex modulus [32].

G (0,9) = Af(0,9)Gpy(w) (1)

Here, G, (w) is complex modulus of the unfilled polymer. The
variable Afw, ¢) depending on both w and ¢ represents the modulus
enhancement arising from the inhomogeneous strain field created
by the rigid inclusions. It should be the norm that Aris independent
of w considering the structural relaxation of the filler phase does
not occur at normally achieved test frequencies. The contribution of
the matrix to the composite modulus is thus expressed as
Af(¢)Gpy(w) in the whole o domain.

Except for the hydrodynamic reinforcement, filler inclusions at
¢ high enough are connected to each other by direct contacts as
well as by bridging of polymer chains adsorbed on separate
aggregates, leading to the formation of filler clusters on a large
scale and even a filler network superimposed on the molecular
network [33]. The modulus plateau at the terminal flow zone is
indicative of the filler structure [34]. Elastically stretched nano-
particle chainlike aggregates (NCA) provide a direct support for
the filler networking [35—38]. NCA undergoes plastic deformation
and breakage midway along its length at large strains [37] while it
behaves elastically at small strains [39]. In particular, CB exists as
folded chains in polymer while the CB chains are unfolded upon
stretching. Chains in a NCA network behave elastically similar to
an individual NCA [37]. In filled polymers, the overlapping
aggregates are interconnected by particle chains continuously
created and broken down due to thermal processes [5]. The
backbone of filler aggregates is able to respond to small defor-
mations as a contorted rigid rod, and is responsible for the elastic
behavior at rest, which has been modeled as an interconnected
bundle of chains of particles [40]. The filler phase contributes
a complex modulus G;(w, ¢) = Gi(w, ) +iGf(w,p) related to
the elastically rigid interaggregate chains. A microrheological
model based on the fractal concept reveals that G'{w, ¢) is very
weakly dependent on w while G’{w, ¢) is approximately
independent of w [5], say

Gt (0,0) = Gp(@)w® +iG "t (9) (2)

Here, « is an exponent, G'r1(¢) is storage modulus of the filler phase
at w = 1 rad s~ and G"s(¢) is a constant representing the viscous
contribution of the filler phase.

The shear stress in the suspensions can be divided into certain
hydrodynamic and structural contributions of aggregates [5,40].
Both the filler and the polymer contribute independently to
modulus; the total rheological response is the sum of the two
independent contributions, with the contributions of the filler and
the polymer phases varying significantly with ¢. The effective
complex modulus of filled polymers is related to those of the pure
polymer and the filler phase.

G (w,9) = Ar(9)Gr(w) + Gf (0, ) 3)

Influence of filler to the molecular dynamics is an intriguing and
contradictory question. It largely depends on the polymer—filler
affinity. Filling might induce increase, decrease, or no change in Ty
[41—43] depending on the polymer—filler interactions [39,44].
Some filled polymers may exhibit two populations of relaxation
time [45] or two Ty transitions [46—49] associated with the normal
segmental dynamics of the bulk polymer and the restricted
mobility of chains adjacent to the filler surface, respectively. A layer
of loosely bound chains, in addition to the immobile layer and the
unrestricted bulk polymer, has also been detected in some systems
[50]. Molecular dynamics simulation also suggests a many-layer
model associated with a gradual change of the polymer dynamics
approaching the nanoparticle surface [51]. However, other studies
reveal that reinforcing particles generally have a negligible effect on
the interfacial segmental dynamics [43]. In nano-sized silica filled
poly(vinyl acetate), local segmental dynamics of the chains adja-
cent to particles do not differ from the bulk chains even though
amounts of bound and occluded polymers increase with ¢ [52].
Small angle neutron scattering studies on PS loaded with spherical
silica nanoparticles unequivocally disclose unperturbed chain
conformations independent of ¢ [53].

Unusually strong and pervasive interfacial interactions unam-
biguously results in a “rubber shell” that exhibits restricted chain
mobility in comparison with the bulk [17,43,54—56]. Computer
simulations reveal that nanoparticles can influence the viscoelas-
ticity of polymer melt by modifying the relaxation spectrum,
slowing down relaxations of the polymers and distorting the strain
field around the particles [8,32,57]. The polymer—polymer, parti-
cle—particle and polymer—particle interactions have been included
into phenomenological [23,41,58—61] and molecular models
[62,63] proposed for accounting for the linear rheology of filled
polymers. Microscopic models based on glassy layers around the
fillers are proposed for interpreting the high level of stress between
fillers [55,56,64].

However, the proposed immobilized polymer layer concept
does not appear to have much relevance to the overall viscoelas-
ticity of filled polymers [65]. It is generally accepted that, in filled
polymers, the dynamics of polymer segments strictly restricted in
the vicinity of the particles might be inhomogeneously retarded
while polymer segments far away from the particles exhibit the
bulk behavior. The chain immobilization, by either physical or
chemical absorption, or by chain confinement in nanoclay
composites, and the boundary interphase, if it exists, are localized
in the close vicinity of the filler surface.

The interphase plays a decisive role in determination of the
viscoelasticity of filled polymers. Three phase model has been
introduced in self-consistent models for accounting for the
“particle-interphase-matrix” morphology of filled polymers. From
a theoretical point of view, it is reasonable to adopt the two phase
model incorporating the interphase layer into the filler phase by
neglecting the rigidity difference of the particle and the interphase
layer [66]. In the proposed two phase model, the immobilized
chains and the possible interphase might be included in the filler
phase nominally. Any variations in polymer dynamics localized in
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the close vicinity of the filler particles do not affect the viscoelas-
ticity of the bulky polymer phase away from the particles. The
dimension of an interphase varies greatly from system to system,
depending on the polymer—filler affinity [67] and filler concen-
tration [68]. By including interphase into the “filler phase”, the
approach can be applied to non-interacting and highly interacting
polymer—filler systems. This concept could be referred to the
micromechanical approaches using ‘coated’ particles (hard particle
core plus bound polymer layer) [69] or Eshelby’s equivalent
inclusion (randomly dispersed spherical fillers covered by inter-
phase layer) [70] for prediction of effective elastic moduli of filled
polymers.

3. Application of the model

Fig. 1 shows master curves of linear rheology at 160 °C for CB/
HDPE nanocomposites prepared via melt blending (MB) method
[19]. In the high-o zone above 1 rad s, the modulus curves of the
nanocomposites are nearly parallel to the respective curves of the
pure polymer. In the low-w zone below 1072 rad s, HDPE exhibits
the typical terminal flow characterized by G, (w)~w? and
G/ (w) ~w!. Addition of CB elevates moduli over the whole w range.
The viscoelastic response is mainly altered in the low-w zone,
where G'(w, ¢) and G”(w, ¢) exhibit diminished w-dependences in
comparison with the neat polymer behavior. Modulus plateaus are
observed at ¢ = 0.13 and the nanocomposite is characterized by
G = G” in the terminal region. The G'(w, ¢) and G"(w, @) curves
form two crossovers at ¢ = 0.13 while only one crossover is
observed at ¢ < 0.13.

Polynomial functions

=> g (4a)
i
and

G// Z //w] (4b)

were used to fit G'm(w) and G”y(w) of the matrix polymer using
least square fitting method. Here g’; and g”; are coefficients
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Fig. 1. Master curves of G’ (solid symbols) and G” (hollow symbols) as a function of
scaled frequency atw for CB/HDPE nanocomposites at 160 °C. The data of G’ and G” are
vertically shifted by a factor of 10". The data measured at 180 °C, 200 °C and 220 °C
were shifted horizontally by a shift factor ar to superpose the data at 160 °C. The data
were taken from our previous work [19]. The dotted curves are drawn according to
least square fitting of Eq. (4) with j = 3 to the pure polymer and solid curves are
calculated according to Eq. (5).

associated with the j-th power. The fitting is a phenomenological
treatment and a coefficient of determination above 0.9999 could be
obtained with j > 3. For simplifying the fitting procedure, the
polynomial functions up to j = 3 was applied. Eq. (3) was then
modified as

3 .
G©,0) = A(p) >_gw +Gplo)o" (5)
j=0
3
G'(0,9) = Ar(9) 38 + G (9 (5b)

Eq. (5b) with two unknown adjusting parameters, Af{¢) and
G"t(9), was applied to fit G"(w, ¢) and then, Eq. (5a) with « and
G'r1(¢) as adjusting parameters is applied to fit G'(w, ¢) of the
nanocomposites. By such procedure, we can determine all the four
parameters, Ad¢), o, G'ri(¢) and G’g(¢). The best fitted results
shown as solid curves in Fig. 1 well describe the viscoelasticity of
the nanocomposites in the w range achieved.

Fig. 2 shows the linear rheology of SiO,/PS nanocomposites
prepared by the MB method [22]. The general rheological charac-
teristics are similar to Fig. 1. In the terminal region, G'(w, ¢) exceeds
G’(w, @) at ¢ > 0.028. Modulus plateau is observed at ¢ = 0.04 and
¢ = 0.05. The G'(w, ¢) and G"(w, ¢) curves form one crossover at low
concentrations and two crossovers at ¢ = 0.028 and 0.040. On the
other hand, there is no G'—G” crossover (G’ > G” in the whole w
domain) at ¢ = 0.050. Despite the differences between the SiO,/PS
and the HDPE/CB nanocomposites, the linear rheology in Fig. 2
could also be well described by Eq. (3).

Wang et al. [23] prepared CNF/PS nanocomposites using the MB
and the solvent casting (SC) methods. The linear rheology of the
nanocomposites is shown in Fig. 3. The mechanical damage during
melt blending causes CNF to become shorter (1—20 pm) than CNF in
the SC nanocomposites (4—60 pm). The modulus increment with ¢
is more significant in the SC nanocomposites than in the MB
nanocomposites. In the MB nanocomposites, the G'—G" crossover
frequency, wer, shifts very slightly towards low frequencies with
increasing ¢ to 0.058 (10 wt%). On the other hand, in the SC
nanocomposites, w¢ shifts more than one decade at ¢ = 0.058.
Wang et al. argued that the characteristic relaxation time increases
with ¢ and, for the SC nanocomposites at ¢ = 0.058, it becomes nine
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Fig. 2. G’ (solid symbols) and G” (hollow symbols) as a function of frequency w for
SiO,/PS nanocomposites. The data of G’ and G” are vertically shifted by a factor of 10™.
G’ and G” were taken from Filippone et al. [22]. The dotted curves are drawn according
to least square fitting of Eq. (4) with j = 3 to the pure polymer and solid curves are
calculated according to Eq. (5).
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Fig. 3. G’ (solid symbols) and G” (hollow symbols) as a function of frequency w at
200 °C for the CNF/PS nanocomposites prepared via the MB (a, left) and SC methods
(b, right). The data of G’ and G” are vertically shifted by a factor of 10". G’ and G”
were taken from Wang et al. [23]. The dotted curves are drawn according to least
square fitting of Eq. (4) with j = 3 to the pure polymer and solid curves are
calculated according to Eq. (5).

times that of pure polymer. Furthermore, Wang et al. assigned the
dramatic changes in the SC nanocomposites at ¢ = 0.058 to
the entanglements of CNF. Such viewpoints are rather popular in
the literature. It is quite surprising that Eq. (3) could well account
for the linear rheology of both the MB and the SC nanocomposites,
indicating that the small change in fiber length from 4—60 pum to
1—20 um does not causes any marked variation in the dynamics of
the bulky phase of the matrix.

Interfacial tension between the filler and the matrix was
calculated according to the geometric mean equation of Wu [71].
The interfacial tension is about 18.0 mN/m, 136.8 mN/m and
17.0 mN/m, respectively, for the pairs of CB—HDPE, SiO,—PS and
CNF—PS at the test temperatures. The fitting of Eq. (3) to the
different nanocomposites in Figs. 1-3 reveals distinctly that the
proposed model is applicable to a variety of experimental systems
with different polymer-particle affinity and filler shapes. In fact, Eq.
(3) is also applicable to the linear rheology of fumed silica/PS [20],
precipitated silica/PDMS [21], clay/LLDPE [25], and MWCNT/PBT
nanocomposites [24] in the terminal flow region. Restriction of
large scale polymer relaxations by nanofillers has been used to
account for the terminal plateaus [7,8,24]. However, the applica-
bility of the proposed model to diverse nanocomposites allows
addressing the following implications: (1) the effect of filler on the
linear viscoelastic moduli is essentially the same for the systems
considered; (2) the polymer shells immobilized onto the particle
can be assumed as included in the filler phase for understanding
the global viscoelasticity of filled polymers. It should be remarked
that although the reinforcing mechanism of the filler is presumably
different for each system due to the different polymer—filler
affinity, Eq. (3) might mask the subtle rheological differences in the
¢p-dependent relaxation spectra [72]. Therefore, the four parame-
ters, A @), G'r1(¢), G"0(¢) and «, should be examined to disclose the
different reinforcing mechanism of the filler.

4. Discussion

Plotting Af¢) against ¢ reveals a series of curves nearly parallel
to each other for different composites except for the MWCNT/PBT
nanocomposites at ¢ > 0.03, as shown in Fig. 4. A{¢) has been
interpreted as the Bueche expression [3], the Guth—Gold equation
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Fig. 4. Ar as a function of ¢ (filled symbols) and k¢ (hollow symbols) for different
nanocomposites: CB/DHEP and CB/ETFT nanocomposites by our group [19], silica/PS
nanocomposites by Havet and Isayev [20], silica/PDMS nanocomposites by Shim and
Isayev [21], SiO,/PS nanocomposites by Filippone et al. [22], clay/LLDPE nano-
composites by Durmus et al. [25], MWCNT/PBT nanocomposites by Wu et al., [24] and
CNF/PS nanocomposites by Wang et al. [23]. The dotted curves are drawn according to
Eq. (6) and the solid curve is drawn according to Eq. (8).

and its Padé approximation for spherical particle [31], the
Guth—Gold function for asymmetric rod-like particle [26]

Af(@) = 1+0.67 ko + 1.62(kg)? (6)

or the Huber—Vilgis function for self-similar, rigid particle clusters
[31,73,74] formed through a diffusion-controlled cluster—cluster
aggregation (CCA) process [74].

_2
Ar(@) = 1+ Co* % (7)

Here, k is a shape factor defined as the length of the filler divided
by its breadth, and C a constant related to size b of primary parti-
cles, and mean size &, anomalous diffusion exponent d, and fractal
dimension ds of the filler cluster via C ~ (¢/b)% 9% Both Eqgs. (6) and
(7) could approximately account for the data in Fig. 4. The param-
eters k and dr are estimated according to least square fitting of Egs.
(6) and (7), respectively, and the fitted values are listed in Table 1.
Precipitated silica and CB as irregular aggregates by fusion of
primary particles possess of typical k values ranged from 4 to 10
[75]. The other nanofillers exhibit rather large k values, indicating
the formation of clusters with large aspect ratios. Specially, the k
values of SiO, nanoparticles and fumed silica are as high as 17.6 and
22.0, respectively, indicating that Eq. (6) does not account for the
shape factor of the filler particles but for the clusters. The k value of
CNF in the SC nanocomposites is higher than that in the MB
nanocomposites, being consistent with the variation of fiber length.

In nanocomposites, filler particles tend to aggregate in order to
reduce the excess interfacial energy. The driving force for the
agglomeration might arise from the strong dispersive interaction
between the particle and the matrix as well as the depletion
interaction between adjacent particles. The filler clustering results
in non-trivial differences between filler volume fraction and cluster
volume fraction due to the presence of the occluded polymer
surrounding the filler inclusions. This concept is taken into account
in Eq. (7) that contains a fractal dimension of the clusters. The df
values in a narrow range from 1.67 to 2.00 are in agreement with
the theoretical value 1.80 predicated for the self-similar CCA clus-
ters. It is rather surprising that plotting of A(¢) against k¢ reveals
data collapse, except for the MWCNT/PBT nanocomposites at
¢ > 0.03. Though the df values are somewhat different for the
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Table 1
Rheological parameters for different composites.
Composites Characteristic of filler Characteristic of matrix T/°CS k de X y
Nature and size Special surface M,/ Mw/  Mmo/
area/m? g~ kgmol! M, kPas
Si0,/PS? [22,71] SiOz/nanoparticle, diameter 14 nm 135—165 125 1.98 152 200 176+0.8 199 +0.14 3.60+0.26 3.00 + 0.020
Fumed silica/PSb Diameter 20 nm / 320 2.0 21.1 200 22.0+1.2 2.00+0.07 345+0.06 3.11 +0.16
[20]
Precipitated silica/ Primary particle diameter 16 nm, 200 414 1.77 5.46 80 104402 1.85+0.18 4.77+0.82 3.83 +£0.57
PDMS? [21] agglomerate size 10 pm
CB/HDPE® [19] Diameter 25 nm 63 / / 19.2 160 34+04 193+004 3.11+045 3.90+042
CB/ETFT? [19] / / 26.8 260 55+03 193+014 277 +036 3.11 +0.45
Clay/LLDPE® [25] Montmorillonite with 38% organic | 50 580 160 180+05 1.67+0.15 2.57+0.19 2.72+0.03
content
MWCNT/PBT® [24] Outside diameter 10—20 nm, > 200 232 / 090 240 580429 1.80+0.109 242 +028 274+ 034
inside diameter 5—10 nm,
length 10—30 um
CNF/PS? [23] Diameter 100—200 nm, / 200 24 9.0 200 139+03 190+0.04 246+0.36 2.24+0.01
length 1-20 pm
CNF/PSb [23] Diameter 100—200 nm, / 200 299+04 198+0.03 3.12+030 3.63+0.14
length 4—60 pm
¢ Prepared using MB method.
b prepared using SC method.
¢ Temperature where linear rheology is analyzed.
d Determined at ¢ < 0.02.
nanocomposites investigated, the collapsed data at k¢ < 1.7 could Go ~ ¢* (11)

be well described by a modified form of Eq. (7).

Ar(9) = 1+ Clko)™® 8)

with di = 1.86 + 0.03 (R? = 0.98025).

Fig. 5 shows G'ri(¢) and G"g(¢@) as a function of ¢ for the clay/
LLDPE and the CB/ETFT nanocomposites as examples. The two
characteristic moduli can be expressed as power laws

Gh(o)~¢* (9)
and
f0(9)~ ¢ (10)

The scaling exponents x and y are determined according to least
square fitting method, as listed in Table 1. The x and y values are in
narrow ranges from 2.4 to 4.7 and from 2.2 to 3.9, respectively.
The CCA models predict that equilibrium elastic modulus
Go = ul)iino G'(w) of filled polymers scales with ¢ [40,74,76]

10°F w o clay/LLDPE E
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Fig. 5. G'r; (solid symbols) and G"¢ (hollow symbols) as a function of ¢ for clay/LLDPE
nanocomposites by Durmus et al. [25] and CB/ETFT nanocomposites by our group [19].
The straight lines are drawn according to Egs. (9) and (10), respectively.

with an exponent z = 3.5 in case of particle fluctuation in their
equilibrium positions [74,77]. Modulus measurement at small
strains reveals that a certain category of filled polymers agrees with
the predication of the CCA models [74,77—85]. However, a variety of
systems exhibit rather high z values, for example, silica filled PDMS
(z = 7.2) [86], liquid polyisoprene (z = 5.2) [87] and poly(ethylene
oxide) (z = 3.3 at low silica contents and z = 26.5 at high silica
contents) [88], as well as MWCNT filled polyisobutylene (z = 7.1)
[89] and PDMS (z = 6.7) [90]. The z value is undoubtedly related to
the frequency at which G’ of filled polymers is evaluated. Values of
z=1.0and z = 3.4 have been observed in the elastic plateau and the
terminal regions in silica filled polybutadiene [85]. The present
study allows picking up the characteristic moduli G'ri(¢) and
G"f(¢) associated with the filler phase. The x and y values might
reflect the structural difference and the polymer—filler affinity of
the nanocomposites.

Fig. 6 shows « as a function of k¢, disclosing a general tendency
of a decay with increasing k. A glassy chain dynamics of G’ ~w3/8
have been predicted for a certain strength of the filler activity [91].
However, the relaxation of the filler phase at high filler concen-
trations may be slower than the predicated glassy chains. This
particular process is controlled by the frictional interaction
between the absorbed chains and the particles, the density of the
adsorbed chains on the surface of particles, and volume fraction of
the interfacial layer in the “filler phase” [8]. It is worth noting that
the variation of « against k¢ follows the same fashion for the CNF/
PS nanocomposites prepared via the MB and the SC methods,
indicating that the w-dependence of the elastic component of the
filler phase is related to both concentration and aspect ratio of the
filler. The different « values from CB filled HDPE and ETFT suggest
that this parameter is related to the polymer—filler affinity.

The time-concentration superposition (TCS) principle has been
applied to weakly attracting colloid suspensions and filled poly-
mers at controversy for about 30 years. Faitel’son and Yakobson
[92] are the first to create TCS principle in dynamic rheology of
liquid-like chalk dispersions at ¢ < 0.15 onto the dispersant (8%
solution of polyisobutylene in cetane) using a modulus shift factor
(call ay, here). ay, was also defined as “strain amplification factor”
and it could be evaluated from the |G*| ratio of the suspension over
the dispersant in the high-w zone dominated by hydrodynamic
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Fig. 6. « as a function of ¢/¢. for different composites.

forces [93]. Applicability of this TCS principle to several particle
dispersions [93—95] suggests that the filler phase does not intro-
duce any changes in dynamics of the dispersant, at least at ¢ below
a percolation threshold ¢ in the high-w zone. However, this TCS
principle breaks down in the low-w zone where the contribution
from the particle network seems dominative. In fact, this TCS
principle is only expected to the high-w zone where the rheology is
dominated by the polymer [96]. Trappe and Weitz [97] demon-
strated another TCS principle in dynamic rheology of solid-like CB
dispersions (¢ > ¢c), by introducing two independent scaling
factors for both modulus and frequency, any, and a,, which is further
validated in several dispersions and polymer composites
[22,82,89,98—102]. The TCS attempts with two shift factors (apy and
a,) do establish master curves at ¢ > ¢, disclosing the significance
of filler network and its influence on polymer dynamics. Never-
theless, this TCS principle breaks down in the high-w zone [22,99],
being just opposite to the case at ¢ < ¢. using only an an, factor. The
TCS breakdown is ascribed to the non-Newtonian feature of the
polymer melts, whose relaxation modes are independent of filler
content [72]. In the second TCS attempt, w¢- and its corresponding
modulus (G¢) provide a convenient choice of a,, and a, [22,97,99],
which undoubtedly fails for highly filled polymers with two G'—G”
crossovers or without G'—G” crossover.

A more plausible TCS is obtained by Marcovich et al. [103] who
scaled the dynamic rheology of wood flour filled polypropylene, by
shifting along the frequency axis without any correction in
modulus, to create master curve with neat polypropylene as the
reference. In this case, the filler seems to impose on the chain
dynamics in the whole composition. The TCS principles created so
far are equivocal and could not connect with the present knowl-
edge about chain dynamics and structural inhomogeneity in filled
polymers [39,44]. Molecular dynamic simulation on an idealized
nanofilled elastomer reveals the applicability of TCS principle to
terminal relaxation on the chain length scale [104]. On the other
hand, the TCS principle breaks down at the segmental length scale.

The proposed two phase model is consistent with the well-
known structural inhomogeneity of filled polymers as well as the
strain amplification and the filler clustering phenomena. The
polymer can be divided into a rubbery bulk region far away from
the filler and an absorbed shell close to the filler inclusions [55,56].
Dynamics of polymer chains in the rubbery bulk do not vary upon
filler addition, which agrees with the conceptual treatment of the
proposed two phase model. The bulk region behaves same as the
unfilled polymer while its contribution to the viscoelasticity of the
composites is enlarged due to the strain amplification or the

hydrodynamic effect by the solid inclusions [1,26]. The expression
of the proposed model (Eq. (3)) could be reduced to the TCS prin-
ciple with an ap, factor provided that G*fw, ¢) is negligible. The
filler might impose on segmental relaxation of chains in the thin
absorbed shell close to the fillers [41—43] to form bound and
occluded polymers [52] and even a glassy lay [46—49], depending
on the filler polymer—particle interactions [39,44]. The absorbed
shell with chain immobilization, either physically or chemically
originated, participates in the filler aggregates or CCA clusters,
which constitutes the “filler phase” in the two phase model. The
absorbed shell leads to an increase in effective filler volume frac-
tion, which has already been taken into consideration in the CCA
model [31,73,74].

The underlying physics of this model lies on the independent
rheological responses of the polymer and the filler phases [105].
The two phase model is valid only if the filler clusters are stable
within the frequency domain or at time scales shorter than the
lifetime polymer—filler junctions [63]. It is undeniable that the two
phase model with a given Af¢) function fails in the nonlinear
viscoelastic regime where a power-law cluster breakdown has been
predicted [31,106].

5. Concluding remarks

Concerning the above discussion, the following concluding
remarks seem pertinent: (1) the filler—polymer interaction and the
possible interphase, if it exists, might be included in the filler phase
for understanding the viscoelasticity of filled polymers; (2) the
presence of the filler phase does not influence the polymer
dynamics in the bulk phase far away from the filler. The applica-
bility of the proposed model was also validated for the linear
rheology of silica filled EPDM [107], CB filled EPDM [107,108] and
polyisobutylene terpolymer [11], as well as nanoclay filled ethyl-
ene—propylene-diene terpolymer [107], nitrile rubber [109], and
maleated ethylene—propylene rubber [110] in a wide ¢ range.
Though the application of the proposed model was examined only
to the nanocomposites in the present work, it is expected to work
for polymers filled with both nano- and micron-sized fillers. The
linear rheology of filled polymers is strongly influenced by topology
and distribution of filler and the strength of filler—polymer inter-
actions, which should be further investigated within the frame-
work of the two phase model for gaining insight in the complex
rheological behaviors of filled polymers. The physical meaning of
the model shall become evident once the filler topology and the
filler—polymer interactions are analyzed.
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