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Abstract The strain (y) dependences of viscoelasticity
and electrical resistance (R) of vapor grown carbon nano-
fiber (VGCF)/polystyrene (PS) composites have been
studied using simultaneous measurement technique. The
composites containing at least 4 vol.% VGCF present two
regions of strain softening at y < 10% and y > 30%,
respectively. Using strain amplification factor introduced
by hydrodynamic effects as vertical and horizontal shifting
factors, the curves of dynamic storage modulus (G’) and
loss modulus (G”) as a function of y for the composites can
be superposed, respectively, on those for the pure matrix at
7 > 30%. Significant deflection from the master curves can
be observed at y < 30%. R tested as a function of y pro-
vides direct evidences for breakdown of fillerfiller inter-
actions even by a small strain perturbation. It is suggested
that breakdown of filler—filler interactions plays a vital role
in strain softening at small strains, whereas the matrix
provides the main contribution to strain softening at large
strains. Dynamic moduli Glf,(().l%,(/}) and Gf (0.1%.p) Of the
filler phase at volume fraction ¢ at 0.1% strain are used to
account for the viscoelastic contribution of the initial filler
structure. Ratios of dynamic moduli of the filler phase to
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the composite at 0.1% strain, Gy ,5,/G 19, and Gy o,/
Gl/

¢,0.1%>
@, which is in consistence with the electric percolation
transition.

exhibit percolation-like transition as a function of

Introduction

Incorporating functional fillers is a popular approach to
modify polymers [1-5], and the filler reinforcement is
typically reflected in the increased storage modulus (G')
and viscosity beyond those of the matrix. Filled polymers
generally exhibit nonlinear viscoelasticity under strains (y),
which is often referred to Payne effect [6-8].

Payne effect appearing as G’ decay with increasing y in
filled polymers has been related to filler network break-
down [8-11], filler deagglomeration [12, 13], polymer—
filler debonding from the filler surface [14], and strain
softening of the polymer shell surrounding fillers [15].
However, underlying mechanisms for Payne effect of filled
polymers are not yet clarified. For instance, the concepts of
filler deagglomeration and network breakdown do not
consider the contributions from the matrix and the filler—
polymer interactions, and they could not explain Payne
effect in the case of filler content below percolation
threshold. The nonlinear viscoelasticity observed in many
systems always differ in strength and type of interparticle
force, shape, and average size of fillers, as well as the
nature of matrix [11-15], which have not been included in
phenomenological models.

In recent years, conductive nanofiller/polymer compos-
ites have attracted researchers’ attention because of their
excellent multifunctional properties in comparison with
conventional conductive polymer composites [16-20].
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There exist a lot of available nanofillers [21-27], among
which vapor grown carbon nanofiber (VGCF) is an excel-
lent conductive nanofiller [20]. Linear viscoelasticity has
been applied to assess the state of dispersion of fillers in the
melt. Strain-sweep tests are generally performed for
determining linear viscoelastic regime. Few works con-
cerning phenomena of nonlinear viscoelasticity have been
reported to VGCEF filled polymers while exploration of the
origin of Payne effect is usually ignored [28, 29]. Schaefer
et al. [30] observed strain softening even at y = 0.4% in
2 wt% VGCF filled thermoplastic polyurethane elastomer
(TPU). In comparison, the phenomenon that linear region
disappears has not been observed in carbon black (CB)
filled TPU. Schaefer et al. ascribed the strain softening in
VGCF/TPU to the slippage of the deformed filler cluster in
the matrix. However, this idea ignores the filler deag-
glomeration that occurs inevitably and requires a further
study in detail. In fact, strain softening in filled polymers is
inextricably linked with disruption of the filler—filler and
the filler-matrix interactions. Breakdown of fillerfiller
contacts and chain debonding from the filler phase should
always entangle with each other in conventional rheologi-
cal measurements.

Simultaneous measurements of rheological and con-
ductive properties have been used to study the structure and
properties of filled natural rubber [7] or vulcanizates [31]
as well as electric conduction behaviors of an electrorhe-
ological fluid suspension [32]. Our group has put forward a
novel simultaneous measurement of electric resistance
(R) and rheological parameters for conductive polymer
composites [10, 33, 34]. In this article, we focus our
attention on the nonlinear viscoelasticity of VGCF filled
polystyrene (PS) by simultaneous measurement technology
applied in strain sweep mode. Here, the strain-dependent
R is pursued to evaluate the variation of filler—filler inter-
actions during strain softening due to shear action. We aim
to gain the mechanisms for nonlinear viscoelasticity espe-
cially the origin of strain softening in low strain region for
VGCF filled composites.

Experimental
Materials

Polystyrene (PS, SGM-085) with density of 1.04 g/m?,
number average molecular weight of approximate 84.9 kg/
mol, and polydispersity index of 2.3 was supplied by
Certene, USA. Highly crystalline carbon nanofiber (VGCEF,
VGCF-H) synthesized by the vapor-phase method with
average diameter of 150 nm, length of 10 um, and electric
resistivity of 1 x 107* Q cm was supplied by Showa
Denko Co. Ltd., Japan. Styrene-maleic anhydride
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copolymer (SMA) with number average molecular weight
of 11 kg/mol and maleic anhydride content of 18.5 wt%
was made in our laboratory. Antioxdant (B215) with rela-
tive molecular weight of 647 and melting temperature of
180-185 °C was supplied by Ciba-Geigy Co., Japan.

Samples preparation

After being dried at 80 °C for 24 h, VGCF and PS matrix
with 2 wt% antioxidant B215 were mixed in a Hakke
miniaturized internal mixer Rheomix 600 at a roll speed of
60 rpm for 12 min at 190 °C. The compounds were mol-
ded at 190 °C and 10 MPa into discs of 7.9 mm in diam-
eter and 1.1 mm in thickness for rheological test and sheets
for room temperature-resistance measurement. Samples
containing coupling agent (10 wt% SMA) were also pre-
pared as above.

Measurements

Dynamic rheological measurements were performed on an
advance rheometric expanded system (ARES, Rheometrics,
USA) in the mode of strain sweep with plate—plate grippers
of 7.9 mm in diameter. The gap distance was kept about
1.0 mm for all tests. Strain sweeps from 0.1 to 100% were
conducted at 3 rad/s and 170 °C. Two brass wires as elec-
trodes were fixed to the torque transducer and the motor
rods, respectively. The weights of the brass wires were too
small to influence the rheological measurement. The in situ
resistance change under shear strain was recorded using a
computer controlled system based on a digital multimeter
(Escort-3146A, Schmidt Scientific Taiwan Ltd., China)
connecting to the brass wires. Illustration of the simulta-
neous measurement instrument is given in Scheme 1.

Thin sections, approximately 60-80 nm thick, of the
composites were microtomed at room temperature for
morphology observation using a JEOL JEM-1230 trans-
mission electron microscopy (TEM) at an accelerating
voltage of 120 kV.

A two-probe resistance measurement was carried out for
determining resistivity (p) at room temperature, using a

brass wires m

Digital
multimeter

Computer

Scheme 1 Illustration of simultaneous measurement of dynamic
moduli and resistance R
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M890 B digital multimeter for resistance lower than
12 x 10* Q or using a high-resistance meter (ZC36;
107" A and 10" Q) for resistance higher than
1.2 x 108 Q. The sheets (diameter 50 mm, thickness
1.2 mm) were used for high-resistance measurement. The
sheets (length 35 mm, breadth 12 mm, thickness 1.2 mm)
were used for low resistance measurement and two pieces
of copper nets were mounted onto the opposite wide sur-
faces of the sheet to ensure good electric contact with the
copper electrodes.

Results and discussions

Strain softening

Figure 1 shows dynamic storage modulus (G’) and loss
modulus (G") as a function of strain (y) for VGCF/PS
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Fig. 1 Dynamic storage modulus G’ (a) and loss modulus G” (b) as
function of strain y at 170 °C for VGCF/PS composites with different
VGCF volume fractions ¢

composites. The significant increases of G' and G” with
increasing filler volume content (¢) indicate the rein-
forcement effect of VGCF. The pure matrix exhibits a
linear viscoelastic regime up to about y = 30%. In con-
trast, G’ and G” of the composites begin to decrease at 7 as
low as 0.1% and there exists essentially no linearity
regime. For the composites containing more than 8 vol.%
VGCF, G' and G"” show a pronounced decrease at
y < 10%, and an even more sharpened decrease at
y > 30%, which has been seldom observed [10, 35].

It is accepted that reinforcement is related to the com-
binational contribution of the filler—filler and the filler—
matrix interactions. Breakdown of these interactions and
disentanglement of matrix macromolecules are considered
to be responsible for strain softening. In general, their
contributions are difficult to be distinguished. However, the
filled polymers in high y region exhibit viscoelasticity
similar to that of the matrix, suggesting that molecular
disentanglement is essential for the strain softening at
7 > 30% [36]. Apart from molecular disentanglement at
large strains, breakdown of the fillerfiller or the filler—
polymer interactions should be responsible for strain soft-
ening especially at low strains.

To examine the role of macromolecular disentanglement
in strain softening of VGCF/PS composites, superposition
of G'~y and G" ~y curves of filled samples on those of
pure PS at the high strain region is conducted through
vertical and horizontal shifting. Figure 2a and b shows the
master curves of G’ and G” as a function of y for the
composites with different VGCF contents. Excellent
superposition can be achieved at y > 30%, demonstrating
the importance of macromolecular disentanglement for
strain softening at large y. Table 1 lists vertical shift factors
fi(@) and fo(p) for G’ and G”, respectively, as well as
horizontal shift factor A(¢). Both the vertical and hori-
zontal shift factors are related to strain amplification effect
originated from the presence of hard and much less
deformable filler particle in soft and highly deformable
matrix. The rigid filler particles do not contribute to the
deformation and the global strain of the filled polymer is
concentrated in the matrix [37] so that the local strain of
the matrix must exceed the macroscopic strain. A(¢)
increases with ¢, as shown in Fig. 3. Guth—Gold equation
has been proposed to describe the relationship between
A(¢) and ¢ for asymmetric rod-like particle [38]

A(@) = 14 0.67kep + 1.62(ko)? (1)

Here, k is a shape factor defined as the length of the filler
aggregate divided by its breadth. Equation 1 is applied to
fit the data in Fig. 3 and the satisfactory fitting result
with k = 6.5 is presented as a solid curve. Universal
contribution of conventional filler to linear [39] and
nonlinear viscoelasticity [36] of filled polymers has been
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Fig. 2 Master curves of G’ (a) and G” (b) as a function of y at 170 °C
for VGCF/PS composites with different VGCF volume fractions ¢

Table 1 Shifting parameters of strain-amplification effect for VGCF/
PS composites with different VGCF contents ¢

@ (vol.%) A(p) fi() fa(o)
4 1.3 1.3 1.4
6 1.6 1.9 2.0
8 1.9 2.5 2.6
12 2.3 3.6 3.4
14 3.0 4.8 4.5

explored by using the concept of strain amplification effect.
For SiO, filled solution-polymerized styrene butadiene
rubber [36], G’ and loss tangent (tand) versus 7 of the filled
rubber can be superposed, respectively, on those of the
matrix in a wide y range, suggesting that the nonlinear
viscoelasticity is mainly related to macromolecular
disentanglement while SiO, only introduces a strain
amplification effect. On the other hand, the G'~7y and
G"~y curves of the VGCF/PS composites at y < 30%
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Fig. 3 A(e) as a function of ¢ for VGCF filled PS. The solid curve is
drawn according to Eq. 1

could hardly be superposed onto the respective curves of
pure PS. The deflection becomes more significant with
increasing ¢, implying that some filler-related structures
are broken down under shear strains. In other words,
breakdown of the filler—filler or the polymer—filler
interactions may be responsible for the softening at
strains below the onset of molecular disentanglement.

To confirm the speculation, coupling agent SMA was
added in the composites containing 10 vol.% VGCF to
weaken the filler—filler interactions as well as to strengthen
the filler-matrix interactions [40]. Figure 4 shows TEM
micrographs of 10 vol.% VGCF filled PS with 10 wt%
SMA or without SMA. Addition of SMA promotes the
dispersion of VGCF in the matrix and leads to a significant
increment of interfiber distance (Fig. 4a) as compared to
the case without SMA (Fig. 4b). Figure 5 shows influence
of 10 wt% SMA on G’ against y for the composites.
Addition of SMA can lower the G’ value over the whole 7y
range and greatly weaken the strain softening effect in the
low y region. In fact, linear viscoelastic regime appears at
y < 0.2% in the composite containing 10 wt% SMA.
However, influence of SMA on the Payne effect becomes
inconspicuous gradually with increasing y, especially in the
molecular disentanglement regime. These results suggest
that the filler dispersion controls the initial modulus and the
nonlinear rheology at small strains. Both the reduction in
filler—filler interactions and the increase in filler—matrix
interactions may weaken the strain softening at small
strains. Therefore, the strain softening at small strains may
be associated to disruption of the filler—filler and the filler—
matrix interactions. Ten-Brinke et al. [40] studied the
dynamic rheological behaviors of silica—rubber composites
at different strain amplitudes and found that the fillerfiller
interactions are particularly perceptible when deformations
are small.
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Fig. 4 TEM micrographs for 10 vol.% VGCF filled PS with 10 wt%
SMA (a) and without SMA (b)
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Fig. 5 G’ as a function of strain y at 170 °C for 10 vol.% VGCF
filled PS with 10 wt% and without SMA

Evolution of filler structure under strain shear

Shearing filled polymers to a certain strain can disrupt the
filler network, and as a result, influence the electrical
conduction of the composites. Simultaneous measurements
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Fig. 6 G’ and R as a function of y for VGCF/PS composites at 3 rad/s
at 170 °C

of R and G’ as a function of y would provide an effective
evidence for filler network evolution. Figure 6 shows
simultaneously measured R and G’ as a function of y for the
composites containing 8 and 12 vol.% VGCF at 170 °C.
R increases slightly at y < 1% and sharply at large strains,
which might be ascribed to the breakdown of direct fiber
contacts and the substantial increase of interfiber distance
[10, 35]. It seems that the filler network or the filler—filler
interactions may be in breakdown-reformation equilibrium
at very small strains [10, 41] while the breakdown process
become dominative at a critical strain. The result well
confirms that disruption of filler—filler interactions plays a
vital role in strain softening of VGCF/PS composite. Dis-
ruption of the filler—filler interactions alone could not
explain the nonlinear rheology at small strains and the
marked modulus decline at small strains as shown in Fig. 1
should be partly attributed to breakdown of filler-matrix
interactions in the vicinity of the filler inclusions, for
example, desorption of PS chain from the filler surface
during VGCF moving in the matrix.

TEM observation also gives some information about the
filler-structure change due to shear action. Figure 7 shows
morphologies for the composite containing 8 vol.% VGCF
before and after being sheared at 50% strain amplitude for
10 min. It can be seen clearly that the fibers interconnect
with each other and are randomly dispersed in the matrix
before shearing while they orient along the shear direction.
The fiber slippage and orientation may be accompanied by
debonding of PS chain from the fiber surface, resulting in
the reduction in fiber contacts and the increase in R with
increasing 7.

Viscoelastic contribution of the filler phase

As aforementioned, VGCEF filled PS exhibits marked strain
softening with increasing strain amplitude, and the
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Fig. 7 TEM micrographs for 8 vol.% VGCF filled PS before (a) and
after (b) being sheared at 50% strain amplitude for 10 min

amplitude of strain softening is very sensitive to filler
concentration. Except for the strain amplification effect
that enlarges the viscoelastic contribution of the matrix, the
filler phase constructed from VGCF and the physically
absorbed PS chains should also contribute to global vis-
coelasticity of the composites [42]. In a recently proposed
two phase model, the global complex modulus of filled
polymer can be divided into certain strain amplification
effect and structural contribution of the filler phase.

Complex modulus of filled polymer, G (1p) CAN be

expressed as

G ro) = A@)Ginao) + Cr) (2)
Here, G:n,(A(q))y) represents complex modulus of

interstitial fluid between filler inclusions and Gj (1.0) is

complex modulus of the filler phase. The values of G_ ,
and Gy, (ap)y)

Because it is impossible to measure static modulus of
the filler phase in linear viscoelastic regime at extreme
small strains, y = 0.1% is selected for evaluating modulus
of the filler phase in initial composites. As shown in Fig. 2,
an’( Ao)y) should not vary with increasing y below 30%. So

can be experimental determined.

an’( Alg)y) At 0.1% strain can be approximated as G ¢
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and the viscoelastic contribution of the initial structure of
the filler phase can be estimated as

G;’7(0.1%,(p) = G::7(0.1%,(p) _A(‘P)G;n,o.l% (3)
G/f/,(O.l%,(p) = G/c/,(O.l%,/') _A(QD)G:;,OJ% (4)

Equations 3 and 4 allow estimating elastic and viscous
moduli (Gt 4, and Gy, q) of the filler phase at 0.1%
strain from those of the composite (G 4, and G ;4,) and
the matrix (G, o 14 and Gy, ¢ 14,)-

Electric conduction percolation may be related to vis-
coelasticity of the filler phase. Figure 8a shows percolation
plots of volume resistance (p) at room temperature and
elastic and viscous moduli (G ¢, and G, ,4,) at 170 °C
as a function of ¢ — ¢@.. According to classical percolation
theory [43], p as a function of ¢ can be expressed as

p~(0—0)" (>0 (5)

The critical exponent o is determined as 1.41 4 0.12,
being in agreement with the value of 1.60 predicted in
statistic percolation theories for three-dimensional systems
[44, 45]. Rigidity percolation theories [46-53] are
sometimes used to account for the critical growth of
modulus of the composite at ¢ > @..

G/c,(o.l%,q;) ~ G::l,(o.l%@) ~(p— q’c)ﬁ (6)

The critical exponent f3 is determined as about 0.67 from
slopes of both G4 and G, 4 against ¢ — @, being
close to the value of 0.70 in single-walled carbon nanotube/
poly(methyl methacrylate) nanocomposite [54].

Figure 8b shows dynamic moduli for the composite and
the filler phase at 0.1% strain as a function of ¢ in double-
logarithmic plot. Both Gt 14, and GY, 14, increase linearly
with increasing ¢, following a scaling law predicted for
cluster—cluster aggregation (CCA) model [43, 55, 56].

Gt (0.1%.0) ~ Gf (0.19.0) ~ @ (7)

Exponent x ~ 2.51 is determined from Gi, s and
GK 0.1%- On the other hand, the scaling law
Glc,(O.l%,q)) ~ Glcl,(O.l%,q)) ~ ¢ (8)
with y & 1.80 holds only at ¢ above percolation threshold
@c = 5.05 vol.%.

Figure 8c shows p and relative moduli G 14,/G. g 14,
and Gy 14,/ G 14, as a function of ¢. The plot indicates
that the electrical conduction of the composites is directly
connected with the structure of the VGCF phase. Relative
moduli increase sharply at 2 vol.% < ¢ < 8 vol.%, which
is consistent with the sharp decay of p as a function of ¢
usually termed as percolation transition. The direct VGCF-
VGCEF contact allows establishing a conduction network,
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Fig. 8 a Volume resistivity p at room temperature and dynamic
moduli G, 4 and G 4, of composites at 170 °C as a function of
¢ — @.. b Dynamic moduli G, and G/, of composites and
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resulting in the sharp electrical percolation transition. Apart
from the role of VGCF in network, the matrix macromole-
cules must participate in the network formation through
physical absorption on VGCF surface and bridging adjacent
VGCEF. This rheological network results in the fast incre-
ments of relative moduli of the filler phase with respect to the

composites. At ¢ > 8 vol.%, both p and relative moduli
level off gradually. The role of VGCEF in reinforcement can
be directly evaluated by the relative moduli Gt 14,/ Gt ¢ 14,

and Gy 14,/ G 14, though these two parameters show slight
difference at 6 vol.% < ¢ < 12 vol.%.

Conclusion

The nonlinear viscoelasticity of VGCF/PS composites is
associated with both chain disentanglements and disruption
of filler—filler interactions depending on VGCF concen-
tration and amplitude deformation. On the basis of the
strain amplification concept, the strain softening region
dominated by disentanglement can be defined for VGCF
filled PS melts at large strains. Simultaneous measurement
of R and dynamic moduli indicates that breakdown of the
filler—filler or the polymer—filler interactions should be
responsible for the Payne effect at strains below the onset
of macromolecular disentanglement. The filler—filler
interactions may be in breakdown-reformation equilibrium
at extremely small strains while the breakdown process
becomes dominative with increasing strain before onset of
macromolecular disentanglement. Furthermore, reinforce-
ment in filled polymer can be divided into the strain
amplification effect and the structural contribution
of the filler phase. Relative moduli Gt ,4,/G, 4 and
Gfo.19/Ge .19 representing relative viscoelastic contri-

bution of the filler phase with respect to the composite,
show a percolation-like transition as a function of ¢, which
is in consistence with electric percolation transition.
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