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ABSTRACT: This research deals with the melt rheology
of isotactic polypropylene (iPP) reinforced with short glass
fibers (SGF) coated with electrically conductive polyaniline
(PAn). Composites containing 10, 20, and 30 wt % PAn-SGF
were studied. Moreover, a composite of 30 wt % PAn-SGF
was also prepared with a blend of iPP and PP-grafted-ma-
leic anhydride (iPP/PP-gMA). The composites showed lin-
ear viscoelastic regime at small strain amplitudes. The onset
of nonlinearity decreased as the concentration of filler
increased. The time-temperature superposition principle
applied to all composites. The filler increased the shear
moduli (G0, G00) and the complex viscosity h*. Steady-state
shear experiments showed yield stress for the composites
with 20 and 30 wt % PAn-SGF. Strikingly, the 10 wt % com-
posite showed higher steady state viscosity than the 20 wt %.
Rheo-optics showed that shear induced disorder of micro-

fibers at a concentration of 10 wt %. However, at 20 wt %
concentration shear aligned the microfibers along the
flow axis, this would explain the anomalous steady state
viscosity values. The viscosity exhibited a shear thinning
behavior at high shear rates for all composites. Creep
experiments showed that the filler induced greater strain
recovery in the composites and that the amount of strain
recovery increased as the PAn-SGF concentration
increased. However, the enhancement of strain recovery
(as well as shear viscosity) was more significant when
using the iPP/PP-gMA blend, suggesting greater adhe-
sion between this matrix and the filler PAn-SGF. � 2008
Wiley Periodicals, Inc. J Appl Polym Sci 109: 2207–2218, 2008
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INTRODUCTION

In recent years reinforced polymer composites have
been intensively investigated in both industrial and
academic fields, because they exhibit valuable me-
chanical and thermal properties when compared
with their neat counterparts. This is the case of poly-
propylene (PP), which is widely used in many appli-
cations because of its low production cost and versa-
tile properties. There are many studies concerned
with the improvement of mechanical properties of
PP. For instance, the addition of elastomer particles,
such as SEBS improves the impact resistance but sig-
nificantly reduces the stiffness and yield strength.1–4

Improvement in impact resistance of PP was also
obtained with the addition of calcium carbonate
(CaCO3).

5 Adding glass fibers to PP is a relatively
easy and effective method for enhancing tensile, flex-
ural and impact properties.6–8 Several investigators
have carried out experimental studies6–11 and devel-

oped theoretical models12–14 on glass fiber-reinforced
PP.

The tremendous growth in aerospace, defense and

automotive industries has resulted in the develop-

ment of new reinforced-polymer composites with

new properties. In this study we utilized a novel

electrically conductive reinforced composite, poly-

propylene (iPP) reinforced with short glass fibers

(SGF). The SGF were coated with electrically con-

ducting polyaniline (PAn) by in situ polymeriza-

tion.15,16

Polyaniline, an intrinsically conductive polymer,
has been increasingly employed in the preparation
of thermoplastics-based composites for electromag-
netic shielding or antistatic applications.17–23 The
great potential of this polymer in the aforesaid appli-
cations is due to its environmental stability, rela-
tively high electrical conductivity and low-cost syn-
thetic route.24 However, the addition of PAn to poly-
mer matrices usually results in a loss or degradation
of mechanical properties, compromising the per-
formance of these composites. To combine the elec-
trical conductivity of PAn and the reinforcing prop-
erties of glass fibers synthetic routes have been
developed where SGFs are coated with PAn.16,25 The
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PAn-coated-SGF (PAn-SGF) are then easily added to
a polymer matrix, for instance, by extrusion process-
ing. The synthetic route, and the mechanical, thermal
and electrical properties of iPP/PAn-SGF composites
have been investigated by Cruz-Silva et al.15,16 The
PAn-SGF, with a surface conductivity of 3.3 3 1021

S/cm, increments the Young’s modulus of the com-
posites. The incorporation of small amount of PP-ma-
leic anhydride copolymer (PP-gMA) to the compo-
sites also improved their mechanical properties, but
affected negatively the electrical conductivity of the
composites due, apparently, to fiber encapsulation.16

The aim of this work was to investigate the effect
of the PAn-coated-SGF on the rheological properties
of two matrix materials, neat iPP and iPP/PP-gMA
polymer blend. Our results will show that PAn-SGF
incorporation into iPP modifies the rheological pro-
pierties, increasing and then decreasing the melt vis-
cosity of the composites. On the other hand, the addi-
tion of a small amount of PP-gMA resulted in a sig-
nificant increase in melt viscosity and recoverable
strain. These results suggest better interaction
between the blend iPP/PP-gMA and the filler PAn-
SGF. The overall rheological properties depend
strongly on the concentration of the reinforcing mate-
rial. Finally, there appears to be an influence of the
orientation of the fibers on the steady shear viscosity.

EXPERIMENTAL

Materials

The preparation of the PAn-SGF and the iPP/PAn-
SGF electrically conducting composites have been
described in detail elsewhere.15,16 PAn-SGF was ther-
mally blended with isotactic polypropylene homo-
polymer (Valtec HP423M, MFI 3.8, density 0.9 g/
cm3) in a batch mixer (Brabender Plasticorder PL2000)
at 60 rpm for 12 min at 2008C. Polymer composites
with concentrations of PAn-SGF ranging from 10 to
30 wt % were prepared. The resulting composites
were compression molded into plaques of 2.6 mm
thickness at 2008C under a load of 2.45 MPa for
10 min. Two different sorts of composites were
investigated, iPP/PAn-SGF and iPP/PP-gMA/PAn-
SGF, where PP-gMA is a PP-maleic anhydride copol-
ymer. Table I shows the compositions of the PAn-
SGF composites. Fiber length for all the composites
was determined before carrying out the rheological
characterization. The composites were placed on the
observation stage and images were captured using a
digital camera (Moticam 350, manufactured by
Motic), and coupled to a Leitz optical microscope.
The image analysis software Image Tool v 3.0
(UTHSCSA) was used to characterize the length of
the fibers.

Rheological characterization

The rheological properties of the composites were
studied with a stress-controlled CVO Rheometer
manufactured by Malvern Instruments. The rheome-
ter was equipped with 25 mm diameter parallel
plates, and a gap of 1 mm was utilized throughout.
The existence and extent of the linear viscoelastic
(LVE) regime was determined measuring the
dynamic storage and loss moduli, G0(x) and G00(x),
as a function of strain, g, at 1 Hz. The dynamic rheo-
logical measurements were carried out from 190 to
2308C. The temperature control was better than
60.28C. The experimental protocol was as follows:
the rheometer was heated to 1908C, allowed to equi-
librate and the gap separation set. Fresh samples
were loaded in the preheated rheometer, holding for
15 min to allow for thermal equilibrium before meas-
urements started. The shear viscosity as a function
of shear rate was determined by operating the rhe-
ometer in the viscometry mode at constant tempera-
ture of 1908C. The upper shear rate range was lim-
ited up to 10 s21 because of flow instabilities in the
gap between the plates, which causes melt fracture.
Creep recovery measurements were conducted by
operating the rheometer at controlled stress and at
temperature of 1908C. The applied shear stress was
10 Pa and the resultant deformation was measured
as a function of time and applied stress. After apply-
ing shear stress for periods of 10, 20, 50, and 100 s,
the strain recovery was monitored for 300 s.

Rheo-optics

In situ microscopic observations of the composites
under steady shear were carried out at 1908C using
a hot-stage and controller FP-90 manufactured by
Mettler. A thin sample of about 40 lm thickness was
placed between two glass slides. Shear was applied
by sliding the upper slide, while maintaining the
lower plate static, using the screw attached to the
hot stage built-in traversing stage. Following the pro-
cedure reported by other researchers,26–28 the aver-
age shear rate was determined from the known sam-
ple thickness and recording the distance traversed
and the associated time elapsed. Despite the simplic-

TABLE I
Composition of the PAn-SGF Composites (wt %)

Sample iPP PP-gMA PAn-coated SGF

PP0000 100 0 0
PP0010 90 0 10
PP0020 80 0 20
PP0030 70 0 30
PP0530 65 5 30
PP-gMA 0 100 0
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ity of this approach, it was found that a slow veloc-
ity of 0.02 mm/s could be reproduced within 20%.
This translated into an average shear rate of 0.5 s21,
which is within the range of interest, as discussed in
the Results section. The sheared sample was imaged
using white light conditions and the micrographs
were digitally captured using the Moticam 350 cam-
era (Motic).

Scanning electron microscopy

The fracture morphology of polyaniline coated short
glass fibers was observed in a TopCom 510 scanning
electron microscope. Composite samples were frac-
tured under liquid nitrogen, and coated with a thin
layer of Au/Pd before observation.

RESULTS AND DISCUSSION

Morphology

Figure 1 shows SEM micrographs of the freeze-frac-
tured composites. Figure 1(a-c) show the iPP compo-
sites with 10, 20, and 30 wt % of PAn-SGF, respec-
tively. The fracture in all cases occurs by pull-out of

the fibers because of the low interfacial adhesion
between the surface of the fibers and the polymer
matrix, in agreement with previous results from our
group16 and others.20 In addition, Figure 1(c) shows
several side-by-side fibers, which indicate that at
30 wt % concentration the fibers start to aggregate,
increasing the electrical conductivity of the compos-
ite by a percolation process.16 On the other hand,
Figure 1(d) shows the fracture surface of the com-
posite with 30 wt % of PAn-SGF and 5% of the PP-
gMA, which now involves extensive fiber breakage,
suggesting an increment in interfacial adhesion. At
the same time, dispersion of the fiber within the
iPP/PP-gMA matrix has improved and the image
shows only isolated PAn-SGF. The dramatic change
in interfacial adhesion and dispersion of the fibers
has an effect on the rheological properties, as will be
discussed below.

Fiber breakage takes place during the processing
of short fiber-reinforced composites materials.
Length of fibers in the composites is one of the
major factors influencing the ultimate properties of
the composite materials in addition of fiber content,
fiber–matrix interaction, extent of intermingling of
different types of fibers, orientation of the fibers and

Figure 1 Scanning electron micrographs of isotactic popypropylene, iPP reinforced with PAn-coated short glass
fibers (SGF): (a) 10, (b) 20, and (c) 30 wt % filler concentration. (d) SEM micrograph of iPP/PP-gMA blend reinforced with
30 wt % PAn-SGF.
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hybrid design.7 Figure 2(a-c) shows micrographs of
50-lm-thick samples as a function of PAn-SGF con-
centration. The fiber length distribution of each com-
posite was evaluated from these images by measuring
the length of individual fibers (at least 50 for each
composite). The effect of glass fiber length as a func-
tion of concentration in the composites is summarized
in Figure 2(d). It is noted that the glass fiber lengths
decrease slightly with the increase of glass fiber con-
centration in the composites, with an average length
of 298, 290, and 247 lm, for 10, 20, and 30 wt % of
PAn-SGF, respectively. The length standard deviation
was found to be within 20%. The SEM analysis
showed that the coated glass fibers had an average di-
ameter of 14 lm,15,16 thus the average aspect ratio for
the fibers was L/D � 21.3, 20.7, and 17.6. The reduc-
tion of glass fiber length with the increase of glass
fiber concentration was also observed for polypropyl-
ene with 5 and 20 wt % of long glass fibers,9 and in a
hemp/glass/PP hybrid composite.7

Small strain oscillatory shear

Investigation of the linear viscoelastic behavior was
carried out by applying strain sweeps at controlled

frequency of 1 Hz. Figure 3 shows the storage mod-
ulus, G0, as a function of strain, g. We can see that
iPP and its composites are linearly viscoelastic (LVE)
up to about 0.01% strain. Therefore, the dynamic

Figure 2 iPP/PAn-SGF composites viewed under the optical microscope: (a) 10, (b) 20, and (c) 30 wt % fibers. (d) Num-
ber-average glass fiber length as a function of filler concentration. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3 Storage modulus, G0, for iPP containing: 0 (&),
10 (l), 20 (~) and 30 (!) wt % PAn-SGF; and iPP/PP-
gMA with 30 wt % PAn-SGF (^). Strain sweep experiment
at frequency of 1 Hz, at 1908C.
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rheological characterization of the polymer and its
composites in the linear regime was carried out
between 0.002 and 0.004% strains. The dynamic
moduli within the LVE regime were characterized
by frequency sweeps performed in a range of tem-
peratures from 190 to 2308C.

Time–temperature-superposition

Logarithmic plots of G0(x) and G00(x) taken at tem-
perature T were superimposed on those for tempera-

ture Tr by a translation of log aT along the frequency
axis. No shifts along the modulus axis were
required. Time-temperature reduction such as this
can be expressed by29

G#ðx;TÞ ¼ G#ðx � aT;Tr; Þ (1)

where the symbol (#) stands for either one prime (0)
or two primes (00). In this study we chose a reference
temperature, Tr, of 1908C. Figure 4(a) shows the
master curve for storage, G0(x) and loss, G00(x) mod-

Figure 4 Master curves of dynamic moduli G0(x) (filled symbols), and G00(x) (open symbols) for (a) iPP and (b) PP-gMA.
(c–e) Master curves of 10, 20, and 30 wt % iPP-PAn-SGF, composites; and (f) iPP/PP-gMA with 30 wt % PAn-SGF. Tr

5 1908C.
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uli as a function of frequency, x, for the homopoly-
mer iPP; Figure 4(b) shows the corresponding master
curve for PP-gMA. iPP shows a predominantly vis-
cous behavior (G0(x) < G00(x)) at low strain rates and
a transition towards the rubber-like regime (G0(x) >
G00(x)) as the strain rate increases. On the other
hand, the copolymer PP-gMA shows only a predom-
inantly viscous behavior and much smaller moduli
values.

The results showed that the composites also
obeyed the time–temperature superposition princi-
ple. Figures 4(c–e) show the master curves for the
iPP-PAn-SGF composites, and Figure 4(f) for the
composite of PP-gMA with 30 wt % PAn-SGF. The
iPP composites exhibit at low frequencies a predomi-
nantly viscous behavior (G0(x) < G00(x)) followed by
the rubber-like behavior at high frequencies (G0(x) >
G00(x)). It is seen that the PAn-coated glass fibers
enhance the elastic behavior of the composites, the
shear moduli increase gradually as concentration of
filler increases and the terminal regime is signifi-
cantly reduced. The same sort of behavior is
observed for the addition of PAn-SGF filler to the
PP-gMA matrix. The 30 wt % composite based on
iPP/PP-gMA showed a significant increment in vis-
cous and elastic shear moduli with respect to the iPP
matrix. The master curve shown in Figure 4(f) now
shows an elastic behavior, as indicated by the
dynamic shear moduli behavior, and this is also
reflected in the creep recovery behavior, as will be
discussed in the following sections.

Over the range of temperatures investigated we
found that the TTS shift factors follow an Arrhenius
form

aT ¼ hðTÞ=hðTrÞ / eEh=RT; (2)

where T is the absolute temperature, R the ideal gas
constant, and Eh is the viscosity activation energy.
The flow activation energies, Eh, that results from
the shift factors are given in Table II. The results
show that the addition of PAn-SGF increased the
activation energy of the composites. The composite

with 30 wt % PAn-coated-SGF exhibits higher flow
activation energy of 79 KJ/mol. On the other hand,
the addition of PP-gMA decreased the activation
energy to 54 KJ/mol for the composite with 30 wt %
PAn-SGF.

The dynamic viscosity, h*(x), was obtained from
the following expression

h� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0ðxÞ2 þ G00ðxÞ2

q

x
; (3)

Figure 5 shows the dynamic viscosity, h*(x), as a
function of frequency, x, for PP-gMA, iPP, and the
PAn-coated SGF composites. It can be seen that the
complex viscosity increases as the PAn-SGF concen-
tration increases. The increase in complex viscosity
for the iPP composites (Fig. 5) is more than double
(at 30 wt % concentration of fibers) relative to the
neat iPP. On the other hand, it is noticed that the
dynamic viscosity of the 30 wt % composites are
practically the same over the strain rate range inves-
tigated, regardless of the nature of the polymer ma-
trix (iPP versus PP-gMA). We will use h* (x) to com-

TABLE II
Rheological Properties of the Composites, Tr 5 1908C

Sample

Oscillation Steady shear Creep ( t1f 5 10s)

h0
a (Pa s) AG (Pa s2) Eh (kJ/mol) h0

b (Pa s) J0e 3 1025 (Pa21)

PP0000 11,500 7.62 3 104 51 2335 4.49
PP0010 11,510 4.30 3 103 31 11,360 3.58
PP0020 20,970 1.07 3 104 61 – 2.08
PP0030 24,850 2.14 3 104 79 – 2.83
PP0530 25,320 1.35 3 104 54 – 1.49
PP-gMA 90 – 31 90 –

a h0 from Eq. (4).
b h0 from steady shear.

Figure 5 Dynamic viscosity, h*(x), as a function of
shifted frequency, x�aT, for iPP containing: 0 (&), 10 (l),
20 (~) and 30 (!) wt % PAn-SGF; and iPP/PP-gMA with
30 wt % PAn-SGF (^); and for PP-gMA (^); Tr 5 1908C.
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pare the oscillatory flow behavior to the steady shear
viscosity, hð _gÞ in the next section.

Behavior in the terminal zone

The rheological behavior of the polymeric melts in
the long time region, or terminal zone, were charac-
terized by such parameters as the zero-shear viscos-
ity, h0, and elasticity coefficient AG, which are
defined as29

h� ¼ lim
x!0

G00ðxÞ
x

(4)

AG ¼ lim
x!0

G0ðxÞ
x2

(5)

The zero-shear viscosity values, ho, were obtained
by fitting the complex viscosity using the Carreau
model.30 Figure 6 shows the values of h0 as a func-
tion of glass fiber concentration; the results show
that the composite’s h0 increases gradually with
respect to the matrix as the PAn-SGF concentration
increases (the broken line is only intended as an eye
guide). Again, it is pointed out that the h0 values of
the 30 wt % composites prepared with iPP and PP-
gMA are practically the same. In the same manner,
it was found that the elasticity coefficients, AG, also
increased as the concentration of PAn-SGF increased.
The h0 and AG values are listed in Table II. We fur-
ther explored the elastic behavior of the polymer
melts and their composites by studying the flow
under creep and monitored the strain recovery.

Effect of temperature

The influence of temperature on possible morpholog-
ical changes in these composites, such as crystalliza-

tion, was investigated indirectly by plotting the lin-
ear viscoelastic data as log G0(x) versus log G00(x), a
technique that has proven to be useful in the case of
linear polymeric chains and block copolymers.31,32

Results are shown in Figure 7. We observed that the
data for all the composites fall on a continuous
curve, indicating that no morphological changes
occur in the range of temperatures investigated.31,32

The slopes corresponding to the linear (terminal)
region in each plot are (a) 1.26; (b) 1.25; (c) 1.45; (d)
1.46; (e) 1.36; and (f) 1.42.

Steady shear

We also investigated the steady shear flow behavior
of the composites. Figure 8 shows the steady shear
viscosity, h, as a function of shear rate, _g, for the
neat polymers and their composites. The viscosity of
the molten iPP shows a Newtonian behavior up to
about 1 s21 shear rate, and then becomes shear thin-
ning. On the other hand, the viscosity of 10 wt %
PAn-SGF composite showed a significant increase
with respect to the matrix, almost fivefold at shear
rates lower than 0.1 s21. However, increasing the
shear rate the viscosity rapidly became shear thin-
ning and at higher shear rates (>3 s21) the melt vis-
cosity of the composite matched and eventually fell
below that of the polymer matrix.

The melt viscosity of the 20 wt % iPP-PAn-SGF
composite showed a rather intriguing behavior, at
lower shear rates the viscosity was significantly
smaller than that of the 10 wt % composite but still
larger than the matrix’s viscosity. The viscosity also
showed a shear-thinning behavior at all shear rates
and increasing the shear rate above 0.2 s21 the vis-
cosity rapidly fell below the iPP’s viscosity. Then,
increasing the concentration of filler at 30 wt % we
can see an increase of melt viscosity with respect to
the 20 wt % composite, but the viscosity values were
still lower than the 10 wt % composite. The melt vis-
cosity of the 30 wt % composite also behave shear
thinning and at higher shear rates (>1 s21) the vis-
cosity values also fell below the matrix’s viscosity
values.

The melt viscosity of PP-gMA showed a predomi-
nantly Newtonian behavior up to about 7 s21 shear
rate and a Newtonian viscosity of about 90 Pa s. The
melt viscosity of the iPP/PP-gMA composite showed
significant shear thinning behavior, changing from
� 10,000 Pa s at 0.1 s21 to � 300 Pa s at 10 s21. The
low shear rate behavior also suggests the presence of
a yield stress.

The Carreau model30 was used to obtain the zero-
shear viscosities, h0, by fitting the viscosity data, h,
as a function of shear rate, _g. Table II shows the val-
ues of h0 for iPP containing 0 and 10 wt % PAn-SGF
and for PP-gMA containing composite. The compos-

Figure 6 The zero-shear viscosity, h0, as a function of
glass fiber content for the composites with PAn-SGF (~)
and for the composite with PP-gMA (n).
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ite with 10 wt % PAn-SGF increased the zero-shear
viscosity from 2335 to 11360 Pa s. We can see that
the empirical Cox-Merz rule,33 which states that
h*(x) 5 h( _g) for x 5 _g, and is typically applicable
for homopolymers, fails for the case of composites
with 20 and 30 wt % PAn-SGF and for the PP-gMA
containing composite.

However, the results showing first the rising and
then lowering of steady shear viscosity as concentra-
tion of filler increased obtained for the iPP-PAn-SGF

composites are rather unexpected. It is suggested
that shear flow may induce disorder of the fibers at
lower concentration, whereas at higher fiber concen-
tration there may be a flow-induced alignment of the
fibers, in the same manner as the isotropic-nematic
transition of liquid crystalline polymers34 and carbon
nanotubes dispersions.35 To explore this hypothesis
we carried out rheo-optical experiments on these
composites, these are discussed in the following
section.

Figure 7 Log G0(x) as a function of Log G00(x) for iPP (a) and PP-gMA (b). (c–e) iPP containing: 10, 20, and 30 wt %
PAn-SGF, respectively; and (f) iPP/PP-gMA with 30 wt % PAn-SGF. At 190 (n), 210 (l), and 230 (~) 8C. The slopes corre-
sponding to the linear (terminal) region in each plot are (a) 1.26; (b) 1.25; (c) 1.45; (d) 1.46; (e) 1.36; and (f) 1.42.
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Rheo-optics

The influence of shear flow on microfiber alignment
was investigated in situ, by applying shear to the
molten composite containing 10 wt % PAn-SGF. Fig-
ure 9 shows a series of micrographs obtained at
1908C while applying shear at a nominal rate of
0.5 s21. It is at this shear rate where we observed
larger differences between the melt viscosity of the
matrix and the composites (see Fig. 8). The arrow in
Figure 9(a) indicates the shear flow axis. Figure 9(b-
d) shows that within the first 10 s of shearing there

is little change in the initial microfiber orientation.
However, after 20 s of continuous shearing the
results showed that shear has induced disorientation

Figure 8 Steady shear viscosity, h, as a fuction of shear
rate, _g, for iPP containing: 0 (&), 10 (l), 20 (~) and
30 (!) wt % PAn-SGF; and iPP/PP-gMA with 30 wt %
PAn-SGF (^); and for PP-gMA (^); Tr 5 1908C.

Figure 9 Micrographs of iPP composite with 10 wt % PAn-SGF under steady shear at a shear rate of _g 5 0.5 s21 and
1908C. Micrographs obtained after (a) 0, (b) 2, (c) 4, (d) 10, (e) 20, and (f) 30 s after shear started. White light conditions.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 10 Micrograph of iPP composite with 20 wt %
PAn-SGF after shearing for 30 s at a shear rate of _g
5 0.5 s21 and 1908C. White light conditions. [Color figure
can be viewed in the online issue, which is available at
www. interscience.wiley.com.]
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of the microfibers [Fig. 9(e)]. This disorientation is
even more marked as shearing continuous [Fig. 9(f)].

The influence of shear flow on composites of
higher filler concentration is quite different. Figure
10 shows a micrograph of a 20 wt % PAn-SGF com-
posite after being subjected to 0.5 s21 shear rate at
1908C and for 30 s. The micrograph shows clearly
that shear has induced significant microfiber align-
ment along the flow direction.

The rheo-optical results would then explain the
steady shear viscosity behavior shown in Figure 8.
However, more investigation is being carried out on
the influence of shear flow on fiber orientation in
these composites and will be the subject of a future
publication.

Creep

In a shear creep recovery experiment, a constant
shear stress, r, of 10 Pa was applied to the iPP com-
posites and the resultant deformation measured as a
function of time. These experiments were carried out
at 1908C. The influence of the creep time and the

creep time recovery on the time dependent strain,
g(t), is demonstrated in Figure 11(a–d). It can be
seen that the strain deformation increased as the
creep time increased. We can observe that the addi-
tion of PAn-SGF decreased the strain deformation.
For all creep time considered, the neat iPP showed
the largest strain deformation and the smallest strain
recovery. On the other hand, investigating the
behavior of PP-gMA containing composite showed
the smallest strain deformation.

After creep time the stress is removed and there is
a strain recovery process (memory effect) based on
the melt elasticity of the material. Special emphasis
is put on the percentage of recoverable strain, gR.
The total recoverable strain normalized with respect
to the applied stress, is referred to as the shear com-
pliance J0e ¼ gR=r.

29 In Table II we can see that the
shear compliance, J0e , decreased as the concentration
of PAn-SGF increased.

As stated above, the total recoverable strain is a
measurement of the material’s elasticity, i.e., the me-
chanical energy stored in the sample during the
creep stage. Figure 12 shows the percentage of

Figure 11 Shear strain, g, for iPP containing: 0 (&), 10 (l), 20 (~) and 30 (!) wt % PAn-SGF; and iPP/PP-gMA with
30 wt % PAn-SGF GF (^). During creep time period of (a)–(d), t1f 5 10, 20, 50, and 100 s, respectively, Tr 5 1908C.
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recoverable strain, gR, as a function of creep time. gR
is defined as follows

gR ¼
gðt2f Þ
gðt1f Þ

3 100 (6)

where t1f is the time elapsed during applied stress
and t2f is the time allowed for strain recovery. For all
samples the increase in creep time diminished the
percentage of recoverable strain, gR. However, we
can also observe that the addition of PAn-SGF
increased the recoverable strain (and melt elasticity)
of iPP-based composites. However, the composite
based on the blend iPP/PP-gMA showed the largest
recoverable strain of all composites. For instance, at
a creep time of t1f 5 10 s, the iPP/PP-gMA based
composite with 30 wt % PAn-SGF has a recoverable
strain, gR, of 64%, whereas the iPP-based composite
with 30 wt % PAn-SGF has a recoverable strain of
only 43%.

CONCLUSIONS

The results of this investigation have shown that the
reinforcement of iPP with PAn-coated-SGF lead to
an increase of the melt elasticity as measured by the
recoverable strain of the composite. As the concen-
tration of the filler increased, the dynamic moduli
increased correspondingly. This is important for the
preparation of resistant composites with a relatively
good electrical conductivity, arising from the PAn
conductivity, which can be used for antistatic pur-
poses. Although the dynamic viscosity h* of the iPP
composites also increased as the filler concentration

increased, the steady state viscosity h showed inter-
esting results. First h increased and then decreased
as the filler concentration changed from 10 to 20 wt %.
Finally, the steady state viscosity increased again at
the concentration of 30 wt %. The decrease in
steady state viscosity would be useful in the easi-
ness of the preparation of the composites by, say,
extrusion processing. Based on rheo-optical results,
the anomalous steady state viscosity behavior of
the iPP/PAn-SGF composites was explained by the
flow-induced disorder and alignment of the
fibers. Finally, the composite based on the iPP/PP-
gMA blend showed the largest increment in melt
viscosity and recoverable strain, suggesting
better adhesion between the matrix and the PAn-
SGF filler, in agreement with mechanical analysis
results.16

M. E. Romero-Guzmán was supported by a postdoctoral
fellowship from DGAPA-UNAM.
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