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The present study reports the results of rheological behavior of renewable composites, based on a matrix of high density polyethylene
(HDPE), made from ethanol distilled from sugarcane, and lignocellulose filler from waste generated in the processing of sponge
gourds for bathing use. The composites were prepared with 10, 20, 30, and 40%wt of filler in a twin-screw extruder. The materials
were analyzed in a parallel plate rheometer and a melt-flow indexer. The composite morphology was determined by scanning
electron microscopy. The composite viscosity increased with filler content, suggesting possible formation of filler agglomerates.
This result was confirmed by Cole-Cole diagrams.

1. Introduction
Knowledge of the rheological properties of melted polymers
is important because it permits selecting the best material
for a determined application and processing technique [1].
Molar mass, size distribution of macromolecules, number of
structural conformations, and the possible entanglement of
polymer chains are factors responsible for the large differences in flow between various polymers during processing.
The flow properties of viscoelastic fluids also depend on
temperature, deformation rate, and processing time [2].
Besides these aspects, during processing, by either extrusion or injection molding, polymers are subjected to various
types of deformation due to the complex geometry of the
devices used. Rheological testing provides information on the
deformations and strains of polymers and their composites
under flow conditions, to enable understanding and predicting their final morphology and thus their properties [3].
There are only a few reports in the literature on the
rheological behavior of HDPE composites of fossil origin
(called conventional HDPE here) combined with cellulose.

To the best of our knowledge, there are no published studies of composites made of totally renewable polyethylene.
González-Sánchez et al. [4] studied the rheological behavior
of composites made of HDPE or polypropylene (PP) with
10, 25, 40, and 48% by weight of cellulose fiber before and
after five reprocessing cycles. The fiber used was eucalyptus
pulp. The effects of shear rate, fiber content, and type of
matrix were analyzed in the virgin and reprocessed composites. The rheological data, obtained by capillary rheometry, scanning electron microscopy, and thermogravimetry,
showed a decline in viscosity of the HDPE reprocessed at
low shear rates. This decrease was more pronounced in the
composites containing higher fiber concentrations, due to the
thermal degradation of the fibers at low shear rates (lower
than 100 s−1 ). The authors also observed a greater loss of
pseudoplasticity of the PP composites than those made with
HDPE. In another study of HDPE composites, Li and Wolcott
[5] also assessed the rheological properties with a capillary
rheometer and used different cellulose filler, from maple and
pine logs with different diameters. The authors observed
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the wall slip velocity and its dependence on the wood content,
type of filler, and shear stress. According to literature [6,
7], the wall slip effects are generally observed in the flow
of highly viscous two-phase materials in rheometers, pipes,
or any channel with smooth walls. Near the smooth, solid
boundary, the local microstructure is depleted because the
suspended particles could not penetrate the solid walls. Li
and Wolcott [5] also analyzed the extensional flow, finding
that the extensional viscosity is more dependent on the wood
content than on the species. Mohanty and Nayak [8] studied
the viscoelastic behavior of composites of HDPE and sisal
fiber, also using capillary rheometry. They observed that
the composites viscosity increased with the incorporation
of fiber, a finding also reported by other researchers, and
that treatment of the polyethylene with maleic anhydride
caused an increase in the viscosity due to the better adhesion of the polymer matrix to the fiber, which was confirmed by scanning electron microscopy. Besides this, other
dynamic properties (storage modulus, 𝐺 , loss modulus, 𝐺 ,
and tan delta 𝛿) also increased with cellulosic reinforcement.
The objective of this study was to investigate the rheological behavior in a parallel plate rheometer of a totally
renewable composite made of polyethylene derived from
ethanol with different concentrations of added filler from
sponge gourd processing residue (10, 20, 30, and 40%wt).

2. Experimental
2.1. Raw Materials. The high density polyethylene (HDPE)
SHC 7260 (Braskem, Brazil) was obtained from sugarcane
ethanol. Its density is 0.959 g/cm3 and the melt-flow index
is 7.2 g/10 min (190∘ C; 2.16 g). The sponge gourd residue
(cellulosic filler) was provided by the company Bushings
Bonfim, state of Minas Gerais, Brazil. This filler has density
of 1.3 g/cm3 , particle size of <0.15 mm, and moisture content
of 10.7% by weight.
2.2. Composite Preparation. The HDPE composites with 10,
20, 30, and 40%wt of sponge gourd residue were processed
in a Tecktril model DCT-2 corotating interpenetrating twinscrew extruder. The cellulosic filler was conditioned before
processing in an oven with air circulation for 24 hours at a
temperature of 60∘ C. Before addition of the material in the
extruder, the polymer and the milled filler were manually
premixed. The extrusion conditions were as follows: rotating
speed of 300 rpm; feeder rotation of 15 rpm; temperature in
processing zone 1: 90∘ C, zones 2 to 5: 140∘ C, zones 6 to 9:
160∘ C, and head: 180∘ C. The obtained pellets were heated at
60∘ C to remove moisture.
2.3. Composite Characterization
2.3.1. Melt-Flow Index (MFI). Before performing this test, the
samples, in the form of pellets, were dried in an oven with air
circulation for 24 hours at 60∘ C. The melt-flow index (MFI)
(ASTM D1238) [9] was measured in a Dynisco Kayeness
Polymer Test Systems model LMI 4003 melt indexer.
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2.3.2. Melt Rheology. The oscillatory flow measurements,
namely, the complex viscosity, 𝜂∗ , the storage modulus,
𝐺 , and the loss modulus, 𝐺 , of the pure HDPE and its
composites were determined in a TA Instruments rheometer,
model AR 2000. A strain sweep test was initially conducted
to determine the linear viscoelastic region of the materials.
Dynamic frequency sweep test (strain: 0.3%; frequency: 0.1
to 600 rad/s; and temperature at 170∘ C) was subsequently performed to determine the dynamic properties of the materials,
using a parallel-plate geometry with 25 mm of diameter and
a gap set at 0.5 mm.
Stress relaxation experiments are the fundamental way in
which relaxation modulus, 𝐺(𝑡), can be defined. The relaxing
stress data are used to determine 𝐺(𝑡) directly,
𝐺 (𝑡) =

𝜏 (𝑡)
.
𝛾0

(1)

The stress relaxation tests were conducted at a constant
strain of 0.3% and at a temperature of 170∘ C.
2.3.3. Surface Morphology and Dispersion Characteristic. The
morphology of the samples was examined by SEM using a
Jeol model JSM-6510LV microscope. Gold sputtering of the
specimens fractured in the impact test was carried out using
a Denton Desk V vacuum sputter system. The samples were
fractured at room temperature.

3. Results and Discussion
3.1. Melt-Flow Index (MFI). The melt-flow index (MFI) is
a physical parameter that is widely used to evaluate the
ability of a polymer to flow when melted. The MFI value
(Figure 1) declined as the sponge gourd residue concentration
increased, due to the increased viscosity of the HDPE/filler
system compared to the pure HDPE. With the addition of 10%
by weight of cellulose, the MFI decreased by 19%, while for a
filler content of 20%wt the decline was 43% and with addition
of 40%wt the decrease was 83% in relation to the pure HDPE.
By the rule of mixtures criterion [10], the addition of
10%wt of cellulose filler should cause a decrease of 10%
in the MFI, but this did not occur. Instead, the result of
the property for this composition was 6.8 g/10 min (20%
lower than for the pure polymer). Similar MFI behavior was
observed by Mohanty and Nayak [11] for conventional HDPE
composites obtained from petroleum and bamboo fiber.
Cellulosic fillers are incompatible with the polymer matrix
and have a tendency to form aggregates during processing
[12], which might further impede the flow of the polymer
matrix.
3.2. Melt-State Rheology. Viscosity is one of the most commonly used parameters to investigate the behavior of polymer
materials during processing, since the majority of transformation processes occur in shear flows. The measure of storage
modulus (𝐺 ) and loss modulus (𝐺 ), which are related,
respectively, to the energy stored and dissipated during a
cycle, is also widely used to study the processing of polymer
materials. The storage modulus depends on the rigidity of
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Figure 1: Melt-flow index of composites of renewable HDPE and
sponge gourd filler.
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Figure 3: Variation of the storage modulus, 𝐺 , and loss modulus,
𝐺 , as a function of frequency for neat renewable HDPE and its
composites containing different wt% of sponge gourd filler.
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Figure 2: Strain sweep results for neat renewable HDPE and its
composites containing different wt% of sponge gourd filler.

the macromolecules and their entanglement, while the loss
modulus depends on the bonds, which control conformational changes in chain segments and the displacement of
one chain in relation to another [2]. In turn, the rheology
of composites is influenced by the interactions that occur
between the polymer matrix and the filler, along with the
structure, size, and shape of the particles and the quality of
their dispersion throughout the melted matrix [13–15].
Strain sweep tests were conducted at 170∘ C in nitrogen
atmosphere with a constant frequency of 1 Hz and in the
strain range of 0.01 to 100%. As it can be seen in Figure 2,
the response of all samples does not depend on the strain
(both 𝐺 and 𝐺 exhibit a constant plateau), and the behavior
is well within the linear viscoelastic region. However, the
plateau region shortens with higher cellulosic filler contents
in HDPE matrix, 30 and 40 wt%. It can also be seen that 𝐺
is dominating over 𝐺 for all composites analyzed, indicating
that the overall behavior is dominated by viscous segmental
frictions. The composite with 10 wt% of filler exhibits quite
similar trend as neat HDPE. As filler content increases,
the gap between 𝐺 and 𝐺 values decreases, showing that
viscous behavior becomes less pronounced with higher filler

loading in HDPE matrix and a tendency to a gradual switch
from viscoelastic liquid-like to solid-like behavior occurs.
From the above experiments, the strain was then set at 0.3%
to ensure that the response of all materials would be within
the linear viscoelastic region.
Small amplitude oscillatory shear measurements were
performed at 170∘ C and 0.3% strain. The dynamic moduli, 𝐺
and 𝐺 , are showed in Figure 3 for HDPE and HDPE/filler
composites. The obtained behavior in frequency sweep is in
accordance with the results of strain sweep. In fact, HDPE and
HDPE composites exhibit 𝐺 > 𝐺 in a wide frequency range,
indicating that the materials present a pronounced viscous
behavior; however, as filler content increases, the gap between
𝐺 and 𝐺 tends to decrease and a characteristic solid-like
behavior tends to occur.
According to Jiang et al. [16], a homopolymer with narrow molecular weight distribution presents a characteristic
terminal behavior of 𝐺 ∝ 𝜔2 . In the present study, the
neat HDPE did not deviate significantly from the standard
terminal behavior, 𝐺 ∝ 𝜔1.18 . As filler was added in HDPE
matrix, a deviation from 𝐺 ∝ 𝜔0.96 for 10 wt% filler to
𝐺 ∝ 𝜔0.69 for 40 wt% filler was observed. This behavior
indicates a solid-like viscoelastic behavior as filler content is
increased. In other words, the addition of sponge gourd filler
in the HDPE matrix prevents a complete relaxation due to
physical jamming.
The frequency at which 𝐺 and 𝐺 moduli curves cross
each other reflects the transition from viscous to elastic
response of the viscoelastic melts [17].
Table 1 shows the crossover point (𝐺 = 𝐺 ) and the
frequency values, 𝜔𝑐 , where these cross points occurred.
The results show that a decrease of up to 20wt% of filler
in the HDPE matrix in the cross point and in the crossover
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Table 1: Modulus and frequency values in the cross point 𝐺 /𝐺 for
the compositions analyzed.

HDPE
HDPE + 10% filler
HDPE + 20% filler
HDPE + 30% filler
HDPE + 40% filler

Cross point,
𝐺 = 𝐺 (Pa)

𝜔𝑐 (rad/s)

101700
89590
76340
108400
148900

398
398
158
158
100

Relax modulus, G (Pa)

Sample codes

1.00E + 06

1.00E + 04

1.00E + 03
1.00E − 03
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Figure 5: Variation of relaxation modulus with time for neat
renewable HDPE and its composites containing different wt% of
sponge gourd filler. The experiments were performed at a constant
strain of 0.3% in nitrogen atmosphere.
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Figure 4: Variation of the complex shear viscosity as a function of
frequency for neat renewable HDPE and its composites containing
different wt% of sponge gourd filler.
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frequency values was observed. It indicates that materials
with more elastic behavior tend to be produced, but at the
same time the composites present a shear thinning behavior
as frequency increases. As filler content was further added
to HDPE matrix (30 and 40 wt%) an increasing cross point
value was observed, while crossover frequency values still
decreased. This behavior can be related to a characteristic of
solid-like behavior more pronounced in these high load composites, as compared with the other compositions. Probably
it occurred due to the tendency to form aggregates during
processing when higher filler contents are present, which
might further hinder the HDPE matrix flow, as mentioned
before.
The variation of the complex viscosity as a function of
frequency (Figure 4) is another way to show these latest
results.
Figure 4 shows that neat HDPE and 10 wt% filler composition present similar flow behavior in the whole frequency
range analyzed. Only at low frequency values, the composite
presents a slightly higher viscosity values in relation to neat
HDPE. When 20 wt% of filler was added, higher viscosity
values were obtained, but a frequency-thinning characteristic
can also be observed, reaching similar flow behavior in
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Figure 6: Cole-Cole representation of the viscoelastic properties of
neat HDPE and HDPE/filler composites.

relation to the neat HDPE and 10 wt% filler composition at
higher frequencies. Probably it occurred due to the fact that
up to 20 wt% of filler aggregates can disentangle, allowing
polymer chain to flow. However at higher filler contents,
disentanglement processes become more difficult in the
frequency range analyzed and thus higher viscosity values
were observed.
The variation of the relaxation modulus with time is
reported in Figure 5. The results show that 𝐺(𝑡) (𝐺(𝑡) =
𝜎(𝑡)/𝛾0 ) of HDPE presents a behavior similar to a polymer
with high molecular weight and narrow distribution; that
is, a plateau zone appears in which the modulus is nearly
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Figure 7: SEM micrographs of fracture surfaces for the following samples: sponge gourd residue with particle size <0.15 mm (a), renewable
HDPE (b), and renewable HDPE/cellulosic filler composites: (c) 90/10%wt/wt, (d) 80/20%wt/wt, (e) 70/30%wt/wt, and (f) 60/40%wt/wt.

constant. At longer times, flow occurs and the 𝐺(𝑡) curve
moves towards a “terminal zone,” where the modulus relaxes
at sufficiently long times. For HDPE/filler composite with
10 wt% filler a similar behavior is observed in relation to
neat HDPE for long times. As filler was added in HDPE
matrix, 𝐺(𝑡) extends to long time and the magnitude of 𝐺(𝑡)
value increases with the filler concentration. This behavior
is another indication for the formation of filler aggregates
(such as “temporary network”) when higher filler contents are
added, hindering the occurrence of relaxation processes. At
even longer periods of time, the “network” disentangles and
a decrease of 𝐺(𝑡) values is once again observed.
Linear viscoelastic characteristics derived from the results
of rheological measurements are also shown in a different
representation in Figure 6, using the so-called Cole-Cole

plots for HDPE and HDPE/filler composites. In this representation, the 𝜂 parameter (where 𝜂 = 𝐺 /𝜔), the so-called
imaginary viscosity, is plotted against dynamic viscosity, 𝜂
(where 𝜂 = 𝐺 /𝜔). The plot should be a perfect arc if higher
order structures are absent and the relaxation behavior of
the melt can be described by a single relaxation time [17].
According to Ábrányi et al. [18], studies on heterogeneous
systems in melts containing network, the elastic component
of viscosity (𝜂 ) increases and the structure has a larger
relation time.
Data shown in Figure 6 indicate that the addition of filler
leads to an increase of the elastic behavior of the composites
and larger relaxation times can be observed as increasing filler
loads are added in HDPE matrix, indicating the presence of
filler aggregates.
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3.3. Morphology Analysis. Figure 7 shows scanning electron
microscope (SEM) images of the filler alone, with particle
size smaller than 0.15 mm, pure HDPE, and composites.
Figure 7(a) shows the irregularities of the sponge gourd
filler, which is characteristic of natural fibers. Figure 7(b)
shows the fracture surface of the pure HDPE, with slight
roughness, after being submitted to impact resistance test,
conducted at room temperature, a factor that can explain this
roughness. Some displacement of fibers can be seen in Figures
7(c) and 7(d), which increases on rising filler content, due
to the low adhesion of the polymer/filler interface. Finally,
Figures 7(e) and 7(f) show the pull-out of the fillers and also
the greater surface roughness of the composite with 40%wt
filler. Filler agglomeration can be observed, corroborating the
rheological results.

4. Conclusion
The rheological behavior of the composites comprising
renewable HDPE and cellulosic filler showed that the viscosity of the system increases with higher filler content.
This result suggests that the filler acts as a barrier to chain
flow. According to Cole-Cole diagram, this system forms
agglomerates due to the incompatibility of the matrix and
filler. The melt-flow index results show values lower than
expected, also corroborating the possible formation of filler
agglomerates in the composite. Strain and frequency sweep
analysis showed that, with the increase filler content, the
gap between 𝐺 and 𝐺 values decreases, showing that
viscous behavior becomes less pronounced with higher filler
loading in HDPE matrix and a tendency to a gradual switch
from viscoelastic liquid-like to solid-like behavior occurs.
The SEM micrographs allowed observing roughness at the
fracture surface and fracture mechanisms in the composites
such as pull-out, displacement of filler, and formation of
agglomerates, a consequence of the low adhesion between
the polymer matrix and cellulosic filler. These results are
in accordance with rheological behavior observed. It can
therefore be concluded that it is possible to obtain composites
made from totally renewable polymer with good rheological
properties, enabling reduction of negative environmental
impacts.
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