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Abstract

The rheological properties in the transient state of PP/EPDM blends with carbon nanofillers had been studied. The carbon
nanofillers were incorporated into molten EPDM in an internal mixer at 150 °C. The rheological variables were determined
in rotational rheometry at constant temperature of 200 °C. The results suggest that the magnitude of the difference of the
normal stress differences (N-N,) of PP/EPDM blends through the time, with and without nanofillers, and has a transition
cycle from positive to negative values and vice versa, at constant and at zero shear rate in previously sheared samples. At
constant shear rate, the transition cycle is random; meanwhile, it is constant at zero shear rate. This behavior is attributed to
the polymeric chain movement, considering that the sheared samples have two molecular reorder processes: an immediate
mechanism and another one slower. The fastest reorder process is attributed to the polymeric chains entanglement forming
non-stable and stressed molecular structures. In the other hand, the second process is referred to the molecular mobility
that takes place inside the stressed entangled polymer, in such a way that its structure tends to molecular stability as the rest
time increases.
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Introduction

One of the rheology’s objectives is the flux study of the simple
fluid. The fundamental variables of the stress of a fluid under
the action of a shear field are the shear viscosity and the first
and second difference of normal stresses (N; and N»,).

The shear viscosity can be measured by shear or
elongational flow, while the first and second difference of nor-
mal stresses is measured by rotational theometry. The differ-
ence of the normal stress differences (N;-N5), can be measured
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with parallel plate geometries, while the N; with cone/plate
geometry (Jensen and Christiansen 2008).

This technique has the disadvantage that when the values of
N; and N, reached a maximum value, a fracture of the melt is
produced and the polymer flows out of the geometry. For molten
polymers, that fracture occurs at a shear rate of about 10 s,

Inthe case of isotropic materials, the magnitude of the first
normal stress difference N is larger than the second normal
stress difference N,, which normally has a negative value.

Difference of normal stress differences is associated with an-
isotropy induced by deformation in a fluid. In polymeric liquids,
the anisotropy arises from the molecules loss of equilibrium.

The N, is responsible for the tendency of the polymer
chains of climbing the rod that shears the viscoelastic material
and the swelling of the molten polymers extruded at the exit of
the die. That is, N is the force that pushes the contact surfaces
perpendicular to the flow. The behavior to the first shear dif-
ference is the measure of the elasticity, affected by shear stress
as a result of molecular morphological alterations in the nano-
structure of the material (Narimissa et al. 2014).

More than three decades ago, Kiss and Porter (Kiss and Porter
1978) were the first to show experimental evidence that the
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magnitude of the first difference of normal stresses could be
positive and negative in the same test for lyotropic liquid crystal
polymers (LCPs). Time later, Marrucci and Guido (Marrucci and
Guido 1995) were the first to widely explain the mechanism of
negative normal stress, this matter still arouses great interest be-
tween the scientific making rheological studies (Tao et al. 2006).

It has been reported in the literature that in a heterogeneous
shear flow (Mall-Gleissle et al. 2002) carried out on the cut-
ting rheometer equipped with parallel plate geometry, shear
stresses and the difference of normal stress differences can be
determined according to the following equations:
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where, M is the applied torque, R is the radius of the plates, /7 is
the gap, yx is the maximum shear rate at the edge of the geom-
etry, and F, is the axial thrust force exerted on the geometry.

The dynamic storage and loss module measurements have
been determined according to the following equations
(Morrison 2001):
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where 4 is the phase angle and 6 is the angular displacement.

For the other hand, it is well known that the rheological
properties of the polymers strongly depend on the internal struc-
ture of the material (Luo et al. 2015), which may be modified by
fillers, morphology, and the melt processes’ history which they
have been subjected, among others.

In addition, the large ratio and attractive potential of the
inter-particle interactions of the carbon nanotubes can lead to
an increase of unwanted effects, such as mechanical entangle-
ment and flow-induced clusters when nanocomposites are un-
der an external shear stress (Hobbie and Fry 2007).

In this paper, the rheological properties in the transient state
of a PP/EPDM blend loaded with carbon nanoparticles are
discussed. The experimental evidence at constant shear rate
dependent on the rest time of the transition cycle from positive
to negative values and vice versa of difference of the normal
stress differences is also discussed. It is worth mentioning that
the investigations reported in the literature, related to measure-
ment of difference of the normal stress differences, have been
carried out by varying the shear rate.
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Experimental

Isotactic polypropylene (PP) (melt temperature of 162 °C and
density of 0.9 g/cm®) was supplied by Dow Chemical, under
the trade name Dow H700-12. Ethylene—propylene-diene rub-
ber (EPDM), with ethylidene norbornene as termonomer
(4.4%) and propylene content of about 27%, was medium
molecular weight. A maleic anhydride-grafted polypropylene
was used as coupling agent, grafted with less than 1% of
maleic anhydride (PP-g-MA), supplied by DuPont under the
trade name of FUSABOND PMD-511D PP-MA.

Graphene carbon nanoplaques (GNP) and 5.58% of ions-
OH functionalized multiple wall nanotubes (MWNTCs) were
used as nanofillers supplied by TIMESNANO under the trade
names of TNIGNP and TNMHI, respectively. The sample
composition is shown in Table 1.

Nanocomposites preparation

The compounding was carried out in a Brabender internal
mixer with two high shear Banbury type rotors, at 150 °C
and 60 rpm for 20 min. Along this period of time, a constant
value of the torque was obtained. The nanofillers were added
and mixed into the molten EPDM in a ratio of 1:1 w/w.

In another operation, PP, EPDM and PP-g-MA, and the
compound obtained before (EPDM/nanofiller) were mixed,
extruded in a double screw extruder, and injected to obtain
test samples for the characterization.

Rheological properties

The rheometer used for the measurements is a Paar Physica
MCR 300 equipped with a thermal chamber CTD 600 and par-
allel plate geometry with 25 mm of diameter, and the gap was
1 mm at a constant temperature of 200 °C. The dynamic frequen-
cy sweeps were performed in a frequency range of 0.01-100s ",
using a deformation amplitude of 4%. The viscoelastic region
was determined by multiple strain sweep measurements to assure
that the strain used is within the linear viscoelastic region.

Table 1 This table shows the compositions of the samples studied
No. PP EPDM PP-g-MA MWNTC’s GNP
1 60 40 2 - -

2 60 40 2 0.5 -

3 60 40 2 1 -

4 60 40 2 2 -

5 60 40 2 2 0.5

6 60 40 2 2 2

MWNTCs multiple wall carbon nanotubes, GNP graphene nanoplates
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For transient experiments, the samples were subjected to a
previous deformation, as shown below: First, the samples were
sheared for 300 s at a predetermined shear rate, . Thereafter,
the shear is no longer applied and the samples held at rest for a
given time interval, . Finally, the sample is sheared in the same
direction of the previous shear at the same shear rate ~y for 300 s,
monitoring the shear stress, elastic recovery, and the difference
of the normal stress differences N;-N, during the rest period
and the last period of shear.

For the transient test, the rates of shear, ~, were 0.01 and
0.1 s7', and the rest times were 7= 0, 300, 900, and 1700 s.

Results and discussion

The behavior in the transition state of samples 1 and 3 (0 and
1% by weight of carbon nanotubes) is shown in Fig. 1. After the
samples have been sheared and let them rest for predetermined
times, the shear stress against the shear time at constant shear
rate was plotted.

In general, it is observed that the samples, subjected to the
same shear rate, have curves with similar shapes. That is, the

shapes of the curves of Fig. 1a and Fig. 1c and Fig. 1b and
1

Fig. 1d are similar to 0.01 and 0.1 s, respectively.
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Fig. 1 a—d The shear stress against the shear time at constant shear rate
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It is also observed that in the samples under high shear rates
(Fig. 1b, d), the peak of shear stress is bigger and better defined.

At the highest shear rate, it is observed that the curves, after
reaching a maximum value of the shear stress, fall drastically,
to an asymptotic value for all samples, except for those sam-
ples that did not have rest time.

The decay of the curves is more drastic in the samples that
had more rest time. In the curves of Fig. 1, it can be seen that
the maximum value of the shear stress of sample 3 is lower
than that observed for sample 1, at both shear rates and for all
rest times, except for the samples without rest time.

For samples with no rest time, the shear stress value lacks
maximum peak and the curves tend to decrease slightly over
the measurement time at constant shear rate.

The rheological behavior of the curves shown in Fig. 1
indicates that after the shear imposed on the molten polymer
ceases, there is a process of mobility of polymer chains inside
the nanocomposite that tends to form molecular structures
(Zitzumbo-Guzman et al. 2006).

If it is accepted that the more stable molecular structures
require more effort to deagglomerate than ones less stable
structures, then it may be said that there is formation of struc-
tural conformations inside the nanocomposite and these are
becoming more stable as the rest time increases. That is, after
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the shear ceases, there are two processes of molecular rear-
rangement, an immediate mechanism and another one slower.

The first process could be the elastic recovery with poly-
meric chains entanglement forming unstable molecular
structures. These unstable molecular structures are under
stress due to the elastic torsion bar generated during its
sudden formation; meanwhile, the second reordering pro-
cess could be referred to the molecular mobility into the
entanglement polymer, which structure gets stronger with
the rest time. This could explain the fact that when the
materials are re-sheared, shear stress increases until they
break the formed structures. After reaching the maximum
shear stress, shear stress decreasing is inevitable because
the material loses all of the acquired structure. The drop in
shear stress is most pronounced in the samples with the
longest rest time and larger shear.

For the other hand and according to Newton’s viscosity
law o = 5 X y, it may be said that at constant shear rate, the
plotted stress in Fig. 1 is the polymer viscosity.

The viscosity versus time curves and the shear stress
curves against shear time are qualitatively similar in shape
(the curves are not shown for obvious reasons).

According to the above deduction, when a sample is
sheared and the shear ceases for a given time, its viscosity
increases as the rest time increases. That is, when the shear
imposed on the molten polymer ceases, a process of molecular
mobility begins that causes conformational changes in the
internal structure of the polymer, increasing its viscosity with
the rest time.

Increases in shear viscosity have been reported in tomato
juice with soybean (Tiziani and Vodovotz 2005), where the
juice exhibits a thixotropic behavior at low shear rates,
followed by a transition to the rheopectic behavior at higher
shear rates.

On the other hand, it has been found in the literature
(Takahashi et al. 1999) reports with similar results in
elongational flow, which have been called hardening behavior
with the deformation. These researchers found that high mo-
lecular weight polymers exhibit a hardening behavior with
elongational flow deformation, which was attributed to the
existence of a long time relaxation mechanism and large
values of the damping function. However, they themselves
found that in blends of immiscible polymers, which exhibit
long relaxation times, the blends do not show considerable
hardening with deformation.

In Fig. 2, the slope obtained from shear stress curves
against shear time at the beginning of shear, with respect to
the carbon nanofiller concentration (CNPs), was plotted in
samples with a rest time of 2700 s.

If it is assumed that the slope of the stress curves against
shear time represents the stability of the structure formed by
the shear, according to the explanation above, it may be said
that the increase of carbon nanofiller in the nanocomposite
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Fig.2 The slope obtained from the onset of the shear stress curves against
shear time, with respect to the carbon nanocarbon concentration, at a rest
time of 2700 s

causes the formation of more stable structures inside the ma-
terial. Thus, the stability of the internal structures of the stud-
ied samples is more affected by the shear rate at which the
samples are subjected than the load content in the nanocom-
posite matrix.

In Fig. 3, the strain % against the rest time is plotted, dur-
ing 2700 s of rest. Itis worth mentioning that atrest times less
than 2700 s, the strain of the samples does not reach asymp-
totic values.

After the shear stress applied to the samples ceases, it is
observed that during the rest time, the stress relaxation of
the material subjected to low shear flow rates reaches as-
ymptotic values (Fig. 3a). While the stress relaxation of
samples with larger shear history reaches constant stress
relaxation values (Fig. 3b).

In Fig. 3, it is observed that relaxation of the strain of the
deformed polymer at low shear rates is softer compared to the
deformed samples at larger shear rates measured by steps. In
addition, the stress relaxation of nanocomposites that were
deformed at low shear rates (Fig. 3a) is 35 versus 2% of the
deformed samples at higher shear rates (Fig. 3b).

Nanocomposites with higher nanocarbon content have a
lower percentage of stress relaxation than less loaded
nanocomposites.

The rheological behavior of the samples of Fig. 3b could be
due to the fact that the polymer chains reach a greater degree
of stretching, in such a way that when shear ceases, the for-
mation of the material structure is so rapid that it could under-
go molecular slip over the walls of the geometry of parallel
plates. If this assertion is accepted, then it may be said that in
the structures formed, stresses are retained and these are re-
sponsible for keeping the sample stressed. That is, the energy
absorbed by the sample during shearing is not totally
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Fig. 3 The stress percentage against the rest time, during 2700 s of rest. The samples were subjected to constant shear of 0.01 and 0.1 s for a and b,

respectively

dissipated when the shear ceases and the structure of the ma-
terial retains that energy by keeping the sample stressed.

The elastic recovery and molecular entanglement of the
polymer chains in samples that have been sheared at large
shear rate are carried out by molecular sliding over the wall
of the parallel plates intermittently. In contrast, when the shear
flow is carried out at low shear rate (Fig. 3a), the polymer
chains are not strongly extended, in such a way that the elastic
recovery and the molecular entanglement of the polymer
chains form a little stressed structure without the presence of
molecular slip over the walls of the geometry.

In Fig. 4, the difference of the normal stress differences
(N;-N,) against the shearing time is plotted. First, the samples
were sheared and immediately thereafter they were put to rest
for various predetermined times, recording the difference of
normal stresses after the rest time at constant shear rate.

Figure 4a shows that the curve with 900 s of rest time and
shear rate of 0.1 ' presents a drop of N;-N,. The sudden drop
in the values of the difference of the normal stress differences

60004

to a negative maximum is referred as the tumbling down or
collapse.

Figure 4b shows that the curves with 0 and 300 s of rest and
shear rate of 0.01 s~ presented a collapse of N;-N,. All these
collapses are random and hardly occur in the same way; that
is, they are not repetitive.

It should be mentioned that the first difference of normal
stresses with negative values (when Ny collapses) has already
been reported and explained in liquid crystal polymers (LCPs)
by other authors (Kiss and Porter 1978; Marrucci and Guido
1995). Marrucci and Guido (Marrucci and Guido 1995) con-
cluded that the negative normal stress effect is the most im-
portant rheological effect that characterizes liquid crystals.
The explanation is based on the unstable orientation of the
nematic phase of the liquid crystals with the flow (Baek
et al. 1993a; Baek et al. 1993b). The conclusion was that the
rod-like molecules of liquid crystal polymers induced by
shearing may rotate on their own axis. That movement and
aligned flow regimes are responsible for the first normal stress
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Fig. 4 N;-N, is plotted against the shear time. First, the samples were sheared for 300 s, then they were put to rest during 0, 300, 900, and 2700 s.
Subsequently, the samples were sheared at constant rate and the magnitude of N;-N, was recorded a) Shear rate of 0.1 1/s and b) Shear rate of 0.01 1/s
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difference unusual behavior. In such a way that the negative
values of the first difference of normal stress (N;) unequivo-
cally imply that the nematic phase of liquid crystals is the one
who is collapsing. Another conclusion reached was that the
shear rate range where N, is negative marks the dynamic
transition of the collapse to alignment by flow.

For the above, surprisingly our results do not depend on the
shear rate neither the nematic phase inside the material. We
think its explanation is much more complex.

We consider that this behavior of the collapse of the differ-
ence of the normal stress differences corresponds more to the
inter- and intra-molecular interactions of the macromolecular
agglomerates that are formed by the molecular movement of
the polymer chains inside the polymers.

We believe that these molecular rearrangements could be
due to the stress of the polymer chains acquired during the
shearing to which they were subjected, in such a way that the
molecular movement will continue until the stress is dissipated.

In Fig. 5, the difference of the normal stress differences
against the shearing time is plotted. The samples were first
sheared and immediately rested for 2700 s, recording the dif-
ference of normal stress after resting at constant shear rate.

The construction of these curves was carried out with three
or four repetitions, and in all cases, those samples that showed
a collapse of the difference of the normal stress differences
were discarded.

In this way, it is observed that the difference of the normal
stress differences of the nanocomposites increases to a maxi-
mum point for each material and then decreases as the shear
time increases at constant rate. Also, as the concentration of
carbon nanofillers in the nanocomposite increases, the normal
stress difference is lower.

To further investigate the phenomenon of difference of the
normal stress differences collapse, we shear the samples for

4000

O'I_b_‘

3000

6

Rest time: 2700 s
0.11/s

2000

N, (Pa)

1000

N1

-1000 4

-2000 ; . ; . ; . ;
0 100 200 300
Time (s)

Fig. 5 N;-N, is plotted against shear time. At constant shear rate, the
samples with 2700 s of rest were sheared recording the magnitude of N;-N,
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300 s and stop the shear, recording the difference in normal
stress during the rest time.

In Fig. 6, the difference of the normal stress differences
against the rest time is plotted. First, the samples were sheared
and immediately thereafter they were put to rest during differ-
ent times and the difference of the normal stress differences
was recorded.

In all cases, it was observed that at rest times less than
2700 s, only one curve or none with negative values of N-
N, appears. As the rest time increases, curves with negative
values of N;-N, appear. In all our samples, curves are obtained
as shown in Fig. 6 (not shown).

In these curves, it is observed how the negative value of the
difference of the normal stress differences occurs as the rest
time passes. In addition, curves do not always start with pos-
itive values, in some cases, they start with negative values and
go up or down, depending on the internal structure of the
material at the moment in which the N-N, values are record-
ed entering to the transition cycle from positives to negatives
values and vice versa.

According to the behavior of Fig. 6, it was decided to
prolong the rest time to 21,600 s, recording at all times the
difference of the normal stress differences. The result is sur-
prising and shown in Fig. 7.

In Fig. 7, it can be seen that the difference of normal stress
differences during rest begins with positive values decreasing
with time until reaching a negative maximum, then its value
increases until reaching a positive maximum and returns
again, repeating the cycle of transition from positive to nega-
tive values and vice versa. At this point, it should be remem-
bered that curves do not always begin with positive values, as
we discussed above.
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Fig. 6 N;-N; is plotted against the rest time in samples with 2700 s rest.
The magnitude of the N;-N, is recorded during rest. Before the resting
time, the samples were sheared for 300 s
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Fig. 7 N;-N, is plotted against the rest time in samples with 21,600 s of
rest. The magnitude of the N;-N, is recorded during rest. Before the
resting time, the samples were sheared for 300 s

This result could corroborate that the transition cycle
from positive to negative values and vice versa could be
originated by the second mechanism of mobility, referred to
the molecular mobility that takes place inside the entangled
polymer, as previously mentioned. Then, it may be possible
that the polymer acquires the energy that has been supplied
by the shear, in such a way that the polymer chains could be
extended and at the moment shear ceased, the polymer has
an unstable elastic recovery with the stressed molecular
entanglement (immediate mechanism of mobility) and con-
formational changes in the stressed molecular entangle-
ment (second mechanism of mobility).

The cycle from positive to negative values and vice versa
of the difference in normal stresses may have its origin due to
the molecular movements. That is, the second mechanism of
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Fig. 8 The storage (G') and loss (G"”) modules are plotted against the
frequency. The frequencies were from 0.01 to 1005~

molecular mobility may be considered as the manifestation of
the stress of the material for de-stressing, which is why struc-
tural changes occur within the polymer.

It is also observed that the positive values of the difference
of normal stress differences during the transition cycle from
positive to negative values and vice versa decreases with rest
time, until tending to zero, which may be occur after a time of
rest of 21,600 s for the studied samples.

On the contrary, the negative values of difference of normal
stress differences during the transition cycle from negative to
positive values and vice versa exhibit high and low fluctua-
tions with rest time.

It was surprising to find periodicity in the fluctuations
from negative to positive values in the transition cycle for
the rest period, contrary to the random values found for the
sheared samples at constant shear rates (Figs. 4b and 7).

The negative values of the normal stress difference, in ab-
solute terms, are considerably bigger than the positive ones. It
could be due to the gravitational forces acting on the material
and its adherence to the walls of the parallel plates. In conclu-
sion, this result indicates that the change in the difference of
normal stresses from positive to negative values and vice
versa is mainly due to the molecular movement of the polymer
chains rather than to the shear rate increase, as has been re-
ported in the literature (Jensen and Christiansen 2008).

In Fig. 8, the storage and loss modules, G’ and G", against
the frequency are plotted. At low frequencies, it can be seen
that G” is greater than G', which implies that nanocomposites
have a liquid-like behavior. With frequency increasing, the
storage module becomes larger than the loss modulus and
the nanocomposites changes to have a solid-like behavior.

The frequency at which G’ and G” are intercepted repre-
sents the characteristic time or response time of the material.
In Fig. 8, it is observed that the characteristic time of the
materials decreases as the nanofiller content increases.

It is also observed in the rheological response of the mod-
ules that carbon nanofiller does not form a three-dimensional
structural network with the polymer matrix, which implies that
they could be inside the nanocomposites as filler and not as
reinforcing fillers no matter of the nanoparticle geometry.

Conclusions

Two processes of molecular rearrangement were observed: an
immediate mechanism and another one slower, in polymer
samples subjected to processes of shearing and rest. In the first
one, the elastic recovery with the entanglement of polymer
chains may occur, forming stressed and unstable molecular
structures, whereas the second could be referred to the molec-
ular mobility occurring inside the entangled polymer, whose
structure tends to stabilize as the rest time is increased.
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The difference of normal stress differences in the transition
cycle from positive to negative values and vice versa during
rest time in sheared samples could be due to the second mech-
anism of molecular mobility, related to the stress experienced
by entangled material to suffer the de-stress process.

In the transition cycle of positive and negative values and
vice versa, the difference of normal stress differences during the
rest time is periodic; meanwhile, the transition cycle is random
during the shearing of the samples. In addition, the cycle above
mentioned is mainly due to the molecular movement of the
polymer chains, rather than the increase of the shear rate.
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