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ABSTRACT: Graphene nanoplatelets (GNPs) were dispersed in poly(butylene adipate-co-terephthalate) (PBAT) by melt-blending. Scan-
ning electron micrographs showed good dispersion of GNPs in PBAT at low concentrations while at higher loadings, the platelets
became physically in contact forming conductive pathways. Electrical conductivity of PBAT was enhanced markedly with GNP addi-
tion with a distinctly faster rate for GNP loadings higher than 6 wt % because of formation of conductive networks. Interestingly,
thermal stability of PBAT was also found to increase for GNP loadings above 6 wt %. Dynamic viscoelastic properties of the nano-
composites exhibited significant enhancement with increasing GNPs. In particular, storage modulus showed less frequency depend-
ency in the low frequency region leading to a percolation threshold of between 6 and 9 wt %, above which time—temperature
superposition principle failed. Steady shear measurements revealed that GNP incorporation increased the zero-shear viscosity mark-
edly and intensified the shear thinning behavior. Carreau model well described the shear viscosity of all the compositions. © 2016 Wiley
Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43620.
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INTRODUCTION

With the increasing volume of plastic wastes in landfills and sites,
which has raised global concerns for protection of the environ-
ment from persistent commercial polymers (i.e., polyethylene,
polypropylene, and polystyrene), moving towards environmental-
friendly materials is inevitable. Poly(butylene adipate-co-tereph-
thalate) (PBAT) is a completely biodegradable aliphatic/aromatic
copolyester (Figure 1) derived from petroleum, which is synthe-
sized by esterification of 1,4-butanediol with aromatic dicarbox-
ylic acid followed by polycondensation with succinic acid.' It
exhibits high elasticity, wear, and fracture resistance” as well as
adhesion and compatibility with many other natural polymers.’
In spite of its excellent properties such as very high ultimate elon-
gation and thermal stability at elevated temperatures, PBAT has
been mostly investigated in mixture with other polymers (i.e.,
polylactide) for production of new polymer blends.

Some researchers, however, performed studies on PBAT as the sole
polymeric matrix for preparation of new materials. It has been
demonstrated that incorporation of nano-sized fillers into PBAT
can overcome its shortcomings such as low strength, conferring
multifunctional enabling properties like enhanced mechanical,
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thermal, magnetic, and electrical properties.”™ Mohanty and
Nayak™ studied PBAT/organically modified nanoclays nanocom-
posites. Someya et al.” focused on the relationship between the
morphology and tensile properties of PBAT/Montmorillonite
nanocomposites. Fukushima et al.'® investigated the possibility of
nanocomposites based on PBAT and different clays for medical
applications. Wu® studied the chemical and mechanical properties
of PBAT/multi-walled carbon nanotubes composites. Feng et al.*
investigated the crystallization and creep of PBAT/graphite nano-
sheets composites. Mittal et al® studied PBAT/graphene (up to
5wt %).

Graphene nanoplatelets (GNPs) are graphitic nanoparticles with
layered structure which are composed of stacked 2D graphene
sheets bonded together with weak Van der Waals forces."' With
excellent physical properties,'® graphene can be used for rein-
forcing polymers and developing novel materials with multi-
functional properties’> such as electrical conductivity which
could be exploited in different areas including electrostatic dis-
charge protection, lightening-protection panels, and electromag-
netic interference shielding applications.'*™'® High-purity GNPs
can be derived from the plentiful resource of natural graphite
by relatively convenient approaches compared to other carbon
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Figure 1. Chemical structure of PBAT.

nanofillers such as carbon nanofibers and nanotubes which
require complex and expensive methods. GNPs are cost-effective
nanofillers with potential to replace high-priced carbon nano-
tubes in many applications.'”'” As a result, graphene has gener-
ated an ever increasing interest in both academia and industrial
world and many researchers have started to use graphene for
production of new nanocomposites.'8

The present study is concerned with preparation and characteri-
zation of biodegradable PBAT/GNP nanocomposites containing
0-15 wt % (0-9.1 vol %) of GNPs. To the best of our knowl-
edge, there has been no study on the melt flow behavior and
viscoelastic properties of PBAT nanocomposites with GNP load-
ing as high as 15 wt %. Variations of the dynamic and steady
shear rheological properties of PBAT with GNP concentration
are investigated in detail in the current paper. Moreover, effects
of GNP reinforcement on thermal stability and electrical con-
ductivity of the matrix are also evaluated. Dispersion state of
the platelets in the polymeric matrix was examined via morpho-
logical studies, as well.

EXPERIMENTAL

Materials

PBAT (Ecoflex F Blend C1200) was purchased from BASF (Ger-
many) with a density of 1.25-1.27 g/cm® and a melting tempera-
ture range of 110-120 °C.*® GNPs were obtained from XG Sciences
(USA, Michigan). The GNP grade used for this study was “M”
with average thickness of 6-8 nm, surface area of 120-150 m®/g,
density of 2.2 g/em’, and electrical conductivity of 10* and
107 $/m perpendicular and parallel to the surface, respectively.”’

Nanocomposites Preparation

PBAT pellets and GNPs were dried at 60 °C and 80 °C respectively
for 12 hours in an oven prior to the processing. PBAT/GNP nano-
composites were prepared in an internal mixer (Haake Rheomix
OS R600) with roller rotors. Mixing was performed at 140°C
(about 20°C above the melting range of PBAT), rotor speed of
60 rpm and a mixing time of 10 minutes. A total of 60 g material
was fed to the mixer for every batch. Nanocomposites were pre-
pared with six different GNP concentrations from 0 to 15 wt %.
Table I summarizes the compositions of the samples and their cor-
responding codes. The prepared nanocomposites were then com-
pression moulded into 2-mm-thick circular plaques with 25-mm
diameter. The compression moulding temperature was 140 °C and
the compression force was kept at 80 kN for 5 min. Cooling water
was then used to cool the moulding press to 50 °C.

Scanning Electron Microscopy

Neat PBAT and PBAT/GNP nanocomposites were fractured after
keeping them in liquid nitrogen for 3 minutes. Samples were then
sonicated in ethanol for 30 seconds and dried in a vacuum oven at
50°C overnight prior to the microscopy. Fractured surface
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morphology of the samples was studied using a FEI Quanta 200
scanning electron microscope. For samples with up to 6 wt %
GNPs, an accelerating voltage of 5 kV was employed to avoid
charging and for nanocomposites with higher GNP concentrations,
accelerating voltage was fixed at 10 kV.

Thermogravimetric Analysis

The thermal decomposition characteristics of PBAT/GNP nano-
composites were measured by a thermal gravimetric analyzer
(STA 6000, Perkin Elmer). Samples were first stabilized at 50 °C
for 2 minutes and then heated up to 900°C under a nitrogen
atmosphere at a heating rate of 10 °C/min.

Electrical Conductivity

A vector network analyzer (Wiltron 37269A) with waveguide setup
was used to measure the scattering parameters of PBAT/GNP nano-
composites over the frequency range of 8.2-12.4 GHz (X-band).
Electrical permittivity of the nanocomposites was extracted from
the scattering parameters according to Nicolson—Ross—Weir
(NRW) method.*® AC conductivity was then determined from
permittivity.

Melt Rheology

Dynamic and steady shear rate rheology of the PBAT/GNP
nanocomposites was assessed using a strain-controlled Advanced
Rheometrics Expansion System (ARES) rheometer (TA Instru-
ments) with a force transducer of torque range of 0.2-200 g.cm
and parallel-plate fixture of 25 mm diameter. Measurements
were performed at 140°C. Linear viscoelastic region of each
PBAT/GNP composition was first determined by running strain
sweep tests at an angular frequency of 10 rad/s and strain range
of 0.034-270%. Frequency sweeps were then conducted on fresh
samples within their linear region to determine the effect of
GNP concentration on storage and loss moduli and also com-
plex viscosity of PBAT. Steady shear rate experiments were
conducted for each sample over the shear rate range of 0.01 to
4 57", At higher shear rates slip occurred.

RESULTS AND DISCUSSION

Morphology

Figure 2 shows the micrographs of PBAT/GNP nanocomposites.
It is observed that at low GNP concentration of 3 wt %, the
graphene platelets are well dispersed in the matrix and PBAT
chains have separated the platelets. For nanocomposite with 6
wt % of nanofiller, in addition to the separated platelets some
chunks of GNPs can also be seen while they are still separated
from each other by PBAT. As the GNP concentration is raised
to 9 wt %, a higher degree of GNP agglomeration is observed
and the platelets and agglomerates become physically in contact
with one another. The formation of this GNP network through-
out the polymer matrix at 9 wt % GNPs was also detected by
the sharp increment in the electrical conductivity at this filler

Table I. Composition of PBAT/GNP Nanocomposites

Sample codes PBO PB3 PB6 PB9 PBl12 PB15

PBAT (wt %) 100 97 94 o1 88 85
GNPs (wt %) 0 3 6 9 12 15
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loading (next section). At 12 wt %, GNPs are very densely posi-
tioned in PBAT with their agglomerates forming an intercon-
nected 3D network within the matrix. The nanocomposite with
15 wt % of GNPs was observed to have morphology very simi-
lar to that of PB12 and therefore is not demonstrated here. The
high degree of GNP agglomeration and incapability of polymer
to separate the platelets at high GNP loadings has been
observed by other researches as well. In a study performed on
poly (propylene)/GNP nanocomposites, Li et al.’' reported the
separation of GNPs at 5 wt % while at 15 wt %, the platelets
formed agglomerates and became in contact. Narimissa et al.”?
and Kashi et al> also observed high degree of agglomeration
and tactoid formation at high levels of GNP loadings in differ-
ent grades of poly lactide.

Electrical Conductivity

Figure 3 displays the AC conductivity of PBAT/GNP nanocom-
posites as a function of GNP loading. Pristine PBAT has a con-
ductivity of about 0.11 S/m which increases to more than 3 S/m
with addition of 15 wt % GNPs. An interesting observation
made in Figure 3 is that with increasing GNP concentration
from 0 to 6 wt %, conductivity increases gradually but as the
GNP loading is increased further, a sharper increase is observed
which is confirmed by the change in slope which occurs. This
sharp increase in electrical conductivity occurring as the GNP
concentration is raised above 6 wt % is associated with the
formation of electrically conductive pathways of GNPs. At low
loadings, the nanoplatelets are separated from each other by
PBAT chains as was observed in Figure 2. By increasing the
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Figure 2. SEM images of PBAT/GNP nanocomposites with (a) 3, (b) 6, (¢) 9, and (d) 12 wt % GNPs.

GNP content above the percolation threshold, the graphene pla-
telets are positioned more closely in PBAT and establish physical
contact with each other and therefore an electrically conductive
network is formed in the matrix, which enhances the conductiv-
ity of the nanocomposites significantly.

Thermal Stability

Thermal stability is an important parameter for polymeric
materials since it could be a limiting factor in processing as well
as in end-use applications.”® Thermogravimetric analysis (TGA)
curves of PBAT/GNP nanocomposites are presented in Figure 4

4
E ’
A 3 &
2 Slope: 0.31 .~

2 &
I e

< L

5 1 Slope: s

< 0 ’

0 3 6 9 12 15 18

GNP loading (wt%)

Figure 3. AC conductivity of PBAT/GNP nanocomposites versus GNP
loading at 10 GHz. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 4. (a) TGA curves and (b) weight loss rate curves of neat PBAT and PBAT/GNP nanocomposites under nitrogen and at a heating rate of 10°C/
min. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and the temperatures of samples at which 5%, 10%, and 50%
weight losses occur are summarized in Table II (Tsq,, Tig0, and
Ts000)- It is observed that the thermal degradation of neat PBAT
and PBAT/GNP nanocomposites takes place as a single step
process. The onset thermal degradation of pristine PBAT is
detected to be 338°C (1% weight loss) and the degradation is
completed at 426 °C leaving an ash content of about 5% at the
end of the test. It is evident from Figure 4(a) that addition of
GNPs up to 6 wt % does not alter the thermal stability of the
matrix considerably. However, as the GNP concentration is
raised above 6 wt % to 9 wt % and higher, nanocomposites
exhibit enhanced thermal stability with their TGA curves being
gradually shifted towards higher temperatures. This can clearly
be seen in the inset plot of Figure 4(a) which compares the
TGA curves of pure PBAT and PB15. While the onset degrada-
tion temperature of PB15 is only 2°C higher than that of pure
PBAT, the effect of GNPs is more pronounced at higher weight
losses. As it can be seen from Table II, Tso, and Tsqe, increase
by 5°C and 7°C as the GNP loading is increased from 0 to 15
wt %. This delay in thermal degradation of PBAT could be
attributed to the shielding effect conferred by the flake-like
shape of GNPs, which hinders the diffusion of volatile decom-
position products within the nanocomposites.”**> Figure 4(b)
also shows that the temperature of the maximum weight loss
rate (dm/dT,,) slightly shifts to higher temperatures with
increasing GNP loading to 15 wt % while the maximum weight
loss rate decreases by about 0.5%/°C as the GNP content is
raised from 0 to 15 wt %.

Dynamic Shear Rheology

Investigating the flow behavior of polymer/nanofiller systems pro-
vides fundamental knowledge on their structure and processabil-
ity. Melt rheology of these materials are influenced by their
microstructure. The state of filler network in the nanocomposites
can also be detected via the variation of the viscoelastic properties
such as storage modulus with frequency within the linear visco-
elastic region.’® The angular frequency dependency of the
dynamic storage and loss moduli of neat PBAT and PBAT/GNP
nanocomposites is depicted in Figure 5. With increasing GNP
loading, both moduli are enhanced over the entire frequency
range. Pristine PBAT shows a typical polymer melt behavior where
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G increases with increasing frequency and a clear terminal zone is
observed at lower frequency region. Increasing the GNP content
of the nanocomposites increases both of the moduli monotoni-
cally at high frequencies (> 10 rad/s). On the other hand, at lower
frequencies, while adding GNPs up to 9 wt % slightly improves
the viscoelastic properties of the matrix, above 9 wt %, the
increase in the moduli particularly G is significant. When the
interactions between the anisotropic filler particles becomes sig-
nificant, the system exhibits an apparent yield stress which is
detected by appearance of a plateau in the dynamic moduli at low
frequencies especially in G’”?® The diminishing frequency
dependency of G' and the appearance of a plateau in the low-
frequency region for GNP concentrations above 9 wt % is indicative
of formation of a percolated network within the nanocomposite,
which causes the solid-like behavior (G'and G” x ®°) at low
frequencies.****%

Figure 6 compares the storage moduli of neat PBAT and PBAT/
GNP nanocomposites with their corresponding loss moduli. G”
of pure PBAT, PB3 (not shown here), PB6, and PB9 (not shown
here) are distinctively higher than their corresponding G over
the entire frequency range. Nevertheless, at high frequencies, G
and G” of these samples coincide with the crossover point shift-
ing to lower frequencies as the GNP content is increased. PB12
and PB15, however, exhibit a different behavior. G' and G’ of
each of these two nanocomposites have very close values with
two crossover points; one at a high frequency and one at a low
frequency.

Figure 7 illustrates the variations of the complex viscosities, I77*l,
of PBAT/GNP nanocomposites with frequency as a function of

Table II. TGA Analysis of Pure PBAT and PBAT/GNP Nanocomposites

Sample Ts9 (°C) T10% (°C) Tso% (°C)
PBO 369.25 378.62 400.25
PB3 368.11 377.05 399.92
PB6 369.58 378.31 400.35
PB9 371.82 380.54 403.61
PB12 373.81 383.20 405.10
PB15 374.35 383.71 407.77
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Figure 5. (a) Storage G' and (b) loss G’ moduli of neat PBAT and PBAT/GNP nanocomposites at 140 °C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

GNP concentration. Neat PBAT exhibits a Newtonian plateau at
low frequencies and a shear thinning behavior at higher fre-
quencies. Addition of GNPs markedly alters the flow character-
istics of the matrix. The viscosity increases with GNP content.
The effect of GNPs is most pronounced in the low-frequency
region and decreases as the frequency is increased as a conse-
quence of shear thinning. An interesting observation is that
addition of up to 9 wt % of GNPs does not change the trend of
neat PBAT flow curve and only shifts the curve upward. On the
other hand, nanocomposites with 12 and 15 wt % of GNPs
show not only much higher viscosities but also their flow curves
have steeper slopes at low frequencies with no clear Newtonian
plateau. These observations are in agreement with previously
reported data on other polymer/nanofiller systems.>*?73840~43
The significant enhancement in the viscosity of PBAT/GNP
nanocomposites with high GNPs can be ascribed to the
increased interactions between PBAT and the platelets (because
of the increase in amount of the platelets) which reduce the
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mobility of PBAT chains, stronger interactions among the plate-
lets themselves as their mean distance is reduced and also the
formation of a network of GNPs within the matrix [as detected
in Scanning Electron Microscopy (SEM) images in Morphology
section].

The critical filler concentration beyond which the interactions
between the particles become significant and a percolating 3D net-
work is established within the matrix is said to be the percolation
threshold. The effect of filler loading on G’ at low frequencies can be
used to predict this threshold.”>** Figure 8 depicts the slope of log
G-log w at low-frequency region («) versus GNP concentration.
The sudden change in the slope is an indication of percolation
threshold beyond which the liquid-like behavior is changed to the
solid-like response.”® The percolations concentration of GNPs in
PBAT is found to be between 6 (3.5 vol %) and 9 wt % (5.3 vol %) at
140°C. Note that temperature is a critical parameter affecting the
percolation threshold. It is expected that by increasing the
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Figure 6. Comparative illustration of G' and G’ of PBAT/GNP nanocomposites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

43620 (5 of 9)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43620

Applied Polymer -


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP

106

) ;

(ﬂ' L

& 105 ¢

=y E

£ i

Q

2 10 +

e :

8 [ +PBO  =PB3 ey

g 1% upBe  xPBY

S - xPBI2  ePBI5
102 e b L L

102 10°! 100 10! 10
Frequency (rad/s)

Figure 7. Complex viscosity of neat PBAT and PBAT/GNP nanocompo-
sites at 140 °C. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

temperature, the adsorption of polymer chains to the nanofiller
interface increase, leading to a higher apparent volume fraction of
the swollen particles resulting in a lower percolation threshold.**

Time-Temperature Superposition

For many polymers and some filled-polymer systems usually
with low filler content, time—temperature superposition (TTS)
principle can be applied to viscoelastic properties (i.e. storage
modulus) obtained at different temperatures in order to gener-
ate a master-curve at a reference temperature that covers a
wider range of frequency. Materials to which TTS is applicable
are said to be thermorheologically simple. A simple and direct
method for checking the applicability of TTS is to plot the loss
angle versus log complex modulus (Van Grup-Palmen plot) at
different temperatures.*” If the curves superimpose, the material
is thermorheologically simple. On the other hand if the curves
split up, TTS will not be applicable. The Van Gurp—Palmen
plots were prepared for the PBAT/GNP nanocomposites (Figure
9). TTS was found to be applicable to PBAT nanocomposites
with low GNP content (0-6 wt %) while it failed for higher
loadings. Thermorehological complexity has been observed for
various polymer/nanofiller systems.**™*®

At this point, it is noteworthy to mention that temperature
range is also a determining factor in applying TTS. A material
might follow TTS over a specific temperature range while exhib-
iting thermorheological complexity out of this range. For exam-
ple, PB6 was found to fail the TTS as the temperature was
raised from 200°C to 220°C at which a plateau appeared in
storage modulus in the low-frequency region. This phenomenon
is attributed to occurrence of physical gelation at elevated tem-
peratures. A physical gel is considered a percolated three-
dimensional network, in which physical interactions are respon-
sible for the macroscopic connectivity.*® It seems that at ele-
vated temperatures, the adsorption of PBAT chains to the
graphene platelets enhances. The adsorbed polymer chains not
only increase the effective filler volume fraction in the system
but can also function as bridges between neighboring particles
(facilitating percolation).*” These physical cross-linking interac-
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tions induced by GNPs result in the formation of a 3D network
at lower filler concentrations throughout the nanocomposite
leading to a solid-like behavior and deviation from TTS.

Figure 10 illustrates the master-curves of storage modulus for
PBAT, PB3, and PB6 with the reference temperature being
180 °C. It can be seen that by applying time—temperature super-
position, the range of angular frequency has increased from
0.05-100 rad/s to 0.03—170 rad/s.

The temperature dependence of the horizontal shift factors of
pure PBAT, PB3 and PB6 were found to follow the Arrhenius

relation very well:
(R (1 1
SRR \T T,

Here T is the absolute temperature, R is the universal gas con-
stant (8.314 J/mol), and E, is called as the flow activation
energy by analogy with reaction rate theory and is often used to
characterize polymers. E, can be obtained from the slope of
In(az) versus 1/T plot. The activation energy of PBAT was
found to slightly decrease from 48.88 to 46.26 kJ/mol with
increasing GNP loading from 0 to 6 wt %, respectively. Arrhe-
nius relation implies that a material with lower E, is less tem-
perature sensitive. For example, for the same increase in
temperature, the viscosity of a material with lower E, decreases
less compared to another material with higher E,. The decrease
in the viscosity of a polymer melt with increasing temperature
is because of greater free volume available for molecular motion
at higher temperatures. Therefore, since the increase in free
space with temperature is limited only to the polymer fraction
of a filled system, the temperature sensitivity decreases with
increasing filler loading and consequently, filled polymers have
lower E, values.”® This explains why PBAT/GNP nanocompo-
sites have lower activation energies than pure PBAT.

Steady Shear Rheology

Figure 11 illustrates the shear rate dependency of steady shear
viscosity of PBAT/GNP nanocomposites. Pristine PBAT shows a
Newtonian plateau at low shear rates followed by a shear thin-
ning behavior. While addition of 3 wt % of GNPs increases
PBAT’s zero-shear viscosity by 40%, shear rate dependency of
PB3 remains similar to that of neat PBAT. At low shear rates,

1.5
Percolation

1.2 « T threshold region
T 09 |
2
S 06
w2 0\\

0.3 - e

0 T T T T T .
0 3 6 9 12 15 18
GNP loading (wt%)

Figure 8. Slope («) of G versus GNP loading at 140 °C. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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shear viscosity monotonically increases with GNP content.
About 100%, 205%, 365%, and 950% elevations in zero-shear
viscosity were measured for PB6, PB9, PB12, and PB15, respec-
tively. Although all the samples demonstrate shear thinning
behavior at higher shear rates, the critical shear rate at which
Newtonian region is intersected by shear thinning region occurs
at drastically lower shear rates as the GNP content is raised
above 6 wt %. The pronounced shear thinning behavior for
highly filled nanocomposites may be because of the polymer
imprisonment between the platelets, causing the polymer to
undergo a larger effective strain rate. Moreover, the preferential
orientation of GNP layers or even anisotropic tactoids parallel to
the flow direction at elevated shear rates can lead to nanocom-
posites having viscosities comparable with or even lower than
the viscosity of pure PBAT at such shear rates. Similar trends
have been reported for various polymer/filler systems.”>*>>!

To further investigate the dependency of shear viscosity of
PBAT/GNP nanocomposites on the shear rate, Carreau model>
was fitted to the data. Figure 12 compares the model predic-
tions with experimental data. The model’s parameters are the
shear viscosity (1), the zero-shear viscosity (1), the characteris-
tic time (4), and n which is a dimensionless parameter indicat-
ing the slope of the curve in shear-thinning region (0 < n < 1).
Values of 4 and n were obtained by minimizing the root-mean-
square (RMS) values. Results are summarized in Table III. With
very low values of RMS for all the nanocomposites, Carreau
model is found to be a good fit to the experimental data. Table
I shows that characteristic time of the nanocomposites

increases with increasing the GNP loading. It is also observed
that the n-value decreases from 0.6 to 0.19 as the GNP concen-
tration is increased from 0 to 15 wt %. Since the slope of vis-
cosity versus shear rate on the bi-logarithmic plot in the power-
law region is (n— 1), the decreasing trend of n with increasing
the GNP concentration indicates the pronounced shear-thinning
behavior in presence of GNPs. Similar trends have been
reported for other types of nanocomposites, as well’>**:

1
Carreau model : L.

Mo [1 + (/1]))2} (%)

Cox—Merz Relation

Use of rotational rheometers for measuring steady shear viscos-
ity of polymeric systems can be limiting since such rheometers
are suitable for low to medium range shear rates of up to
10 s~'. This is because at higher shear rates the material tends
to extrude from the small gap of the plates, resulting in an inac-
curate reading.** One of the methods to overcome this problem
and estimate the viscosity at high shear rates is to use Cox—
Merz rule. According to this empirical relation, the steady shear
and the complex viscosities are closely comparable for the same
magnitudes of shear rate and angular frequency according to
the formula: lim;_., n(7)=|n"(w)|.*' It is observed from Fig-
ures 7 and 11 that both the steady shear viscosity and the com-
plex viscosity of the PBAT/GNP nanocomposites decrease with
increase in shear rate or angular frequency and increase with
the GNP content. However, Cox—Merz equation only fitted to
pure PBAT and PB3 (Figure 13). As the GNP concentration is

105 + 105 4 5
@ Lo % @
10 1 104 & 104
3 —; 3 - —~
- 10 = 10° & z 10
& 102 4 & 107 1 &
o : +160°C | 2 : o 102
© 10 4 O 10! ¢
, Eo& e |80 °C {0 E & 10!
10%1 &£ 4200 °C ol &
10! L e i 3o o 10! TR T TR T S S WU T T W .Y 100
102 10" 100 10" 102 102 100 10 10! 107 102 100 109 10! 102
Frequency (rad/s) Frequency (rad/s) Frequency (rad/s)

Figure 10. Storage modulus master-curves of (a) PB0, (b) PB3, and (c) PB6 (reference temperature: 180 °C). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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viewed in the online issue, which is available at wileyonlinelibrary.com.]

increased to 6 wt % and above, the deviation from Cox—Merz
becomes more pronounced, with PB15 exhibiting a complex
viscosity significantly higher than its shear viscosity. Similar
observations have been reported for various filler-polymer sys-
tems with anisotropic fillers.*">® The failure of Cox—Merz may
be a result of changes in the microstructure of the nanocompo-
site and some preferential orientation of highly anisotropic
nanofiller because of shearing.”

Table III. Carreau Model Parameters of Pure PBAT and PBAT/GNP
Nanocomposites

Samples A n RMS

PBO 6.36 0.60 0.026
PB3 4.82 0.51 0.020
PB6 521 0.21 0.051
PB9 13.18 0.37 0.045
PB12 23.35 0.35 0.034
PB15 41.66 0.19 0.030
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Figure 13. The steady shear viscosity (filled symbols) versus shear rate
and complex viscosity (open symbols) versus frequency for PB3 and
PB15. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

CONCLUSIONS

PBAT/GNP biodegradable nanocomposites were prepared via
melt mixing with 0-15 wt % (0-9.1 vol %) of GNPs. SEM
micrographs showed good dispersion of the platelets at low
concentrations while above 6 wt %, GNPs were found to
agglomerate and become physically in contact with one another
forming a 3D network within the matrix. Embedding GNPs in
PBAT enhanced the low AC conductivity of the pure matrix
from 0.11 to 3 S/m at 15 wt % of GNPs. At filler loadings above
6 wt %, conductivity increased at a faster rate, which confirmed
the built up of conductive pathways of GNPs at high loadings
detected by SEM. Nanocomposites with GNP content higher
than 6 wt % also showed better thermal stability.

Addition of GNPs significantly altered the dynamic and steady
shear flow behavior of PBAT. Viscoelastic properties of PBAT were
enhanced with increasing GNP loading particularly in low-
frequency region. Rheological percolation threshold of GNPs in
PBAT was found to be between 6 and 9 wt %, which was in
accordance with SEM and conductivity results. Furthermore, it
was observed that above 6 wt %, time—temperature superposition
was not applicable to PBAT/GNP nanocomposites. Steady shear
tests also revealed the significant effect of GNPs on the shear vis-
cosity of PBAT which increased by 950% as the GNP concentra-
tion was raised to 15 wt %. Moreover, the extent of Newtonian
region decreased and a stronger shear thinning behavior was
observed with increasing GNP loading. Carreau model well
described the shear viscosity of the nanocomposites while Cox—
Merz rule was applicable only to up to 3 wt % of GNPs.
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