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Different carbon-based fillers such as carbon nanotubes (CNTs), graphite, and thermally
reduced graphene oxide (TrGO) are melt mixed with an isotactic poly(propylene) (iPP) and the
mechanical properties of the resulting composites in the solid and melt state are analyzed.
The Young’s modulus of composites is increased around 25% relative to the neat iPP at con-
centrations above 10 wt% of CNTs or graphite whereas composites with TrGO are increased
around 40% at similar concentrations. These results are compared with theoretical models

showing that the filler agglomeration and surface area are
key parameters. The rheological results of the composites
under oscillatory shear conditions at the melt state show that
the viscous raw polymer melt experiences a solid-like transi-
tion at a threshold concentration that strongly depends on
the filler used. This transition appears at 10 wt% for CNTs,
8 wt% for TrGO, and 40 wt% for graphite. The viscosity of iPP/
TrGO composites is further increased by adding CNTs parti-
cles, although the Young’s modulus does not increase.

1. Introduction

Polymer nanocomposites have yielded novel advanced
functional materials with improved properties such as
electrical conductivity, magnetic, mechanical strength,
barrier properties, and thermal stability,['®! consequently
extending their use in many engineering fields,”! for ver-
satile applications such as environmental remediation,
electromagnetic (EM) absorption, energy storage, saving
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storage, and anticorrosion, among others.®°! From the dif-
ferent types of nanoparticles used as filler, carbon-based
materials are highlighted, especially carbon nanotubes
(CNTs) due to their outstanding properties such as thermal
stability (> 700 °C in air), high modulus (= 1 TPa), aspect
ratio (= 1000), and electrical conductivity (=~ 10 S m™2).[1
The CNTs are mainly used in the development of composite
materials taking advantage of either electrical conduc-
tivity by forming a percolated network,!*%] or improved
mechanical properties by filler reinforcement.[*1271¢] For
the former application, the addition of a second nano-
particle forming a hybrid nanocomposite to improve
the electrical behavior is stressed allowing the reduction
of CNTs concentration in the percolated system.[1017-22]
This approach has not been tested toward mechanical
behavior. However, CNTs present a major drawback related
with its high cost explaining the large interest during the
last years in polymer composites based on less expensive
carbon nanostructures having also high aspect ratio such
as those derived from graphite or even carbon black.
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Graphite is the most stable carbon form at standard
conditions’”] having a current annual global production
of around 1.11 million tons and a value around of U$
1150 ton! during 2013.[*! Nanoparticles based on modi-
fied graphite, such as graphene and its derivatives, have
emerged as fillers with the potential to replace expensive
CNTs.?4l Graphene has extraordinary properties such as
a Young’s modulus of 1 TPa, tensile strength of 130 GPa,
and electrical conductivity of =<10° S m~.125-?7] These prop-
erties along with its extremely high specific surface area
(around 2630 m? g1) and impermeability to gases, show
the great potential of either graphene or its derivatives,
as fillers for improving the properties of polymers, for
instance, electrical, mechanical, and barrier.[26! Graphene
derivatives coming from the chemical modifications of
graphite are highlighted due to their potential scaled
up production. These top-down methods break the sp?
bonds of graphite by using strong oxidizing agents, for
instance, by the Hummers process,?®! forming functional
groups such as hydroxyl, epoxide, carboxyl, and carbonyl,
within the graphite structure and producing graphite
oxide (GO) particles.[?829] The presence of these functional
groups largely reduces the thermal stability and the
electrical conductivity of GO,1?%3° although by a reduc-
tion process these properties can be mostly regained.?’!
In particular, by a thermal shock at high temperatures
under inert atmospheres, such as Ar or N,, GO can be
reduced, resulting in thermally reduced graphene oxide
(TrGO).1*1:2231 This process removes the functional groups
while significantly exfoliates the structure increasing
the surface area.3%32 Both the evaporation of water and
the elimination of oxide groups can cause a loss of mass
~30%, leaving vacancies and structural defects (wrinkles)
generally reducing the mechanical and electrical proper-
ties of TrGO.?>3% However, the bulk conductivity of TrGO
is between =103 and 10* S m™, suggesting an effective
reduction of GO and restoration of the electronic structure
of the material.?’! Based on these properties, TrGO can
be considered as a suitable filler for the development of
functional polymeric nanocomposites, usually based on
polar matrices. This is achieved by using frequently the
solution-2633-3%] or melt-mixing methods®®! or combina-
tions of both.

Polyolefins, such as isotactic poly(propylene) (iPP) and
polyethylene (PE), represent more than 50% of the market
of commodity thermoplastics, despite this nanocompos-
ites with TrGO have been barely developed. The homo-
geneous dispersion of carbon-based fillers is not easy to
achieve, especially in nonpolar polymer matrices such
as polyolefin because carbon-based fillers tend to form
aggregates that are thermodynamically stabilized by
van der Waals forces and numerous n—n interactions
between the fillers. Kim et al.?”] successfully create PE/
TrGO nanocomposites (5 wt%) achieving an increase of
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around 60% in the tensile modulus compared with neat
PE by either solution- or melt-mixing techniques. Nano-
composites of iPP/TrGO have also been prepared by
melt mixing,[1%2%3839] although other techniques such
as in situ polymerization have been reported.[***! These
iPP composites with concentrations of about =5 wt% of
TrGO presented improved electrical conductivity (around
1077 S m™), an increase around 500 MPa in the Young's
modulus of the composite compared to the matrix, 293839
and further showing higher Young’s modulus than the
other composites, for instance, iPP/CNTs.[2°]

Polymer composites with carbon based materials have
also been studied focusing on the melt rheology due to its
importance for both the understanding of the processing
operations and the analysis of the microstructure of the
material. 3] Moreover, rheology can detect the presence
of complex morphologies, such as a percolated structure
associated to the formation of a 3D network of nanoparti-
cles along the nanocomposite,#>43! This network changes
the behavior of the melt matrix at low shear rates and
low frequencies from a liquid-like Newtonian fluid to
a solid-like Hooke fluid. The dependence of viscoelastic
parameters on the concentration of carbon-based filler
has been widely studied in the literature for polymer
composites with CNTs,!#4-58] but little has been addressed
in composites with other fillers such as graphite,[*>1]
and/or TrGO.364%606263] [sotactic poly(propylene) nano-
composites with CNTs have a rheological percolation
at concentrations between 0.3 and = 3 wt%,[4549.51,56-58]
while iPP/TrGO composites require concentration above
5 wt% to achieve rheological percolation,#*! showing that
the size and aspect ratio of the carbon-based filler affect
the melt rheology of the composite.

Our group previously published the strong depend-
ence of the kind of carbon-based filler on the electrical
behavior of iPP composites with multiwall CNTs dis-
playing the smallest electrical percolation threshold as
compared with TrGO and graphite.['!] These results moti-
vated us to further extend the analysis to other relevant
properties especially mechanical behavior in both solid
and melt state being the main goal of this contribution.

2. Experimental Section

2.1. Materials

A commercial grade isotactic poly(propylene) from Petroquim S.A.
(Chile) (PH0130) with a melt flow rate of 1.7 g 10 min™* at 230 °C
and 2.16 kg, M,, = 360 kg mol™%, M, = 70 kg mol™%, PDI = 5.1, and
melting point of 160 °C was used as matrix. Graphite (graphite
fine powder extra pure) with a particle size < 50 pm, sulfuric acid
(98.08 wt%, H,SO,), potassium permanganate (99 wt%, KMnO,),
hydrochloric acid (32 wt%, HCl), and sodium nitrate (99.5 wt%,
NaNO;) were obtained from Merck (Germany) and used as
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received. Hydrogen peroxide (5 vol%, H,0,) was purchased from
Kadus S.A. The multiwalled carbon nanotubes (MWCNT) were
obtained from Bayer Material Science AG (Germany) (Baytubes
C150P). Based on the datasheet information provided by Bayer,
they are characterized by a purity higher than 95 wt%, number
of walls between 2 and 15, an outer mean diameter of 13—16 nm,
an inner mean diameter of 4 nm, and length between 1 and
10 pm. Irganox 1010 was obtained from Ciba-Geigy and used as
antioxidant agent during the composite preparation.

2.2. Preparation of TrGO

The TrGO was prepared in a two-step oxidation/thermal
reduction process using graphite as raw material. The graphite
oxidation process of Hummers and Offeman was employed, 28!
with KMnO, and NaNO; as oxidants in concentrated sulfuric
acid, as described in ref.[']. In a second step, the dry GO was ther-
mally reduced to afford TrGO in a nitrogen atmosphere by rap-
idly heating GO up to = 600 °C during 40 s using a quartz reactor
heated in a vertical tube furnace. The thermal shock is the prime
requirement to achieve exfoliation of graphene sheets.

2.3. Melt Compounding

The composites were prepared using a Brabender Plasticorder
(Brabender, Germany) internal mixer at 190 °C and a speed of
110 rpm. = 30 g per mixing was produced, containing iPP, filler
(CNTs, TrGO, or graphite), and = 5 mg of Irganox 1010 as antioxi-
dant. Filler content ranges from 0 to 25 wt% for TrGO or CNTs,
and from 0 to 45 wt% for graphite. First, iPP was mixed with anti-
oxidant and subsequently half amount of the polymer (= 13 g)
was added to the mixer operated at 110 rpm. After 2 min the iPP
was melted and the filler was added for 3 min. Finally, the rest
of the polymer pellets were added and the speed of the mixer
was held at 110 rpm for 10 min. Therefore, the total mixing time
was around 15 min. For the hybrid materials, first the polymer
was added to the mixer followed by the proper amount of TrGO
(5 wt%) as above explained and afterward, the desired amount
of the CNTs (from 0 to 5 wt%) was added. In this case, the same
process conditions of the binary mixtures were used and the
total mixing time was also around 15 min.

2.4. Characterizations

The morphology and microstructure of the nanocomposites
were determined by transmission electron microscopy (TEM)
in a Tecnai F20 FEG-S/TEM operated at 120 kV, equipped with
an energy dispersive X-ray analysis system (EDS). Ultrathin sec-
tions of about 70 nm were obtained by cutting the samples with
a Sorvall Porter-Blum MT2-B ultra-microtome equipped with
a Diatome diamond knife. Young’s modulus and elongation at
break were tested on a HP model D-500 dynamometer according
to ASTM D638-10 at = 25 °C. For these tests, samples bone type
with overall length of 120 mm, distance between grips of 80 mm,
width of narrow section of 11.5 mm, and thickness of 1 mm were
tested at a strain rate of 50 mm min~! at room temperature. The
results presented here are the average values out of five measure-
ments (typical deviation = 5% in modulus). Differential scanning
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calorimetry (DSC) curves were performed using a TA Instruments
differential scanning calorimeter, model DSC Q20, operating at a
heating rate of 10 °C min™! and a temperature range from —40 to
200 °C. Melting temperature, T,,,, was determined in the second
scan and the degree of crystallinity was calculated from enthalpy
of fusion data obtained from the DSC curves (209 J g was used
for 100% crystalline material).*%4>64 Rheological measurements
were run on an ARES-G2, TA-Instruments rheometer with 25 mm
parallel plate geometry conducting an isothermal frequency
sweep at 190 °C with ® = 0.01-100 rad s™*. All measurements
were conducted in the linear (mechanical response) regime, with
deformation amplitude y, = 3%, and under nitrogen atmosphere
to avoid oxidative degradation.

3. Results and Discussion

3.1. Morphology of Poly(propylene) Composites with
Carbon-Based Particles

Figure 1 shows TEM images of the composites showing
the effect of different carbon-based fillers on their mor-
phologies. In particular, Figure 1a shows that CNTs were
mainly presented as aggregates, or bundles, with sizes
around 500-600 nm into the polymer matrix although
small ropes formed by a few individual CNTs were also
observed.[®*] The CNTs aggregates were continuously inter-
connected through the polymer by means of these lonely
CNTs allowing the electrical conduction in these samples
as reported previously.l'*®%! Figure 1b shows a representa-
tive image from composites based on micrometric graphite
particles having a dense layered structure. A much less
dense structure was observed in composites based on TrGO

Figure 1. Representative TEM images of the composites studied:
a) iPP with = 10 wt% of CNTs filler; b) iPP with = 10 wt% of graphite
filler; ¢) iPP with = 10 wt% of TrGO filler; and d) iPP composites
with 5 wt% of TrGO and 2 wt% of CNTs fillers.
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as displayed in Figure 1c, where the graphene nanoplate-
lets were intercalated and wrinkled due to the presence
of the polymer matrix. Moreover, the polymer was able to
disrupt the agglomerations and particles of less than 1 pm
were observed. Figure 1d shows the improvement in the
dispersion of the wrinkled structure of TrGO by the simul-
taneously addition of CNTs.[11,29,30,65]

3.2. Mechanical Tensile Properties

Figure 2 shows the variation of Young’s modulus and
elongation at break of iPP and its composites with the
different fillers, leading to the conclusion that the mechan-
ical behavior of the composites depended on both the
concentration and the type of carbon-based filler. The
Young’s modulus (Figure 2a) of iPP/CNTs and iPP/graphite
composites increased almost linearly with filler concen-
tration, regardless of the filler. The iPP composites with
TrGO however displayed Young’s modulus (at room tem-
perature) = 200 MPa higher than the other composites at
the same concentrations resulting in about 15% increase.
The highest increase exhibited by composites with TrGO
can be explained by its high aspect ratio and strong inter-
facial bonding due to its rough and wrinkled texture of
TrGO caused by oxygen functionalization and the defects
during thermal exfoliation of graphite oxide increasing
the mechanical attachment with the matrix as has been
reported in other publications, 30346667 and also observed
here, see in Figure lc. Regarding the hybrid composites
with TrGO and CNTs, despite they exhibit better filler
dispersion within the matrix (Figure 1d) a significant
improvement in modulus or elongation at break (Figure 2b)
was not observed as compared with composite with 5 wt%
of TrGO, even at concentrations of 5 wt% of CNTs.

Table 1 displays the main thermal properties. The crys-
tallinity degree of the samples was calculated by

X, = AHn (1)
(1-w,)AH,
36004 1800V
g
2 32001 1600
528004 1400
=
g 2400 /
@ 20001 “o-iPP+CNTs
> % -o- iPP+Graphite
5 16007 A iPP+TIGO
> 12004 oo - iPP+5 wt.% TrGO+CNTs
0 5 10 15 20 25 30 35 40 45
¢ [wt. %]
a)
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where AH,, is the experimental melting enthalpy of
the sample, AH, is the theoretical melting enthalpy of
the 100% crystalline iPP with a value of 209 J g,[40:4564]
and w; is the weight fraction of filler in the composite.
Although the increase in the crystallization temperature,
T,, of poly(propylene) indicates that the carbon-based fillers
are acting as nucleating agents, favoring the crystalliza-
tion process,“! in general, both the amount of crystalline
phase, X, and melting temperature, T,,,, were not greatly
affected neither by the presence of these fillers nor by its
concentration. For instance, a variation of less than 5%
in both X, and T,,,, was found between iPP (T,, = 161.3 °C
and X, = 53%) and iPP + 10 wt% of TrGO (T, = 163.1 °C
and X, = 53%), similarly as reported by Guo and co-
workers.[*4*%] Therefore, changes in Young’s modulus are
just explained by the presence of the carbon-based parti-
cles rather than by changes in crystallinity.

Figure 2b shows the decrease in elongation at break of
the different composites as the concentration of carbon-
based fillers is increased, especially when CNTs, TrGO,
or both together (hybrid composites) were used. In par-
ticular, for incorporations higher than 2 wt% of filler, the
nanocomposites were brittle having an = 50% drop in the
elongation at break as compared with iPP.

The composite mechanical properties depend on the
concentration and distribution of the reinforcing phase,
within the matrix, the polymer—filler bonding interface,
and the filler aspect ratio, among other variables.l?"]
The increased Young’s modulus in iPP composites with
carbon-based fillers was similar to that reported by
Steurer et al.?%%8] and Milani et al.[*!l but differed from
the results of Fang and co-workers**! and Torkelson and
co-workers!®169 reporting a maximum value followed by
a decrease at filler concentrations above 2 and 10 wt%,
respectively. On the other hand, the decreased elonga-
tion at break of our iPP composites is related to the pos-
sibility of crack formation as previously reported in the
literature.[29383% The mechanical behavior of iPP compos-
ites prepared in the present study, and values reported by

-o\?12~

§10~

o 8/ -0-iPP+CNTs
] -o- iPP+Graphite
S 6 -A- iPP+TrGO
= -~ iPP+5 wt.% TrGO+CNTs
o 4 A

c

o T

w 24

0 5 10 15 20 25 30 35 40 45
¢ [wt.%]
b)

B Figure 2. Variation in a) Young’s modulus, and b) elongation at break with the increase in the concentration of carbon-based filler.
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Table 1. Melting and crystallization characteristics of neat iPP and
iPP composites with different carbon-based fillers.

Material AH,, T T, X,

Dgl ¢ [ [%]
iPP 110.8 1613 1163 53
iPP + 5 wt% CNTs 1044 163.6 1221 50
iPP + 10 wt% CNTs 107.0 163.9 1237 51
iPP + 15 wt% CNTs 1164 163.5 1298 56
iPP + 20 wt% CNTs 113.8 163.5 130.5 55
iPP + 10 wt% graphite 106.8 1643 1244 51
iPP + 20 wt% graphite 1046 1639 1264 50
iPP + 30 wt% Graphite 113.0 1639 1274 54
iPP +40 wt% graphite 113.7 1644 1293 52
iPP + 45 wt% graphite 107.8 1652 1315 50
iPP + 5 wt% TrGO 1186 160.7 1228 56
iPP + 10 wt% TrGO 1111 1631 1248 53
iPP + 15 wt% TrGO 97.9 1622 1246 47
iPP + 20 wt% TrGO 1025 163.5 127.0 49

other investigators at similar concentrations (although
the way to disperse is different), are summarized in
Table 2.
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The increase in stiffness in composites can be under-
stood by the stress transfer between the continuous
phase and the dispersed phasel7°-72] and can be calculated
using the equation proposed by Halpin and Tsai assuming
perfect interaction (or adhesion) between the polymer
matrix and the particle.”?! This model can be used for
composites with continuous (fiber-reinforced composites)
and discontinuous (particulate composites) fillers as well
as for a variety of unidirectional or randomly distributed
forms.[3%74 The Young’s modulus of the composites with
particles randomly distributed (E;angom) and aligned par-
allel to the direction of stress (Epsyay) are given by[39.6¢]

E _F [§1+.§n1vf+£1+2ntvf] @)
mndom TN @ mve 8 1-Tve
Epmu =E, [M] (3)
1—Thvs
_ (E/Ey)—1
VT (EJE) + € @
_ (E¢/Eq)-1
= BB +2 ©)
§=2(w] )
&=20 (7)

W Table 2. Mechanical behavior of iPP composites with different carbon-based fillers.

Filler Increment Decrease References
Young’s modulus [%] Elongation at break [%]
5 wt% CNTs 16 49 This work
5 wt% CNTs 20 96 Steurer et al [22.68]
5 wt% CNTs 7 73 Dittrich et al.38]
10 wt% CNTs 28 61 This work
10 wt% CNTs 35 98 Steurer et a].[2968]
2 wt% graphite 101 31 Torkelson and co-workers!6%6°]
2 wt% graphite 63 31 Fang and co-workers[*?]
5 wt% graphite 21 100 Fang and co-workers[*%]
10 wt% graphite 32 12 This work
10 wt% graphite 51 98 Torkelson and co-workers[6%69]
45 wt% graphite 114 77 This work
5 wt% TrGO 35 56 This work
5 wt% TrGO 17 12 Milani et al.*!]
5 wt% TrGO 43 98 Steurer et a].[2968]
5 wt% TrGO 34 87 Dittrich et al.38]
10 wt% TrGO 38 48 This work
20 wt% TrGO 77 68 This work
20 wt% TrGO 50 30 Milani et al.*!]
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where E; and E,, represent the Young’s modulus of the
filler (see Table 3) and matrix (= 1.36 GPa), respectively;
V¢ is the volume fraction of particles measured assuming
a density of TrGO, and graphite of = 2.2 g cm™3,% and
= 2 g cm™3 for CNTs;[®%ln; and n, are parameters of longi-
tudinal and transverse reinforcement, respectively, which
depend on the E; and E,,; and £ is a measure of reinforce-
ment geometry depending on the loading conditions and
the aspect ratio of the reinforcement. This parameter (&)
for TrGO can be expressed as in Equation (6) assuming
rectangular filament fillers where I, w, and t represent the
length (= 500 nm), width (= 500 nm), and average thick-
ness (= 1.75 nm) of the particle, respectively.[?6:31,39.66] [n
the case of graphite and CNTs, this parameter depends on
the aspect ratio, o= I/r, where r represents the radius of the
particles (Equation (7). For CNTs, the values of I and the
average diameter (27) are = 1 pm and = 16 nm, respectively
(datasheet information). For graphite particles, the aspect
ratio is = 1, measured roughly by SEM,['!] assuming that
they are spherical particles. According to the above men-
tioned equations two types of Young's modulus (Ej.ngom
and Eyqran) can be calculated depending on both the 2D and
3D orientation, and shape of the particle.??! The Young’s
modulus (Ef) and parameter (£) of different materials used
in the present study are summarized in Table 3.

Figure 3 shows the variation of Young’s modulus of the
composites with particles randomly distributed (E;angom)
and aligned parallel to the direction of stress (Epasan)-
Figure 3a shows that in composites with CNTs, the experi-
mental module does not match the theoretical simula-
tion, independent of the particle alignment (2D aligned
CNTs or 3D random CNTs). This is due to the presence of
clusters of CNTs with o = 2.8 as measured roughly by TEM
in Figure la causing a different behavior as compared
with the theoretical simulation assuming individual CNTs
with o = 125. Moreover, these clusters have lower mod-
ulus than individual CNTs. According to Karevan et al.,[”®]
the modulus of the agglomerate is calculated based on
rule of mixtures considering the cluster as a composite
consisting of CNTs and voids, where the concentration of
CNTs is = 65 vol%, reducing the modulus from =1 TPa to
~ 650 GPa. As shown in Figure 3a, by performing these
adjustments to the Halpin—Tsai model (Halpin-Tsai 3D
random CNTs clusters) an excellent numerical adjustment
with the experimental results was obtained.

C.Garzon et al.

Figure 3b shows that the experimental and the theo-
retical predictions from iPP/graphite composites were
very similar assuming spherical particles with the dis-
tribution of particle sizes and the high degree of anisot-
ropy of graphite explaining the slight differences./*!]
Regarding composites with TrGO, Figure 3c shows that
by increasing the amount of filler, the Young’s modulus
does not approach the theoretical values, also attributed
to the presence of agglomerates.['!l These agglomerates
are confirmed in Figure 1c, decreasing the particle aspect
ratio from =~ 286 to = 2.1 and therefore preventing a larger
increase in modulus.’% The broad distribution of TrGO
sizes can also explain changes in modulus as reported by
Song et al.l**!

To improve our predictions, we used a modified model
developed for polymer/clay nanocomposites taking their
complex anisotropic layered morphology into account.”¢!
In this model, the Young’s modulus (E;) of the filler (lay-
ered structure) can be estimated by

E =" .4 (8)
t

where N is the number of nanoplatelets per stack
(agglomerate) supposed equal for all samples for sim-
plicity with a value of = 120 units approximated by TEM;
t is the particle agglomerate thickness (400-500 nm);
E, is the TrGO stiffness (70 GPa); and d, is the thickness
of individual TrGO nanoplatelet (=~ 1.75 nm) by assuming
6-7 layers of graphene.3l By means of the above men-
tioned parameters for layered particles poorly dispersed
in the polymer matrix, the Halpin-Tsai fitted (3D random
layered structure) model predicts elastic modulus very
similar to the experimental values, as shown in Figure 3c.
Although standard Halpin-Tsai model (Equations (2)
and (3) predicts that the CNTs are the best filler, reaching
values of Young’s modulus higher than those obtained
for graphite or TrGO fillers, the experimental results
obtained in this study showed that the best mechanical
performance was achieved when TrGO is used as filler.
Even the Halpin—Tsai model fitted with the real both
aspect ratio and Young’s modulus of the agglomerates
(Equation (8), predicting closer experimental values
are not able to show the superior behavior observed in
iPP composites with TrGO. The latter despite the lower
values of TrGO agglomerates (=~ 30 GPa) as compared

B Table 3. Young’s modulus (E¢) and parameter (&) of different carbon-based fillers used in the Halpin-Tsai model.

Filler Young’s Modulus (Ey) Parameter (&) References
[GPa]
CNTs 1000 250 Datasheet information
Graphite 15 2 [11,86]
TrGO 70 572 [26,30,31,60]
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Figure 3. Experimental Young’s modulus iPP composites, and calculated results obtained from the Halpin—Tsai model under the assumption
that the fillers are randomly dispersed as a 3D network, and aligned in parallel (2D) within composites with a) CNTs, b) graphite, and c) TrGO.

with CNTs agglomerates (=650 GPa). Therefore, other
parameters not contemplated in these models should
be responsible for the mechanical improvement of TrGO
such as its wrinkled structure and polymer—particle
interaction.[30,3466,67]

3.3. Rheological Behavior of iPP Nanocomposites
in the Melt

The viscoelastic behavior of the polymer melt with nano-
particles (storage modulus G’ and loss modulus G”) at low
frequencies reveals information about the interactions
between particles, for instance, the formation of a rigid
network of the nanoparticles.6? At high frequencies
these tests reflect the motions and mechanical resistance
of short polymer segments being less affected by the pres-
ence of nanoparticles.[? Figure 4 shows the dependence of
G’ on the angular frequency (o) for the iPP composites with
the different carbon-based fillers showing that the neat
iPP relaxed at low frequencies with a terminal behavior
scaling as G’ = @2.1%] From this figure the strong effect of
the carbon-based fillers on the viscoelastic behavior of
the poly(propylene) is evident. The pronounced effect is
increasing G’ by several orders of magnitude as reported
for other iPP nanocomposites with CNTs,”444551,55-58]
graphite,®! and TrGO.[#562]
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Figure 4a shows a plateau in G’ in composites with
10 wt% of CNTs at low frequencies, attributed to the
formation of a percolated network within the nano-
composite limiting the polymer relaxations as above
discussed.[#>49515657] Figure 4b shows the rheological
characteristics displayed by iPP/graphite composites
showing that higher concentrations of filler (> 40 wt%)
are needed to modify the viscoelastic behavior as com-
pared with CNTs. A different behavior is observed in iPP/
TrGO composites (Figure 4c), as lower G’ values than neat
iPP in the whole frequency range studied are observed at
low concentrations (2 and 5 wt%). Similar results were
reported by Guo and co-workers!*4#° who attribute this
decrease to the iPP/TrGO interlayer slipperiness due to
the low surface friction of graphite. However, as the TrGO
concentration increases (= 10 wt%), there is an increase
of more than two orders of magnitude of G’ along with
the presence of a plateau. Figure 4d shows that G’ of
the hybrid composites increased significantly from low
concentrations of CNTs, counteracting the interlayer
slipperiness of TrGO at low concentrations.

Since G’ is more sensitive to the formation of a rigid net-
work by polymer—particle interactions at low frequencies,
G’ values at 0.01 rad s7* (G'oq;) of the different samples
were selected and plotted as a function of the volume
fraction of filler (¢) in Figure 5. Figure 5a shows that G’y
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Figure 4. Frequency sweep for the storage modulus (G’) of iPP composites as a function of filler concentration by using: a) CNTs, b) graphite,

¢) TrGO, and d) 5 wt% of TrGO/CNTs at 190 °C and strain y, = 0.03.

increased dramatically after a critical concentration of
filler, since the viscoelastic response of polymer compos-
ites changes from viscous to a more elastic melt, showing
a nonterminal rheological response at low frequencies.[®?
This critical concentration of filler represents the rheo-
logical percolation threshold (¢,). Above the threshold,
the plateau modulus G’ is expected to increase with filler
content following a simple power law[365°77]

Goon (9)=R(0—0,)" (9)

where ¢ is the volume fraction of filler and v is a power law
exponent. The value of ¢, can be obtained from the linear
regression through the data in the power-law region,
assuming (¢ >¢y,) as displayed in Equation (9). An expected
power law relationship between G'oo; and (¢ — ¢p) at
the onset of the rheological percolation is depicted in
Figure 5b. The percolation threshold values of iPP compos-
ites were =~ 10 wt% of CNTs, > 40 wt% of graphite, ~ 8 wt%
of TrGO, and 5 wt% of TrGO with > 2 wt% of CNTs. These
values clearly indicate that higher aspect ratio particles
(i.e, CNTs or TrGO), along with better dispersion (hybrid
composites), lead to a lower percolation values (¢,). The
fitted v values are in a small range from 0.84 to 1.45 in
our study, which are within the range of values (0.7-7)
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reported for polymer composites with carbon-based
fillers.#%7879] The discrepancy of v values could be attrib-
uted to the selected temperature and frequency used for
the G’ percolation analyses[*34%59.788081] or the intrinsic
difference in the polymer/carbon-based filler pair.["8!
Tendencies found in Figure 4 could also be associated
with changes in the polymer molecular weight during the
melt mixing process by degradations reactions. Therefore,
the van Gurp—Palmen plot defined as the dependence
between the phase angle () and the absolute value of the
complex modulus |G*| measuring the materials overall
resistance to deformation, is employed. This plot allowed to
show that the presence of carbon-based fillers modifies the
rheological behavior of iPP independent of changes in the
polymer molar weight.[®?] A liquid-like behavior of a melt
is indicated by lim;_ 6 =90". For a solid-like behavior &
drops toward zero.[36:4647.81.82] This is based on the fact that
the value of §is 90° toward 6 = 0° in the low |G*| region for
a polymer melt, provided that the polymer chains are com-
pletely relaxed.”®] The deviation of § from 90° in the low
|G*| region indicates the elastic response of polymer chains
by forming a network structure (or percolated network)
in the melt sample. For the neat iPP melt used here, the
values of ¢ in the low |G*| region was =~88°. This indicates
the dominant viscous state. As Figure 6 displays, the

’a\
M“\Tliié

www.MaterialsViews.com



Macromolecular
Effect of Carbon-Based Particles on the Mechanical Behavior of Isotactic Poly(propylene)s Materials and Engineering

www.mme-journal.de

. _ o CNTs
10°] ° ~0-iPP+CNTs 5/ A TrGO e
o— - iPP+Graphite v TrGO+CNTs o
4 A/A 4] A
= 5 A
o o .2 A
= g—7=o o
.3 o— @ 3 K
® o S o v
-4 iPP+TrGO ) o e
7~ iPP+5 wt.% TrGO+CNTs |
0 — . V . .
0 5 10 15 20 25 30 35 40 45 -4 -3 -2 -1
o [wt. %] Log (¢-%¢
a) b)

Figure 5. a) Storage modulus (G’) at an angular frequency of 0.01rad s for the iPP composites as a function of filler concentration. b) A log-
log plot of G’ versus reduced mass fraction.

van Gurp—Palmen plots for our composites with low con- Similar to the observed in Figures 4 and 5, the transition
centrations of filler showed a continuous decrease of §  fromliquid- to solid-like behavior in the Van Gurp—Palmen
with |G|, independent on the kind of carbon particle. At plots (Figure 6) strongly depended on the carbon-based

higher concentrations of filler the appearance of a § max- particle. For iPP composites with CNTs (Figure 6a) the vis-

imum is observed associated to the formation of a pseudo- cous-to-elastic melt transitions occurred between 5 and

solid-like filler or percolated network.[4°] 10 wt% CNTs concentration. Otherwise, iPP composites
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B Figure 6. Van Gurp—Palmen plots for the iPP composites with different carbon-based fillers measured at 190 °C.
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with graphite filler (Figure 6b) with higher concentrations
(>40 wt%) were required to show a viscous-to-elastic melt
transition. For TrGO based composites, Figure 6c shows
that to achieve a viscous-to-elastic melt transition, a
lower concentration of TrGO (in comparison to CNTs) was
needed. Noteworthy, samples with low amount (2 and
5 wt%) of TrGO filler show a deviation of § from 90°
(Figure 6c), confirming that the decrease in relative vis-
cosity is due to the presence of the filler and it is not related
to the decrease in the molar weight due to degradation of
the polymer chains. Hybrid composites (Figure 6d) display
a liquid-to-solid transition is achieved in about 3 wt% of
CNTs, decreasing the CNTs concentration necessary to
form a percolated network within the material.

Another method®¢4°#1] to estimate the rheological
percolation threshold is depicted in Figure 7, showing a
decrease in the loss tangent (tan §) with increasing filler
concentration at different frequencies. The tan § of a rheo-
metrical measurement rises by decreasing the angular
frequencies o for liquids, and decreases toward zero for
solids.[*®! It therefore becomes independent of frequency
in the percolation threshold, making lines connecting
points measured at the same angular frequency cross.
While this is true for homogeneous systems(®?l and some
heterogeneous composite systems,[*>°8] our melt mixed

o 50,010 rads”™"
60,014 rads™!
- 0,027 rads”

— 0,052 rads”

1
1

w 1
g - 0,100 rads
10°4
0O 5 10 15 20 25
CNTs [wt.%]
a)
50,010 rads™!
10%4 1
-o- 0,014 rads
& 0,027 rads™!
10" % 0,052 rads™!
2=}
< ~%-0,100 rads™"
10°;

10 15 20 25
TrGO [wt.%]
c)

o
o1

C.Garzon et al.

samples showed a frequency-dependent values above the
transition similar to that reported by Ratzsch et al.[*¢!

We chose to use the crossover of the 0.01 and
0.1 rad s! isolines, since it is the lower range of frequen-
cies where the percolated zone was more easily observable
experimentally.

The resulting rheological percolation thresholds ¢,
(Figure 7) which can be read from the abscissa of the con-
vergence point, are =~ 8 wt% of CNTs, = 40 wt% of graphite,
~ 6 Wt% of TrGO, and 5 wt% of TrGO with =~ 2 wt% of
CNTs. Samples with low amount (2 and 5 wt%) of TrGO
(Figure 7c) were not taken into account because they
presented lower G" and G” than neat iPP, generating mis-
calculations by this method. These ¢, values of compos-
ites were very similar to those obtained by adjusting the
power-law at low frequency (o= 0.01 rad s™) when ¢ > Op-

The rheological percolation thresholds at concen-
trations = 10 and = 8 wt% for iPP/CNTs and iPP/TrGO
composites, respectively, determined by linear regression
of Equation (9) were higher than the electrical percola-
tion values (4 wt% of CNTs and 6 wt% of TrGO) reported
previously for these iPP composite materials.'!] The
differences among this electrical (DC) and rheological
(at @ = 0.01 rad s) percolation values can be originated
from the different mechanisms for the carbon-based

102 50,010 rads™!
00,014 rads™!
& 0,027 rads™!

10"4
w
° X
£ 5
10°4 % 0,052 rads™!
50,100 rads™!
0 10 20 30 40 50
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b)
102 iPP+5 Wt.% TrGO| _5 0,010 rads”"
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& 0,027 rads™!
10" % 0,052 rads™"!
e
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0<
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CNTSs [wt.%]
d)

Figure 7. Loss tangent dagainst filling degree ¢ of iPP composites with a) CNTs, b) graphite, ¢) TrGO, and d) 5 wt% of TrGO+CNTs for different
angular frequencies o, all measured at 190 °C. At the percolation threshold, 6 becomes independent of w.
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filler percolation. In the case of polymer-CNTs compos-
ites, Pétschke et all*®! reported that the immobility of
the polymer chains determines the rheological percola-
tion threshold. This immobility is due to combination of
polymer and CNTs network formed by entanglements
between polymer chains and CNTs, when two nano-
tubes are attached to each other within a distance less
than the mean-square radius of gyration of the polymer
chain.l#6484° The mean-square radius of gyration is given
by[84,85]

<SZ> =a-M"° (10)

d=[2(s7) (11)

where (S?) is the mean-square radius of gyration, M the
molecular weight of the polymer, a and b are constant
specifics for the iPP with values of 0.1156 and 1.0, respec-
tively,®®] and d is the diameter of the polymer chain of
1000 monomers. In our case the iPP has polymer chains
of =8570 monomers, and d is = 9.12 nm. As a result, rheo-
logical percolation can be achieved when a nanotube net-
work is partially but not completely constructed and the
particle—particle distance is around 78 nm. In the case of
electrical percolation, only the CNTs network contributes
to conductivity.*®] The CNTs must directly be in contact
with each other or locate within the distances smaller
than the hopping distance of electrons,[*%%] which is in
the range of a few nanometers. Consequently, it requires
more conductive nanoparticles (CNTs) to approach the
electrical percolation. However, in our iPP composites
with carbon-based fillers, rheological percolations were
greater than the electrical percolation, probably because
of the inhomogeneous dispersion state, where both mac-
roscopic aggregates and dispersed nanofillers contribute,
similar to that reported in other studies.[3®

4. Conclusions

Our results showed that the kind of carbon-based filler
(CNTs, graphite, and TrGO) had a significant impact on the
mechanical behavior in the melt and solid state of iPP com-
posites prepared by melt mixing. The iPP/TrGO composites
presented the largest Young’s modulus with values 15%
higher (= 200 MPa) than iPP composites with graphite or
CNTs. Moreover, by adding both the effect of the particle
morphology and Young’s modulus of the agglomerates
within the Halpin—Tsai model the fit was improved, being
possible to model the mechanical behavior of iPP composites
in the solid state. The viscoelastic melt behavior of polymeric
composites strongly depends on the filler used, increasing
G’ up to 5, 3, and 4 orders of magnitude at low frequencies
when CNTs, graphite, and TrGO were used, respectively.
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While CNTs and graphite increase G” in the whole range of
frequency, TrGO rendered unexpected lower values than
iPP likely due to the iPP/TrGO interlayer slipperiness caused
by the low surface friction of graphite. By adding a second
carbon structure (CNTs) to iPP/TrGO composites, a relevant
increase in the rheological behavior was further observed.
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