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ABSTRACT: With the goal to obtain material combining electrical and thermal conductivity at low filler loadings, composites based on
polypropylenes (PP) and expanded graphite (EG) have been prepared. The effects of matrix viscosity and of coating the EG particles
with polypyrrole (PPy, EG/PPy = 37.5/62.5 by weight) on the EG dispersibility and formation of percolation structures have been
analyzed. When increasing the EG amount from 6 to 8 wt %, the electrical conductivity of PP/EG composites increased by 7-9 orders
of magnitude, independent of matrix viscosity. When EG-PPy is added, percolation was observed between 8 and 12 wt % EG-PPy (3
and 4.5 wt % EG) in case of PP with higher viscosity and 6 wt % EG (2.25 wt % EG) in case of PP with lower viscosity, exhibiting a
strong synergistic effect of EG and PPy in the latter case. In contrast, PPy does not contribute to reduction of thermal percolation
concentration. Thermal percolation is observed at 8 wt % EG in PP/EG composites, but no percolation was found in PP/EG-PPy
composites with EG-PPy contents of up to 20 wt %, corresponding to 7.5 wt % EG. Analyzing the melt rheology it becomes clear
that the contribution of PPy to the formation of a filler network is strongly dependent on the matrix viscosity. The comparison of
thermal, electrical and rheological percolation reveals that PPy participates in electron transport reducing the electrical percolation
but not to heat transport. Overall, we found a good correlation between electrical, thermal, and melt rheological percolation concen-
trations. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41994.
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INTRODUCTION threshold or percolation concentration (PC). A sudden increase
in electrical conductivity ¢ is observed when increasing the filler
amount above this concentration."” Due to the high difference
in electrical conductivity of electrically conductive filler (o) and
insulating polymer matrix (c,), the overall conductivity of the
composite is practically determined just by the filler and its dis-
persion, and the percolation threshold can easily be detected.

By addition of electrical or thermal conductive fillers to intrinsi-
cally non-conductive polymers, composites suitable for applica-
tion e.g. in antistatic housing, as heat exchangers or antistatic
and conductive coatings can be obtained. When using nanopar-
ticles their high surface area additionally affects the material
properties of the matrix polymer due to a large degree of inter-
actions, which may improve the heat stability, hardness, stiff- ~ Due to the generally smaller difference in thermal conductivity
ness, strength, and other material parameters. The most  of the polymer matrix (x,) and filler (x), compared to the elec-
important challenge in the production of electrically conductive  trical conductivity differences, no strong percolation effects are
composites with acceptable material properties is to obtain the  detectable in polymer-filler composites. However, different mod-
best possible dispersion without losing the contacts among the  els describe the composite thermal conductivity in dependence
conductive filler particles, so that conductive paths through of filler degree, assuming two extremes based on the layer
non-conducting polymer matrix can be formed. For that a cer-  model developed by Salazar.” In the one extreme the composite
tain filler concentration is necessary, the so-called percolation —can be described as a set of parallel layers oriented

© 2015 Wiley Periodicals, Inc.
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perpendicular to the heat flow, and in the other extreme the
parallel layers are oriented in the direction of heat flow. The
resulting thermal conductivities x, and k|, respectively, can be
expressed by

k= 1/[(1=)/kpto/Kf] (1)

KH: Kp(lf(r/)) + Kf(/) (2)

where ¢ is the volume fraction of the filler. x| corresponds to a
composite morphology without percolating paths, while ;| cor-
responds to a perfect percolating system. Of course, in real
composites thermal conduction occurs as mixed mode of these
extremes. Furthermore, in such composites the thermal conduc-
tivity is due to phonon transport, while the electrical conductiv-
ity is due to electron transport. In non-percolating
morphologies, the phonon, a particle-like vibrational state, has
to overcome the phase boundaries between the highly conduc-
tive particles and the nonconductive polymer matrices, typically
connected with scattering losses. Thus, the overall thermal con-
ductivity is also dependent on scattering loss at the interfaces.
Since at the same filler concentration smaller sized particles
mean more interfaces, it explains the observed fact that bigger
filler particles generate higher thermal conductivity than the
small particles. Especially, when the particle size is in the range
or even smaller than the phonon free path, scattering at interfa-
ces increases the overall thermal resistance.* To reduce the
boundary resistance due to scattering, strong interactions
between filler and matrix are favorable, e.g. due to grafting reac-
tions.” In summary, one can expect a fast increase in x above
the percolation threshold, and a moderate one below PC.

The formation of a percolating network also results in changes
in the rheological parameter of the composite melts. At PC the
elasticity improves due to the formation of a physical network,
so that the storage modulus G’ increases drastically with increas-
ing filler concentration above PC. At the percolation concentra-
tion, expanded graphite forms three dimensional house-of-card
structures in cycloolefin copolymers at a PC of 3.7 wt %. This is
much less than that of graphite (17.7 wt %),® which could easily
be detected by the so called “van Gurp-Palmen plot.”” However,
one should note that the transition from liquid-like to solid-like
behavior depends strongly on the temperature of the melt.
Pétschke et al® found, when analyzing the rheological percola-
tion of multi-wall carbon nanotubes in polycarbonate, a shift of
PC from 0.5 wt % to 5 wt % when increasing the temperature
for rheological analysis from 170°C to 280°C.

In general, the percolation concentration is dependent on the
nature of the filler (size, shape factor,” contact surface area,'” etc.)
and the process conditions.'' To introduce conductivity to our
samples we used expanded graphite (EG), a structural modifica-
tion of graphite.'? The shape coefficient is very low and a high EG
concentration is not required to obtain a good conducting com-
posites.'” Li et al. compared the percolation concentration of EG
in PP with those of carbon nanotubes (CNT), carbon fibres (CF)
and carbon black (CB) by measuring the electrical and melt rheo-
logical properties and found the expected order in percolation
concentrations  PC(cp) > PC(ggy > PCcpy > PCienty).'* EG s
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produced by intercalation'® or oxidation'® of graphite and subse-
quent thermal reduction at a high temperature, usually above
1000°C."” This sudden and violent expansion generates a porous
worm-like structure [Figure 1(a)], suitable for easy dispersion in
a polymer matrix.

The insertion of expanded graphite into PP modifies the matrix
microstructure and this can influence not only the physical
properties of the material, but also the formation of the perco-
lation path.'® The crystalline structure changes since EG pro-
motes the nucleation of the f-form, increasing the
crystallization rate and temperature during the cooling pro-
cess."” EG influences the thermal behavior and even reduces the
coefficient of thermal expansion.'® Only 1 vol.% is enough to
increase significantly the flexural modulus and impact strength
of PP?° The viscosity of polymer melts also increases strongly
in presence of EG.>' When properties change significantly in
value or tendency above a certain EG concentration, this is due
to the formation or stabilisation of an EG network.*

In part of this work, we used EG coated with PPy. The coat-
ing of EG with PPy changes the surface structure to a more
rough morphology, thus increasing the physical and also
chemical interactions to the matrix. This may be helpful for
the EG dispersion and since PPy is an intrinsic electrically
conductive polymer it should contribute to the electrical con-
ductivity of the composite. The conductivity of PPy depends
on the doping during the oxidative coupling polymerisation.
An excess of oxidative agent introduces positive charges in the
polymer chains. The positive charges are compensated by
counter ions, typically from the oxidative agent or an ionic
surfactant.”® PPy itself is suitable to modify the electrically
properties of isolating polymers.** The coating of inorganic or
organic particles like carbon nanotubes,? silicates or polymeric
particles with PPy widens the field of possible applications of
PPy *® Thus, the possibility to form PPy with various mor-
phologies by using 2D platelet-like templates,”” 3D spheres®®
or 1D rods* makes PPy an important building block in nano-
technology and nanoengineering. The use of PPy coated inor-
ganic carriers as modifiers of the electrical properties of
polymer matrices has the advantage that the amount of PPy
necessary for the formation of conductive paths can be drasti-
cally reduced and that the stability of the percolating paths
during processing is increased. The PPy modification of EG
gives the possibility that the PPy contributes to the conductive
network, as shown for the system PP modified with PPy
coated clay.*®*!

In this work, we analyzed the formation of percolating networks
in composites based on PP as polymer matrix containing pure
EG or EG modified with intrinsically conductive PPy as filler.
For determination of percolation concentration, we character-
ized different properties of prepared materials. The goal was to
see if there is a correlation and what are the differences between
electrical, thermal, rheological and mechanical percolation.
Furthermore, we studied the influence of different matrix vis-
cosity on the formation of percolating pathways, and if the
presence of PPy in the system contributes to the percolating
structures.
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Figure 1. Microstructure of (a) SIGRAFLEX expanded graphite, (b)
magnifications (SEM).

EXPERIMENTAL

Materials

To analyze the influence of viscosity on network formation and
resulting properties, we used in this work two polypropylenes
with different viscosities. Table I shows the physical properties
of the two polymers.

Expanded graphite SIGRAFLEX Expandat was provided from
SGL Technologies GmbH, SGL Group (Germany). Following

Table I. Physical Properties of PPs (Data Provided by the Producers)

pure polypyrrole, and (¢, d) EG-PPy (1 :

1) composites at different

properties of this filler have been determined: conductivity
40 S/cm (room temperature, 30 MPa, self-made 2-points con-
ductivity tester, coupled with a DMM2000 Electrometer,
Keithley Instruments); apparent volume ~400 cm’/g; specific
surface 39.4 mz/g (774 X, N, atmosphere, Autosorb-1,
Quantachrome). PP and EG were dried at 85°C under vacuum
overnight before use. Pyrrole for the synthesis of PPy was sup-
plied by Merck-Schuchardt (Germany) and freshly distilled

PP HD 214 CF Novolen 1106H Norm
Abbreviation |v-PP hv-PP -

Producer Borealis Basell -

Density (g/cm?) 0.90-0.91 0.9 ISO 1183

MFI (g (10 min) ~1) 8 21 ISO 1133
Young's modulus (MPa) 650-750 @ 1450° 23S0 527-3,°—1
Strain at break (%) 500-700 @ > 50°P 23S0 527-3,°-1
Stress at break (MPa) 30-50 - ISO 527-3
Melting point 162-166°C = DSC; ISO 3146
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Table II. Composition of the Composites, Evaluated from TGA Results

WILEYONLINELIBRARY.COM/APP

[EG'PPV] [EG]theoreticala r at 800°C (Wt %)

[EG]experimental

(wt %) (wt %) Theoretical® Experimental (wt %)°
lv-PP (HD214 CF)
2 0.75 1.2 2.5 1.5
4 1.50 2.5 2.5 1.5
6 2.25 3.7 4.8 29
8 3.00 49 5.9 8.8
12 4.50 7.4 8.6 52
16 6.00 9.9 9.7 59
20 7.50 12.4 12.1 7.3
hv-PP (PP Novolen 1106H)
2 0.75 1.2 1.7 1.0
4 1.50 2.5 2.3 1.4
6 2.25 3.7 3.0 1.8
8 3.00 4.9 54 3.2
12 4.50 7.4 7.4 4.5
16 6.00 9.9 9.6 5.8
20 7.50 12.4 13.8 8.3

@ According to eq. (5).
b According to eq. (6).
¢ According to eq. (7).

before use. FeCl;-6 H,O was supplied by Sigma-Aldrich and 4-
dodecyl-benzene sulfonic acid (DBSA) (90%) by Fluka. Both
were used without further treatment.

Sample Preparation

Modification of EG with PPy. EG and pyrrole in rapport 1 : 1
(by wt) were mixed to prepare the pre-composite by chemical
oxidative in situ polymerisation of pyrrole in presence of dis-
persed EG. 0.438 g DBSA was dissolved in 300 mL distilled
water and 0.450 g EG was added to the solution and treated for
2 h by sonication (ultrasonic processor, Hielscher model
UP400S, US Finger S7, cycle: 1, amplitude: 55). Then 2.502 g
FeCl; 6 H,O was added under stirring and 0.450 g of pyrrole
was added dropwise into the dispersion. The stirring was kept
for 24 h at room temperature. The color of dispersion turned
rapidly from grey to black. During the reaction, a slight trend
toward agglomeration was visible. The final product was filtered
off, washed with about 1 L Millipore water, 100 mL of acetone,
and finally dried in vacuum oven at 60°C for 4 h.

Composites Preparation. Fillers were introduced in the poly-
mer matrix by melt mixing using a twin screw DSM 15 cm’
Micro compounder, DSM Xplore, The Netherlands). For all the
samples, the mixing conditions were 200°C, 100 rpm, and 10
min. To prepare samples for the required analyses, the strands
obtained from the melt mixing were cut into pellets and com-
pression moulded to plates. The compression moulding condi-
tions were chosen in such a way, that plates without visible
voids or heterogeneities were obtained. The polypropylene with
the lower viscosity (lv-PP) was compression moulded at 210°C
at 50 kN, the PP with higher viscosity (hv-PP) at 220°C, 50 kN,
both for 2 min. Plates of 25 mm diameter and 1.5 mm thick-
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ness were prepared for the conductivity and rheological meas-
urements. For the mechanical tests, dog-bone specimens with a
stage size of 10 X 2.0 X 1.0 mm’ were cut from plates of
60 mm diameter and 1.0 mm thickness. For thermal conductiv-
ity measurements, cylinders with 13 mm diameter and height of
12 mm were compression moulded by means of a vacuum press
PW 20 (Paul-Otto Weber GmbH). The conditions were 210°C
and 17.5 kN for Iv-PP/EG, 210°C and 20 kN for Iv-PP/EG-PPy,
or 200°C and 20 kN for hv-PP/EG and hv-PP/EG-PPy, all with
slow cooling after pressurization. The samples were cut into 2
pieces of about 6 mm thickness for thermal conductivity tests
(TPS method). The cut sides were carefully smoothed mechani-
cally. From the same cylinders, 2 mm thick samples were cut
for thermal conductivity tests by laser flash analysis (LFA).

Methods

Scanning Electron Microscopy. The sample structures were
analyzed by an SEM Supra 55VPO (Carl Zeiss NTS GmbH).
Plates were cooled with liquid N, and fractured. The fracture
surfaces were smoothed by microtomy using freshly prepared
glass knifes. The sample surfaces were sputtered with Pt to
hinder electrostatic charging during SEM analysis.

Differential Scanning Calorimetry. The thermograms of the
polymers and their composites were obtained by means of a
DSC Q1000 calorimeter (TA Instruments) in the temperature
range from —80°C to 180°C under nitrogen atmosphere. The
mass of the samples was in the range of 4 to 6 mg and the rate
used was 10 K/min for both heating and cooling processes. The
crystallinities of the composites were normalized to the weight
fraction of PP in the composites.

Thermogravimetric Analysis. The exact weight percentage of
the EG in the composites where the filler was EG-PPy was
determined from the of TGA results obtained by a TGA Q5000
(TA instruments) under nitrogen atmosphere, following a heat-
ing method with an isothermal for 5 min at room temperature
and then a ramp of 10 K/min up to 800°C. The mass of the
samples varied from 3 to 7 mg.

Rheological Measurements. Melt rheological measurements
were carried out on plates of 25 mm diameter and 1.5 mm thick-
ness, prepared via compression moulding. An ARES G2 instru-
ment was used using parallel plate geometry. The measurements
were done at 200°C under N, atmosphere. Oscillation frequency
sweeps were performed increasing frequency from 0.1 to 100 rad/
s, followed by a sweep decreasing frequency from 100 to 0.03
rad/s. The second sweep was taken for the data analysis.

Mechanical Properties. Tensile tests were performed with a
mechanical testing machine Zwick 8195.05 according to DIN
EN ISO 527-2 with a strain rate applied of 5 mm/min. The
specimens were cut into a dog-bone configuration from plates
of 60 mm diameter and 1 mm thickness prepared via compres-
sion moulding. The dimensions of the test zone were approxi-
mately 1 mm thickness, 2 mm width, and 10 mm length. Given
are the mean values of at least 5 tests for each material.

Electrical Conductivity. Volume resistance measurements were
carried out on a 6175A Electrometer (Keithley Instruments),
coupled with an 8009 Resistivity Test Fixture with two plate
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Figure 2. Morphology of PP/EG and PP/EG-PPy composites containing 2 wt % filler (SEM, surfaces of cryofractures of plates smoothed by microtomy;

left Iv-PP, right hv-PP composites; filler type is given in the figures).

electrodes located on both sides of the samples. The resistance
R, was converted to volume resistivity p, using the formula:
2
0= "0k, ®
where d is the diameter, [ the thickness and R, is the measured
resistance. The conductivity o, (or simply ) we subsequently
calculated as the inverse of the resistivity p, (2E-method).
According to ASTM D257-07 this method is suitable for resist-
ance values in the range 10’—10"® Q corresponding to conduc-
tivity values of about 10~'% to 10™* S/cm, but reliable results
can be obtained up to 10~* S/cm.

Thermal Conductivity. Measurements of the thermal conduc-
tivity x were performed with a Hot Disk TPS 500 Instrument
(Thermal Test Inc.). The used sensor had a radius of 3.189 cm
and the dimensions of the samples prepared were 13 mm diam-
eter and 5-6 mm thickness. The sensor was placed between two
samples faced to cut side or faced the moulded side of the sam-
ples (see sample preparation). We could not detect significant
differences of the thermal conductivity parameters between the
two arrangements. The parameters used for the calculation of x
were obtained with a probing depth < 3.5 mm and a tempera-
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ture increase between 5 and 10°C. The power and duration of
the impulse were varied to fit these conditions (setting parame-
ters: 100 or 200 mW; 2.5-20 s). Each sample was measured at
least 4 times.

Since the heat capacity of the sensor itself may falsify the
results, especially at low conductivity values, we repeated ther-
mal conductivity measurements with a LFA 447 Instrument
(NETSCH Group) equipped with a Xenon NanoFlash laser and
an InSb IR sensor (specimen holder 12,7rd). Specimen dimen-
sions of about 2 mm thickness and 13 mm diameter were cut
from the same samples analyzed before by the TPS 500. All
samples were coated with gold because pure PP are transparent
to the laser. To obtain a complete and homogeneous absorption
of the laser energy, the specimens were sprayed with graphite
(Graphit33 Leitpack, Kontakt Chemie, CRC Industries Inc.).

RESULTS AND DISCUSSION

Determination of EG Concentration in PP/EG-PPy
Composites by TGA

The measurement of the real concentration of expanded graph-
ite, [EG], in the EG-PPy based composites has been done by
TGA evaluating the residues at 800°C (in wt %) (Table II).

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41994
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hv-PP

Figure 3. Morphology of PP/EG and PP/EG-PPy composites near to the electrical percolation concentration (SEM, surfaces of cryofractures of plates

smoothed by microtomy; left Iv-PP, right hv-PP composites; filler concentration and type are given in the figures).

Since the graphite does not show any phenomena in the tem-
perature range of TGA, its residue rgg can be approximated to
be 100 wt %. The pure PPy sample shows a residue rpp, of 38.9
wt %, while the composite EG-PPy(1 : 1) has a residue rgg.ppy
of 61.8 £ 1.4 wt %. Assuming additive behavior of the decom-
position process, the EG content in the EG-PPy(1 : 1) compos-
ite can be calculated as

_ [ "EG-PPy ~ TPPY _ (61.8—38.9 B
EGlrgppy = | ——— | Wt %= ————— |wt %=37.5 wt %
1EGhc-roy < TEG — TpPy ) ’ (100—38.9 ’ ?

(4)
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This calculation does not consider that EG may modify the deg-
radation of PPy and of the other reagents, FeCl; and DBSA,
inevitably present in the sample. Since PP decomposes completely
under the used TGA conditions, the theoretical EG contents in
the PP/EG-PPy composites we estimated by eq. (5) and the theo-
retical residue after TGA is according to eq. (6) ([EG-PPy] is the
concentration of the EG-PPy added to the composite):

_ [EG—PPy]

[EG—PPy]
theoretical 100 100

100

37.5 wt %
(5)

[EG] [EG]EG—PPy wt %=
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Figure 4. Electrical conductivity of PP/EG and PP/EG-PPy composites as

function of the filler concentration. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

[EG—PPy] [EG—PPy]
100 % 100 %

Eventually, from the experimental residues we calculated EG
contents according to eq. (7).

Ttheoretical — rEG—PPth % = 61.5 wt % (6)

_ Texperimental [

Texperimental
experimental ~_

37.5 wt %
61.8

[EG] EGlpg_ppyWt % =

TEG-PPy
(7)

In all these calculations, eventual mutual interference among
the components during the thermal degradation is not consid-
ered. However, there is a rather good agreement between the
values expected from the feed composition and those evaluated
experimentally by TGA (Table II). The experimental and calcu-
lated EG contents differ with an average standard deviation
of < 0.3, which is a good result despite the approximations and
experimental uncertainties.

Morphology. The structure of EG-PPy composite was investi-
gated and was compared with the structure of the pure EG and
PPy to verify the resulting morphology and stability of the coat-
ing. Figure 1(a) shows the worm-like structure of EG used for
the modification with PPy and for the preparation of the PP-
EG composites. The structure is built from graphite nanoplate-
lets (GNP) stacking loosely together, and is very porous. The
diameter of the “worms” is a few 100 pm and their length is in
a broad range up to mm. Under shear or due to sonication the
worms decompose to free GNP (10 nm to few 10 nm in thick-
ness and few 10 pm in lateral dimension), which are anisotropi-
cally packed after filtration (similar as in Figure 1(c), the PPy
coated GNP). The PPy also shows a very porous and well-
defined structure [Figure 1(b)] grown as a dendritic arrange-
ment of spherulites, when the PPy is prepared in solution.
When pyrrole is polymerized in presence of the dispersed GNP,
such open PPy structures are not visible anymore. Figure 1(c)
shows the loose and disordered arrangement of the GNP, which
are coated by spherulitic structures (diameter 100-200 nm)
grown from the GNP surface, as can be seen at higher magnifi-
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cation [Figure 1(d)]. PPy is covering the GNP completely; no
plain GNP surface is visible after this coating process anymore.

When incorporating the filler into the PP matrices by melt mix-
ing, we observed very different morphologies, depending on the
filler type and melt viscosity. Pure EG forms larger anisotropic
agglomerates, a few pm thick and up to 100 um long in the
plane. Smaller particles in the size of GNP are hardly detectable
[Figure 2(a,b)]. The situation was different when adding EG-
PPy; beside few big agglomerates in case of the hv-PP mainly
small particles in the size of GNP are homogeneously dispersed
in the PP matrices [Figure 2(c,d)]. Obviously the PPy coating is
helpful in the dispersion process of the EG.

When increasing the filler concentration above the electrical
percolation concentration (see below: “Electrical and thermal
conductivity”), the morphology of the conductive paths is also
very different (Figure 3). Without PPy, big agglomerates, up to
20 pm thick and up to a few 100 um long, form the paths,
especially in hv-PP. In Iv-PP, the anisotropic EG agglomerates
are much smaller and more homogeneous distributed in the

a —r T 7 T 17T T T T 717
281 a \v-PPEG ]
241 ® hv-PP/EG |

v I-PP/EG-PPy
—20.] 4 hv-PP/EG-PPy |
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Figure 5. Thermal conductivity of PP/EG and PP/EG-PPy composites as

function of the filler concentration: (a) LFA 447 Analysis; (b) Hot Disk

TPS 500. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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dimension in thickness and some pm dimension in the plane.
Due to the weak graphene interlayer forces, during the surface
cut preparation some graphene is pulled out from the GNP and
is laying now as flat structure on the sample surface. The weak
interlayer forces are also the reason for the decomposition of
the EG-PPy structure during the melt mixing process. The PPy
coating is just sheared off, however, the PPy location and distri-
bution in the composite could not be analyzed with the used

Electrical and Thermal Conductivity. Below the percolation
concentration PC, the conductivity ¢ is less than 10~ "> S/cm, at
PC it increases by about 7-8 orders of magnitude up to 107 S/
cm (Figure 4). The difference in viscosity does not influence the
percolation concentration of the two series of samples with EG,
which is between 6 and 8 wt % EG. This range is in rather
good agreement with the electrical percolation observed by Li
et al. for PP/EG composites prepared by precipitation from
solution.”® In contrast, the viscosity of the matrix plays an
important role for the formation of conducting paths in EG-
PPy containing composites. The percolation threshold is lower
in lv-PP/EG-PPy composites than in hv-PP/EG-PPy. We could
not observe big agglomerates at the PC of Iv-PP/EG-Py [Figure
3(c)], while hv-PP/EG-Py still contains big agglomerates [Figure
3(d)] at PC, certainly the reason for the higher PC value. That
means that the better wetting behavior due to lower viscosity is
favorable for the dispersion of the filler and that the weaker
forces acting on the particles during melt mixing are strong
enough to degrade the agglomerates resulting in a fine disper-
sion of the filler without destroying the percolation paths.

The PP/EG-PPy composites are already conductive with 4.5 wt
% EG (corresponding to 12 wt % EG-PPy, compare to Table II)
in case of hv-PP and 3 wt % EG (corresponding to 8 wt % EG-
PPy) in case of Iv-PP. This demonstrates that the intrinsic con-
ductive PPy contributes fundamentally to the formation of the
percolation paths and that there is a synergistic effect between
EG and PPy with regard to electrical conductivity. Please note
that for melt mixed composites of PP with PPy, prepared by
chemical oxidative polymerization, very high loadings are neces-
sary to reach electrical conductivity and even at a weight con-
tent of 35% PPy ¢ does not exceed 1 X 1077 S/cm.”

The measurements of thermal conductivity x show a completely
different behavior compared to electrical conductivity. Laser
flash analysis of the thermal conductivities dependence on filler
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Figure 6. Viscosity dependence of Iv-PP/EG-PPy composites on filler con-
centration and frequency; (a) storage modulus, (b) loss modulus, and (c)
complex viscosity. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

matrix and also isolated GNP can be detected. After melt mix-
ing EG-PPy with PP almost only GNP structures are detected in
case of Iv-PP, while in hv-PP a mixture of big agglomerates and
isolated and homogeneous dispersed GNP is formed. In higher
magnification [Figure 3(e and f)] one can see that the dispersed
GNP consist mainly of pure graphene layers with some 10 nm-
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content gives for all composites a linear increase of x up to 8
wt % loading [Figure 5(a)]. The increase is stronger in the case
of EG filler compared to the EG-PPy filler. In Iv-PP the increase
is about 200%, in hv-PP about 120% and in the corresponding
EG-PPy containing composites roughly only half of these values.
Above 8 wt % the slopes of the k-EG-dependence are almost
the same for the composites containing EG-PPy, but the curves
shift to higher slopes when only EG is present in the compo-
sites. At these concentrations, the thermal percolation concen-
tration, paths for phonon transport through the sample are
formed without phase boundaries between the strongly conduc-
tive EG and weakly conductive matrix. With 20 wt % EG the
thermal conductivity is nearly 9 times of that of neat lv-PP and
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Figure 7. Van Gurp-Palmen plots of (a) Iv-PP/EG composites, (b) hv-PP/EG composites, (c) Iv-PP/EG-PPy composites, and (d) hv-PP/EG-PPy compo-
sites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

7 times of that of neat hv-PP. The thermal conductivity of the
PP/EG composites with more than 10 wt % EG are above 1
Wm/K and thus this material becomes suitable for heat manage-
ment applications.”* At 20 wt % (less than 10 vol %) EG the
thermal conductivity is about 2.5 Wm/K and in the same range
observed by Fukushima et al. for polyamide 6 containing 15 vol
% EG.>* 20 wt % EG-PPy increases x only by 3.2 or 2.7 times
in Iv-PP or hv-PP, respectively. This low thermal conductivity
was surprising but it opens the possibility for development of
thermoelectric material based on polymer composites, which
requires good electrical but poor thermal conductivity.”

To be sure that this observation is not an artefact we repeated
the heat conductivity measurements with the Hot Disk TPS 500
[Figure 5(b)]. We are aware that the results obtained with the
used geometry of the samples may be affected by the heat
capacity of the sensor, but the tendency should be the same.
Indeed, the shape of the curves is very similar with a tendency
to higher conductivity values determined with this method. A
slight shift in the slope of the curve seems to be present also in
the hv-PP/EG-Py sample but most important, no influence of
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the contact side of the samples to the sensor, either the mould
side or the cut side, was found, demonstrating the homogeneity
of the composite morphology.

Comparing the measured thermal conductivity values of the
PP/EG-PPy composites with the EG content of the composites
(Table II) it becomes obvious that only EG contributes to the
thermal conductivity, the effect of PPy is only marginal, if any.
PP/EG-PPy composites have very similar thermal conductivities
as the PP/EG composites containing the same EG content. The
slight tendency to higher values is possibly due to the better
dispersion of EG in PP/EG-PPy composites.

Rheology. The rheological analysis showed an increase in both
storage modulus G’ and loss modulus G” as function of the fil-
ler concentration especially at low frequencies f, which confirms
the general behavior of graphite®® or EG composites.”>*” There
are no marked differences between EG and EG-PPy fillers.
Exemplary, plots describing the rheological behavior of lv-PP/
EG composites are shown in Figure 6. The percolation, that
means the formation of a network-like arrangement of the filler

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41994
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Figure 8. Mechanical properties of PP/EG and PP/EG-PPy composites in dependence on filler content. (a) Young’s modulus; (b) yield strength; (c) elon-

gation at break; (d) elongation at yield. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in the polymer melt, is detected in the low frequency range as
plateau formation in the G-f- and G’-f plots or as positive
deviation of the complex viscosity 7y from the plateau level in
the y-f plot. From these plots one can conclude on the forma-
tion of percolating network structures at 6 wt % (G'-f plot), 10
wt % (y-f plot), or 15 wt % filler (G”-f plot). More sensitive to
“rheological percolation” is the plot of the phase angle versus
the complex modulus, the “Van Gurp-Palmen plot,”**** shown
in Figure 7. As long as no filler network is present, the phase
angle reduces continuously with increasing complex modulus.
When a filler network is present, a maximum in the curve is
observed. Clearly, strong differences in rheological percolation
can be seen. The lower viscosity polypropylene filled with EG
has lower percolation (< 8 wt %) than the higher viscosity one
(ca. 10 wt %). These values are somehow lower than the rheo-
logical percolation observed in PP/EG composites prepared
from solution but in the same order.”> When substituting EG
with EG-PPy in the case of hv-PP the percolation is shifted to
higher filler content (ca. 15 wt %), which can be expected since
the filler is a mixture of anisotropic GNP and more or less iso-
tropic PPy. In contrast, for Iv-PP a shift to even lower percola-
tion is observed (< 4 wt %). In this case the percolating
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network must be based on EG and PPy. The same we assume
for the hv-PP/EG-PPy composites, but in these composite the
big agglomerates (see Figure 3) reduce the particle number den-
sity in the matrix and larger amounts of filler are necessary for
network formation.

Mechanical Properties. The morphology of the composites, i.e.
the dispersion and distribution of the filler and the crystallinity
of the polymer matrix, influence the mechanical properties of
the composites. Tensile tests have been performed to determine
Young’s modulus E,, yield strength and elongation at yield, and
stress and strain at break. The applied processing conditions
resulted in very ductile pure PPs with elongation at breaks of
740% and 1050% for Iv-PP and hv-PP, respectively. Both poly-
mers show yielding, necking and strain hardening. Iv-PP has a
yield stress of 37.4 ( £1.3) MPa (at ¢ =13.9 (£0.3) %) and the
stress at break is 34.9 (*1.5) MPa, these of hv-PP are 35.1
(+£0.3) MPa (at ¢,=15.2 (+0.1) %) and 42.0 (+2.0) MPa,
respectively.

When fillers are added, the stress—strain behavior is strongly
changed. First, there is a tendency to increased E, values with
increasing filler content [except for hv-PP/EG-PPy composites,

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41994


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

ARTICLE

Figure 8(a)] but the increase is much less than what was
observed with other bi-dimensional fillers, e.g. clays.** The
increase is significant for lv-PP composites and PPy contributes
to it more strongly than the added EG. The yield strength
(which is 35.1 MPa for hv-PP) decreases continuously with
added filler concentration, especially in case of added pure EG
[Figure 8(b)]. This is certainly due to the agglomerated struc-
tures in the PP/EG composites which are much bigger than in
the PP/EG-PPy composites (Figures 2 and 3). The formation of
agglomerates is also the reason for the fracture at low elonga-
tions, which is shifted more to the yield point with increasing
filler contents [Figure 8(c)]. The layered structure of the
expanded graphite and its graphite nanosheets allows the forma-
tion of nanoporosity (or nanovoids) among the platelets,*'
which are able to act like focal sites of failure when the material
is tested under stress conditions.*> Since in the PP/EG-PPy
composites the agglomerates are much smaller, the reduction in
the elongation at break is less drastic. Overall, the composites
still show rather ductile behavior with yield elongations of some
% even at high filler contents [Figure 8(d)]. In summary, the
addition of the conductive fillers has negative effects on the
mechanical strength. Pure EG is more detrimental on the
mechanical properties than the mixture of EG and PPy.

CONCLUSIONS

The addition of expanded graphite (EG) is a suitable way to
introduce electrical and thermal conductivity to intrinsically
electrically and heat insulating polypropylenes. However, this
addition is detrimental to mechanical strength of the formed
composites. Modification of the EG with polypyrrole (PPy)
resulted in a complete coating of the graphite nanoplatelets
(GNP). The addition of this EG-PPy filler is less harmful to the
mechanical strength of PP than the addition of pure EG. Even
if the EG-PPy structure is not stable during melt mixing, the
presence of PPy helps in the fine dispersion of the EG and hin-
ders the formation of big agglomerates.

In the PP/EG-PPy composites PPy contributes to the formation
of electrical conductive paths but not to heat transfer. This
combination of high electrical conductivity and poor thermal
conductivity is advantageous for applications as thermoelectric
material, which will be studied more in detail in future. PPy
and EG exhibit a synergistic effect with regard to electrical per-
colation and conductivity, but this effect is strongly dependent
on the matrix viscosity and very strong in case of low viscous
PP (Iv-PP). The synergistic effect of EG and PPy also becomes
clear when analyzing the melt viscosity, which shows a strong
contribution of the PPy to the filler network formation espe-
cially in case of the low viscous PP. Overall, there is a good cor-
relation between electrical, thermal and rheological percolation
observed in the PP/EG and PP/EG-PPy composites.
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