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Abstract: This study aims to examine the properties of composites that different carbon
materials with different measurements can reinforce. Using a melt compounding method,
this study combines polypropylene (PP) and graphene nano-sheets (GNs) or carbon fiber (CF)
to make PP/GNs and PP/CF conductive composites, respectively. The DSC results and
optical microscopic observation show that both GNs and CF enable PP to crystalize at a high
temperature. The tensile modulus of PP/GNs and PP/CF conductive composites remarkably
increases as a result of the increasing content of conductive fillers. The tensile strength of
the PP/GNs conductive composites is inversely proportional to the loading level of GNs.
Containing 20 wt% of GNs, the PP/GNs conductive composites have an optimal
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conductivity of 0.36 S/m and an optimal EMI SE of 13 dB. PP/CF conductive composites
have an optimal conductivity of 10 S/m when composed of no less than 3 wt% of CF, and
an optimal EMI SE of 25 dB when composed of 20 wt% of CF.
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1. Introduction

An intensively explored subject [1-12], polymer conductive composites are functional composites
made by adding conductive fillers to polymers using a specified processing method, yielding steady and
sustained electrical conductivity. Their electrical conductivity can also be adjusted with a greater range,
and they are easily processed. Due to the aforementioned advantages, polymer conductive composites
are commonly used in diverse fields, such as electronics, energy sources, and chemical engineering.

The electrical conductivity of polymer conductive composites is greatly dependent on the properties
of the polymer as well as the conductive fillers’ type, content, geometrical shape, and dispersion. The
three major categories of conductive fillers are carbon, metal and metallic oxide, the former of which
includes carbon black (CB) [5,13-16], carbon fibers (CF) [1,5,15,17-19], graphite [18,20,21], carbon
nanotubes (CNT) [2,4,14,22,23], and grapheme [4,24—27] and is the most frequently used due to its light
weight, its easy formation of conductive networks, and its oxidation resistance. Moreover, polymer
conductive composites commonly use polypropylene (PP) [1,5,16,20], polyethylene (PE) [1,18], and
polystyrene (PS) [3,13,16,24] as their matrices. PP is a highly commercially available polymer due to its
excellent mechanical properties, good heat resistance, low cost, ease of processing, and full recyclability.

A melt compounding method is more appealing than an in-situ polymerization method or solution
mixing method, and its combination of traditional facilities, such as an extruder and a mixer, can give
the production a greater diversity of polymers and fillers. Such a method is relatively economical and
suitable for mass production [28] and has already been successfully applied in the production of polymer
conductive composites with the combination of conductive fillers of CNT, CB, expanded graphite, and
grapheme [1,2,14,16,18]. With a melt compounding method, PP (i.e., the matrix) is combined with GNs
or CF (i.e., conductive fillers) to form PP/GNs and PP/CF conductive composites. The crystallization
properties, tensile properties, conductivity and EMI SE of the conductive composites are characterized by
DSC, optical microscope observation, tensile test, conductivity test, and EMI SE test.

2. Experimental Section
2.1. Materials

PP (1080, Formosa Plastics Corporation, Taiwan) is a homopolymer with a density of 0.9 g/cm® and melt
flow index of 10 g/10 min. CF (HTS 40, Toray Industries Inc., Tokyo, Japan) has a length of 6.2 mm
and a diameter of 7 um, as indicated in Figure la. GNs (Enerage Inc., Taiwan) have a thickness of
50-100 nm and a conductivity greater than 700 S/cm. The atomic force microscope (AFM) of GNs is
indicated in Figure 1b.
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Figure 1. (a) SEM image of CF (carbon fibers) and (b) AFM image of GNs (graphene nano-sheets).
2.2. Methods

PP/GNs and PP/CF conductive composites were made using a melt compounding method by a
Brabender mixer with a processing temperature set to 180 °C, a processing time of 5 min, and a screw
speed of 75 rpm. Finally, a hot press machine processed the conductive composites at 200 °C for 5 min
to give them a 0.5-mm thickness, and cooled them at room temperature.

2.3. Tests

The conductive composites were evaluated by a differential scanning calorimeter (DSC), tensile test,
flexural test, optical microscope observation, conductivity test, EMI SE test. In terms of the
crystallization properties, DSC measurement used a Q200 (TA Instruments, New Castle, DE, USA) with
samples that were heated from 40 °C to 200 °C at 10 °C/min increments, after which samples stayed at
200 °C for 5 min, then were cooled from 200 °C to 40 °C, and heated from 40 °C to 200 °C at the same
increments. In terms of the mechanical properties, the tensile test was conducted according to ASTM
D638. The optical microscopic observation was performed as follows. Tensile tests were performed via
an Instron 5566 universal tester (Instron, Canton, MA, USA) as indicated in Figure 2, according to the
specifications of ASTM D638-10. Samples were made into a dumbbell shape as seen in Figure 2c
according to ASTM D638 Type IV. The crosshead speed was 5 mm/min and a total of five samples for
each specification were used. A glass cover extended the samples into euphotic film at 200 °C on a
specimen heating holder, and then each was placed in the optical microscope, isothermally cooled to
130 °C at 10 °C/min increments and kept at 130 °C so as to observe the crystallinity of PP. The conductivity
of the conductive composites was evaluated by the four-point probe method, while the EMI SE of the samples
was measured at a frequency range of 300 MHz to 3 GHz as specified in ASTM D4935.



Appl. Sci. 2015, 5 1199

Figure 2. (a) The tester, (b) the grips, and (c) the samples of tensile tests.
3. Results and Discussion
3.1. Performance of Crystallization

Tables 1 and 2 show that PP has an initial crystallinity temperature (Zonset) of 116.21 °C and
crystallinity temperature (7¢) of 111.46 °C, both of which shift to the high temperature zone as a result
of the combination of GNs and also continuously increase as a result of the increasing content of GNs.
The optimal Tonset of 140.67 °C and 7c of 135.01 °C are present when the PP/GNs conductive composites
consist of 20 wt% of GNs, and are greater than those of pure PP by 24.46 °C and 23.55 °C, respectively.
Similarly, 7onset and 7¢ of PP/CF conductive composites also shift to the high temperature zone as a result
of the combination of CF, and also increase with the increasing levels of CF. When containing 20 wt% CF,
PP/CF conductive composites have optimal Tonset (126.25 °C) and 7¢ (122.28 °C), which are greater than
those of pure PP by 10.04 °C and 10.82 °C, respectively. Such results are ascribed to the combination of
GNs or CF as the nucleating agent of PP, which makes the nucleation mode heterogeneous instead of
homogeneous, significantly decreases the nucleation free energy, and allows the molecular chain to
attach to and be arranged orderly on the nucleating agent [22,23]. GNs demonstrate a more significant
influence over the 7Tonset and 7c of PP than CF does. Such a result is ascribed to the nanometer size effect
of GNs, namely that the size of GNs is smaller than that of CF. With the same content, GNs contribute
to a greater superficial area and at the same time greater nucleation sites, thereby demonstrating a greater
effect on the Zonset and 7¢ of PP.

PP has Tonset—Tc of 4.75 °C and t12 of 0.444 min. The combination of GNs results in a decrease in
crystallization rate of PP, exemplified by an increase in Zonse—7c 0f 4.79 °C to 6.1 °C and an increase in
t12 0f 0.477 min to 0.604 min. By contrast, 15 wt% of GNs makes for the slowest crystallization rate of
PP, making Tonset—7c 6.10 °C and 712 0.604 min. Conversely, the combination of CF accelerates the
crystallization rate of PP, causing 7onse—7c to decrease to 3.70 °C—4.33 °C and t12 to decrease to
0.358 min—0.443 min. In particular, 5 wt% of CF results in the shortest crystallization rate of PP, in
which Tonse—7¢ is 3.70 °C and t1,2 1s 0.358 min. The combination of inorganic fillers to polymers has two
influences over the crystallization behavior of the polymer. Using inorganic fillers as nucleating agent
allows the molecular chains of PP to nucleate and the spherocrystals to enlarge at a high temperature,
and at the same time allows for more nucleation sites [24—29]. On the other hand, the existence of
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inorganic fillers takes up a certain space, especially with nano-scale fillers, and restricts the motion and
arrangement of molecular chains that influence the crystallization rate of the polymer. As a result, the
crystallization rate of the polymer is inversely proportional to the inorganic fillers, but the combination
of CF is proportional to the crystallization rate of PP.

The degree of crystallinity (Xc) of PP decreases slightly when the combination of GNs is below 5 wt%,
and slightly increases when the combination of GNs is above 5 wt%. Conversely, the combination of CF
hardly influences the X of PP.

Table 1. Crystallization properties of PP/GNs composites.

wt% T. (°C) Tonset (°C) Tonset—Tc (°C) t12 (min) X: (%)
0 111.46 116.21 4.75 0.444 40.3
1 12491 129.70 4.79 0.479 38.6
3 127.54 132.43 4.89 0.477 38.6
5 129.39 135.22 5.83 0.567 45.1
10 132.75 138.19 5.44 0.543 44.5
15 133.36 139.46 6.10 0.604 45.7
20 135.01 140.67 5.66 0.574 45.4

Table 2. Crystallization properties of PP/CF composites.

wt% T.(°C) Tonset (°C) Tonse—T: (°C) t1/2 (min) X (%)
0 111.46 116.21 4.75 0.444 40.3
1 118.92 122.73 3.81 0.373 38.9
3 119.42 123.27 3.85 0.368 39.6
5 120.23 123.93 3.70 0.358 39.9
10 120.61 124.56 3.95 0.403 40.4
15 120.90 125.23 4.33 0.443 41.8
20 122.28 126.25 397 0.387 41.1

Figure 3 shows the image series occurring during the process that GNs are added to PP, and cooled
from a melted state at 200 °C at 10 °C/min increments until it reaches 130 °C, where it is kept. The
presence of GNs can be seen in the melted state image in Figure 3a. Figure 3b is the image photographed
close to 130 °C, at which point the molecules start to nucleate and PP starts to nucleate the surrounding
GN . Figure 3c,d show that the spherocrystals continuously enlarge. Due to the nano-scale that GNs are at,
the combination of GNs results in numerous nucleating sites in PP. Therefore, there is a great amount of
spherocrystals of PP, which easily collide with adjacent spherocrystals, and as a result, spherocrystals
have a small size and low completeness.

Figure 4 shows the image series occurring during the process in which CF was added to PP and cooled
from a melted state at 200 °C at 10 °C/min increments until it reached 130 °C, where it was kept. The
black part shown in Figure 4a is CF; Figure 4b shows that the molecular chains of PP nucleate and the
spherocrystals enlarge along the CF; Figure 4c,d shows ever-growing spherocrystals and a clear
transcrystallization. Compared to the combination of GNs, the combination of CF makes spherocrystals

larger and more complete.
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Figures 3 and 4 show that using GNs or CF as the nucleating agent facilitates the crystallization of
PP. The combination of GNs results in a smaller spherocrystal size but a poorer completeness.
Conversely, the combination of CF results in a larger spherocrystal size but a better completeness.

Figure 3. Optical microscopic images (500x) of PP/GNs composites at (a) 200 °C and
(b—d) near 130 °C.

50pm a4 50um

d

Figure 4. Optical microscopic images (500x) of PP/CF composites at (a) 200 °C and
(b—d) near 130 °C.

3.2. Performance of Tensile Properties

The mechanical properties of polymer composites are highly correlated with the intrinsic properties,
amount, dispersion of the fillers, the properties of the polymer matrix, and the interaction between fillers
and polymer matrix. Figure 5 and Table 3 indicate the significant influence of the loading level of GNs
over the mechanical properties of PP/GNs conductive composites and show that it is inversely
proportional to the tensile strength but proportional to the tensile modulus. Compared to the mechanical
properties of pure PP, the PP/GNs conductive composites containing 20 wt% of GNs have a 34% lower
tensile strength (from 33.74 MPa to 22.28 MPa) and a 150% greater tensile modulus (from 1621 MPa
vs. 4037 MPa).
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In the tensile test, the fracture mode of PP is ductile fracture, which is quite different from that of
PP/GNs conductive composites, which have an obvious yield phenomenon before fracture. Furthermore,
when containing more content of GNs, PP/GNs conductive composites exhibit a classical brittle fracture,
namely they do not exhibit a significant yield phenomenon before fracture. Additionally, their elongation
at break is considerably low [30,31] as indicated in Figure 7a. GNs create a discontinuity of PP in
PP/GNs conductive composites, and at the same time create a stress concentration phenomenon. When
the composites are posed with load, the initial cracking occurs and then becomes worse where the stress
concentration occurs, and eventually causes structural failure. Although serving as the dispersed phase,
GNs are actually isolated from the PP matrix in the PP continuous phase, and resemble a sea-island
structure. An increasing content of GNs inevitably decreases the force bearing area of matrix, thereby
decreasing the tensile strength of the composites in comparison to that of pure PP. In addition, the
conductivity of GNs stems from their own sp? hybridization structure; therefore, adding functional
groups to GNs certainly destroys such a structure and then decreases GNs’ initial conductivity. This
study does not functionally modify GNs as it aims to develop polymer conductive composites with better
conductivity. The modulus of the polymer composites can be augmented by adding fillers that have a
high modulus to polymers that have a lower modulus, regardless of the interaction between them. Such
a result is ascribed to a complex explanation, which is beyond any complete theories but it can be simply
put that the fillers possess a restrictive effect over the polymers by restricting the motion and deformation
of their molecular chains.

Figure 6 and Table 3 show that the increasing content of CF significantly influences the mechanical
properties of the PP/CF conductive composites with their tensile strength first decreasing then increasing
and the tensile modulus constantly increasing. Compared to the tensile strength (33.74 MPa) and
modulus (1621 MPa) of pure PP, the combination of 20 wt% of CF causes the tensile strength of the
PP/CF conductive composites to decrease by 8.3% to 30.94 MPa and increases their tensile modulus by
159% to 4207 MPa.

The combination of CF has a similar augmentation of the modulus to the combination of GNs. The
PP/CF conductive composites do not exhibit an obvious yield phenomenon before fracture (i.e., classical
brittle fracture), and also have a remarkably low elongation at break [30,31], as indicated in Figure 7b.
However, this elongation is still relatively greater than that of PP/GNs conductive composites. The
increase in tensile modulus and the decrease in tensile strength of PP/CF conductive composites are
caused by the same factors as that for PP/GNs conductive composites. When the content of CF is more
than 3 wt%, the tensile strength of PP/CF conductive composites continuously increases, the result of
which is ascribed to the cross structure caused by PP and a high content of CF. Some fibers are entangled
and then provide the reinforcing effect, which is conducive to the tensile strength.
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Figure 5. The tensile properties of PP/GNs composites: (a) tensile strength and modulus
and (b) stress-strain curve.
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Figure 6. The tensile properties of PP/CF composites: (a) tensile strength and modulus and
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Figure 7. Stereomicroscopic images of the fractured samples: (a) PP/GNs composite and
(b) PP/CF composites.
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Table 3. Tensile properties and electrical conductivity of PP/GNs and PP/CF composites.

GNs CF
Filler Tensile Tensile Tensile Tensile
Elongation . Elongation .
(Wt%) strength Modulus %) Conductivity (S/m) strength Modulus %) Conductivity (S/m)
(MPa) (MPa) (MPa) (MPa)
0 33.75+0.87 1621 +£211 >100 1.2x10783+£1.1x 1071 33.75+0.87 1621 £211 >100 1.2x108 £1.1 %1073
1 30.16 £0.34 1934 +203 3.66 +0.75 92x1071°+£24x%x1071° 32.49 +0.98 1703 + 60 575+0.5 34x10%+£12x%x10°°
3 2998 +1.29 2374+192 3.07+0.33 6.8 x1071°+£1.3 x 10710 28.78 +£2.59 1993 + 301 2.64+0.36 3.8x10°+£1.4x107°
5 26.92+2.03 2429+ 78 2.63 +0.39 23x10°3+£1.2x1073 29.15+0.91 2278 £ 129 3.54+0.26 38x10%+£13x10°
10 26.46 £2.89 3099 +270 1.86 £ 0.15 1.1 x 1072+ 0.003 30.22+1.33 3072 £252 2.59+0.16 3.1 x10°+£1.1x107°
15 23.88 +2.17 3630+ 280 1.54+0.16 0.12+0.01 30.94 +1.27 3384 +102 2.57+013 32x10%+£12x%x10°°
20 2228+ 1.23 4037+ 64 1.21+0.21 0.36+0.12 30.95 + 1.56 4207 + 357 1.62 +0.23 32x10°+£1.3x107°

1204
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3.3. Performance of Electrical Conductivity and EMI SE

Figure 8 shows that the conductivity of pure PP is 107* S/m (i.e., the orders of magnitude), which
shows the classical insulating property of polymer. The combination of 5 wt% of GNs results in an
increase of several orders of magnitude in the PP/GNs conductive composites, reaching 10™° S/m, which
indicates that the conductive composites have the percolation phenomenon; namely, a conductive
network is formed between the conductive fillers. According to the percolation theory, the percolation
threshold of PP/GNs conductive composites is 2.8 vol%. An increasing content of GNs results in a more
complete conductive network and a greater conductivity. When combined with 20 wt% of GNs, the
conductivity of PP/GNs conductive composites reaches 0.36 S/m. Figure 9 shows that PP/CF conductive
composites containing 3 wt% of CF have a conductivity of 107® S/m. Moreover, the conductivity
constantly retains the same regardless of the increasing content of CF. Such results are likely due to the
initial properties of CF.
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Figure 8. Conductivity of PP/ GNs composites as related to various blending ratios.
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Figure 9. Conductivity of PP/ CF composites as related to various blending ratios.

The EMI SE of polymer conductive composites is correlated with factors such as the electrical
conductivity and magnetic conductivity of composites, the thickness and geometry of shield, frequency,
the distance between the shield and the field source, and the dispersion of the conductive fillers in
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composites. Figures 10 and 11 show the EMI SE of the polymer conductive composites containing
different contents of GNs or CF, respectively. The EMI SE of the polymer conductive composites
increases as a result of an increasing content of GNs or CF. Due to an increase in fillers, the conductivity
of the polymer conductive composites increases, which in turn augments their EMI SE [32-42]. At some
specified frequencies, the EMI SE appears to be really high, and the extremum value of both PP/GNs
and PP/CF conductive composites occur at a similar frequency, which is surmised to be determined by
the initial properties of fillers belonging to the carbon category [18,43].

Figures 8 and 9 show that with the same loading level that is more than 5 wt%, the conductivity of
PP/GNs conductive composites is greater than that of PP/CF conductive composites. However, the EMI
SE of the PP/CF conductive composites is greater than that of the PP/GNs conductive composites as
seen in Figures 10 and 11. In sum, the EMI SE of a shield is correlated with not only its conductivity,
but also its initial properties.

PP/GNs
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Figure 10. EMI SE of PP/GNs composites with a thickness of 0.5 mm as related to various
blending ratios.
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Figure 11. EMI SE of PP/CF composites with a thickness of 0.5 mm as related to various
blending ratios.
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4. Conclusions

This study successfully produces PP/GNs and PP/CF conductive composites by cooperating with a
melt compounding method. The combination of these two filler types as the nucleating agent results in
a greater crystallization temperature of PP. With the same content, GNs demonstrate a greater influence
over the crystallization temperature than CF does. The combination of GNs retards the crystallization
rate of PP, while the combination of CF does the opposite. The tensile modulus of both PP/GNs and
PP/CF conductive composites is considerably proportional to the loading level of the conductive fillers.
The tensile strength of PP/GNs conductive composites decreases with an increasing content of GNss,
while that of PP/CF conductive composites first decreases then increases as a result of the increasing CF.
The optimal conductivity of 0.36 S/m and the optimal EMI SE of 13 dB occurs when the PP/GNs
conductive composites contain 20 wt% of GNs. By contrast, the optimal conductivity of 107® S/m occurs
when the PP/CF conductive composites contain more than 3 wt% of CF, while the optimal EMI SE
occurs when containing 20 wt% of CF. Therefore, possible applications in domestic appliances of the
composites in terms of electrical and mechanical properties can thus be attained by adjusting different
fillers and different amounts of them.
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