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Abstract: The aim of this work involved comparing the effect graphite and shungite have on the
properties of dielectric elastomer-based materials. For this reason, dielectric elastomer-Sylgard (S)
was filled with 1, 3, 5, 10, and 15 wt.% of graphite (G) and shungite (Sh). The structure of the obtained
materials was studied by means of scanning electron microscopy and atomic force microscopy.
The influence of the introduced additives on the thermal stability of the obtained composites was
evaluated using thermogravimetry. Moreover, the mechanical properties and the dielectric constant of
the elastomer with an addition of graphite and shungite were determined. Obtained results allowed
us to establish that the presence of graphite as well as shungite significantly influences mechanical as
well as dielectric properties. Additionally, the optimum mass of additives, allowing to increase the
dielectric constant without the significant decrease of strain at break, was indicated. In the case of
materials containing graphite, regardless of the filler content (1-15 wt.%), the mechanical as well as
the dielectric properties are improved, while in the case of composites with an addition of shungite
exceeding the 5 wt.% of filler content, a reduced tensile strength was observed.

Keywords: dielectric elastomer; graphite; shungite; composites; dielectric constant

1. Introduction

Dielectric elastomers, also called electrostrictive polymers, belong to the group of
so-called intelligent materials that exhibit particular mechanical properties once affected
by an electric current. Dielectric elastomers are characterized by much higher values of
generated deformations and forces than most other smart materials, such as magnetic alloys
with shape memory or piezoelectric materials. In that respect, their parameters are similar
to muscles, hence their colloquial name, “artificial muscles”. Thanks to their electrostrictive
deformation capacity, these materials enable the design and construction of elements of
executive robots such as robotic manipulators [1].

The basic principle according to which the dielectric elastomers operate mainly in-
volves converting electrical energy into mechanical energy. It should be mentioned that
they are characterized by high mechanical strength, hence the wide possibility of their use
in various industries. This type of electroactive polymers also displays promising levels of
performance in scavenging ambient mechanical energy. Therefore the technology has the
potential to be an alternative to electromagnetism-based solutions [2,3]. The application
mentioned above can result in a decrease in carbon dioxide emissions and consequently
contribute to the achievement of the NetZero effect [4]. It should be stressed, however,
that the NetZero effect is a more complex problem encompassing gas emissions not only
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during the application but also on other planes, such manufacturing, service life, and the
possibility of further processing/reuse of the materials.

The continuous technological progress and the increasing amount of demand for
new, even better materials, force us to undertake new activities aimed at improving the
properties of the above-mentioned materials. For this reason, different additives, as well as
fillers, are introduced into the polymer matrix.

The most popular additives that are able to influence the dielectric constant and
mechanical properties of dielectric elastomers include: nickel particles [5], iron, copper and
ceramic nanoparticles [6-9], titanium dioxide powder [10], as well as other compounds
containing titanium atoms in their structure, such as SrTiO; [11] and CaCu3TizOq; [12].
Other compounds that can be applied as fillers to form materials with an improved dielectric
constant are graphite and shungite [13-15].

Graphite is a carbonaceous filler, which is natural and a relatively low-cost material.
Graphite structure consists of layers in which weak van der Waals forces bond conju-
gated six-membered aromatic cyclic systems. Different modifications of graphite allow
obtaining graphite derivatives. Chemical exfoliation of graphite powder leads to the for-
mation of graphene oxide [16]. An oxidizing agent (sulfuric acid) introduced between
graphite interlayers forms a graphite intercalation compound that, when heated, allows
for obtaining expanded graphite [17]. Recently, one of the most popular carbonaceous
materials—graphene is also manufactured from graphite [18].

Graphite and its derivatives have found wide application, such as the use as an
electronically conducting filler applied in preparing polymer composites [19-24]. In the
work of Torgut et al. [25], a graphite particle filler was introduced into copolymers of
2-hydroxyethyl methacrylate and N-isopropylacrylamide. Wu et al. [26] analyzed dielectric
properties of composites based on poly(vinylidene fluoride) with an addition of graphite
nanosheet and nickel particles. Dielectric properties of graphite-based epoxy composites
and polyurethane-PZT-graphite foam composites were analyzed by Kranauskaite et al. [27]
and Tolvanen et al. [28], respectively. Nanocomposites based on high-density polyethylene
filled with expanded graphite characterized by enhanced dielectric constant and extremely
low dielectric loss were described in the work of Xu et al. [29]. The synergetic effect of
Fe, TiOs and graphite particles introduced into poly(vinylidene fluoride)-based materials
was observed by Feng et al. [30].

Another carbonaceous filler used in the present work was shungite. Shungite is a
mineral that has recently increased in popularity. Shungite is a microheterogeneous natural
mineral complex containing non-crystalline carbon, silicates, a small quantity of metal
oxides, and organic additives [31,32]. Originally, shungite was described thanks to the
resources obtained near the village of Shunga (Russia). Shungite rocks are classified into
five types depending on the carbon content. Some deposits consist of almost pure carbon
(up to 98% by weight, so-called type I). The most popular variant of shungite is type III (with
a carbon content of 20-35 wt.%) [33,34]. Shungite may differ in structure and properties,
depending on the place of origin. Shungite is a hard mineral with a compact structure and
black color. Its density, depending on the variety, ranges between 2.04 and 2.25 g/cm3. Due
to the fact that shungite contains nanotubes and fullerenes in its structure, this mineral is
highly porous. Shungite also exhibits conductive properties and considerable mechanical
strength [35-37]. Its modulus of elasticity is the highest among all of the carbon materials,
including graphite. Taking into account the reactivity of shungite, it can be observed that it
is more reactive than coke and, at the same time, more resistant to the oxidation process
than graphite. The composites based on ethylene propylene diene with an addition of
shungite were synthesized by Barashkova et al. [38]. Shungite was also introduced into
nitriloacryl butadien rubber, ethylenepropylene rubber, butyl rubber, isoprene, and fluorine
rubbers [39]. Shungite has also found application as an electrically conductive additive in
cement composites [40].

It was established that a carbonaceous filler significantly influences mechanical proper-
ties, such as elongation and durability. In the work of Zenkiewicz et al. [41], the composites
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consisting of polylactide, and both graphite and shungite were studied. Based on the
obtained results, it was observed that in the case of filler contents of up to 10 wt.%, the
changes in mechanical properties were insignificant.

The aim of this work is to analyze the effect of different amounts (between 1 and 15
wt.%) of graphite and shungite on structural, thermal, mechanical, and dielectric properties.
Considering the properties of both carbonaceous fillers characterized above, introducing
them into PDMS is likely to provide valuable insight into possible applications of the
obtained materials. The comparison of changes in the properties mentioned above, caused
by either of the fillers, can help determine the desired and effective type and amount of
carbonaceous material.

2. Materials and Methods
2.1. Materials

Polydimethylsiloxane (PDMS)- Sylgard 184 from Dow Corning Europe S.A. (Machelen,
Belgium) was used as the polymer matrix. Sylgard 184 belongs to a two-component PDMS
consisting of component A and component B. The solvent n-hexane was purchased from
Chempur (Piekary Slaskie, Poland). Graphite, type 231-955-3 was delivered by POCH SA
(Gliwice, Poland). Another filler, shungite, containing 33 wt.% of carbon, was obtained
from North of Lake Onega (Karelia, Russia).

2.2. Formation of PDMS-Based Composites

In the first stage, 10 g of component A of Sylgard was dissolved in 40 g of n-hexane.
Subsequently, the appropriate amount of carbonaceous filler was introduced into the
mixture (the mass of filler constituting 1, 3, 5, 10, and 15 wt.% of mass component A). With
the aim to obtain a uniform distribution of graphite and shungite in the polymer matrix,
an ultrasound mixer was applied. After 30 min of mixing, the Sylgard B component was
added. It should be noted that the weight ratio of component A to component B was 10.
After 30 min of mixing, the resulting samples were placed in square, polystyrene Petri
dishes and left in a dryer at a temperature of 70 °C for five days.

2.3. Composites Characterization Methods

The morphology of the obtained composites containing carbonaceous filler was ana-
lyzed using the Quanta 3D FEG SEM/FIB scanning electron microscope. SE signal detection
with a 1.2-nm resolution capability was applied.

The element mapping of the used fillers was studied by using scanning electron mi-
croscope (SEM 1430 VP, LEO Electron Microscopy Ltd., Oberkochen, Germany) connected
with an energy dispersive X-ray spectrometer (EDX) Quantax 200 (Bruker AXS, Karlsruhe,
Germany).

The morphology and structure of the obtained composites was evaluated by means
of an atomic force microscope Veeco SPM (Digital Instrument). The size of the scan area
was 5 um X 5 um. The roughness parameters were square (Rq) and arithmetical mean
deviation of the assessed profile (R,) as well as (Rmax) calculated using Nanoscope software
(Veeco Metrology, Inc., Santa Barbara, CA, USA). The definition as well as the equations
describing the roughness parameters have been presented in our previous work [42].

The influence of carbonaceous filler on the thermal stability of the obtained composites
was analyzed using the SDT 2960 Simultaneous TGA-DTA by TA Instruments. The samples
were studied in an air atmosphere in a temperature range between 25 °C and 600 °C with a
heating rate of 10 °C/min.

The mechanical properties were carried out in accordance with the PN EN ISO
527-1:2012 and PN EN ISO 527-2:2012 standards: The dimensions of the samples were
determined using the ZKM 02-150 microscope.

The dielectric properties of the materials were measured by applying a specially de-
signed laboratory stand. The active elements of the laboratory stand were 4.02 mm thick
with copper plate electrodes with a working surface of 50.00 mm in diameter. After deter-



Energies 2022, 15, 152

40f21

mining the dimensions of the electrodes using a digital sensor for absolute measurement
with a resolution of 0.01 mm from Mitutoyo and a digital micrometer with a resolution
of 0.001 mm from Mahr, they were galvanically connected to the measuring leads in a
non-interfering manner.

The measurements of the dielectric properties were carried out with the Dual Display
LCR DE-5000 analyzer with an AC voltage of 600 mV and a frequency range of 102 to
10° Hz at room (23 °C) temperature. The capacitance of the device, resulting from placing
the tested sample between the electrodes, was measured with an accuracy of 0.01 pF.

3. Results and Discussion
3.1. Morphology and Topography of Carbonaceous Fillers

In the first stage, the morphology of the fillers used in the study and the obtained
composites, consisting of PDMS and the carbonaceous additives mentioned above, was
analyzed. For this reason, scanning electron microscopy (SEM) was used and the obtained
results have been presented in respective figures. In Figure 1A,B the structure of graphite
has been depicted. It is well known that graphite is formed of layers connected by weak
van der Waals forces [29]. Taking into account the presented images (Figure 1A,B), the
layered structure can be clearly observed. According to the literature [17], the thickness
of individual flakes is about 50 nm. The structure of graphite was also described by
Kranauskaite [27] where similar, typical diameters of graphite have been indicated.

mentalnych 2 9 E 000 x| Prac E strumentalnych

Figure 1. SEM images of graphite with magnification (A) 5000 and (B) 50,000 x.

The morphology of shungite is presented in Figure 2A,B.

It can be seen that shungite particles are significantly smaller compared to those
observed in graphite. In shungite, contrary to graphite, the difference in size between
individual particles is much greater and, according to the literature [43], ranges from 400 to
500 nm. The SEM analysis of shungite was also presented in the work of Diyuk [44] where
the grains of separate compounds were observed.

In turn, in Figure 3, mapping images obtained by means of scanning electron mi-
croscopy with energy dispersive X-ray analysis (SEM-EDX) have allowed for a comparison
of composition of the carbonaceous fillers used in the study.
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Figure 3. SEM-EDX images of (A) graphite and (B) shungite.

The analysis of images (Figure 3) in connection with the data presented in Table 1
provides insight into the composition of graphite and shungite. The type of basic, chemical
elements and their quantity in the prepared samples were determined by energy disper-
sive spectroscopy. The composition of graphite is in line with the results obtained by
Siburian et al. [45] and Ogbu et al. [46]. Taking into account the presented data, it can
clearly be seen that in the case of graphite, the quantity of carbon is more than four times
higher in comparison with shungite. In the case of shungite, the chemical elements such
as carbon, oxygen, residual amount of ferrum, silicon, as well as compounds based on
oxygen and silicon, in particular SiO;, have been detected. The composition of shungite
was described also in the work of Obradovic et al. [31].

Table 1. Composition of carbonaceous fillers.

Content [%]

Sample

(0] Si Fe Al Ca S Mg Cu
Graphite 11.98 1.81 0.91 1.22 0.28 0.33 0.34 0.27
Shungite 50.76 24.71 2.28 3.72 1.26 0.84 0.80 0.44

3.2. Morphology and Topography of Sylgard and Its Composites

In Figure 4, the surface of PDMS with and without the addition of graphite has been
shown. Results obtained by means of the SEM technique clearly indicate that the addition
of graphite does not significantly influence the morphology of the obtained composites.
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It has been noted that at 10,000x magnification, the surface of composites seems to be
smooth, without scratches and pores. However, an increase in color intensity with an
increase of graphite content can be observed. Moreover, some small impurities on the
surface, probably formed during the preparation of samples for SEM analysis, are also
visible.

——ilym—
s

rumentalnych

Figure 4. SEM images of elastomer and polymer matrix filled with graphite.

The comparison of surface morphology of PDMS and its composites filled with shun-
gite has been presented in Figure 5. The addition of shungite in the range between 1 and
10 wt.% does not cause significant changes in the morphology of the analyzed materials.
The surface of composites SSh1, SSh3, SSh5, and SSh10 seems to be uncovered by any
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cracks, holes, or pores. However, it can be clearly observed that in the case of the sample
containing 15 wt.% of shungite, the aggregates of filler cause differentiation of the surface
morphology of the obtained material.

Figure 5. SEM images of elastomer and polymer matrix filled with shungite.

Cross-sections of pure polymer matrix and PDMS filled with both carbonaceous fillers
are presented in Figures 6 and 7. It can be clearly seen that while the surface of the obtained
materials seems to be characterized by universally dispersed additives, the cross-sections
reveal different dispersions of graphite and shungite introduced into the system. In the
case of a sample with an addition of 1 wt.% of graphite, the filler seems to be uniformly
distributed throughout the entire mass of the obtained composite. The increase in the
amount of additive (3 and 5 wt.%) allows to obtain films where the graphite is deposited
mostly in the upper level of the materials. The addition of 10 and 15 wt.% of graphite leads
to the dispersion of filler throughout the entire mass of Sylgard.
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The same tendency is observed in relation to composites containing shungite. In
the case of materials consisting of Sylgard and 1, 10, and 15 wt.% of carbonaceous filler,
shungite is evenly dispersed in the polymer matrix. However, in the case of 3 and 5 wt.% of
filler content in the elastomer-based composites, the agglomerates of shungite are observed
near the top layer of the studied materials. It is apparent that the dispersion of the analyzed
fillers significantly depends on the quantity of the compound used in the process.

mm| 1.1

Figure 6. Cross sections of Sylgard and composites containing graphite.

To compare the obtained results with the data published by other researchers, scientific
papers devoted to the study of polymeric materials containing carbonaceous fillers were
studied. Unfortunately, there are no publications presenting a cross-section of composites
filled with graphite or shungite. The only fractographs were included in the work of
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Voigt et al. [47] where the melamine-formaldehyde-based laminates with an addition of
3 wt.% of shungite were analyzed. The characteristics of the polymeric matrix used in this
study, as well as the quality of the image, preclude a viable comparison of the obtained
results.

In an aim to analyze the topography of the obtained materials and to establish the
effect of carbonaceous fillers on the roughness of the studied composites, atomic force
microscopy was used. The AFM images of pure Sylgard and its composites with an addition
of carbonaceous fillers, graphite and shungite, are shown in Figures 8 and 9, respectively.

Figure 7. Cross sections of Sylgard and composites containing shungite.
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Figure 8. Atomic Force Microscope (AFM) images of pure Sylgard and its composites containing
graphite.

In the case of samples containing up to 5 wt.% of graphite as well as shungite, no
significant changes in the R, and Rq parameters have been observed. The data in Table 2
indicate that the values of average surface roughness (R,) and root mean square surface
roughness (Rq) range from about 1 to 5 nm. The increase in quantity of both fillers (10 and
15 wt.%) leads to a huge increase in values of all analyzed roughness parameters: R,, Rq,
and Ryax.

The other fact that must be taken into account is that the introduction of shun-
gite caused more significant changes in the topography of the obtained composites than
graphite, with a notable exception of the sample containing 5 wt.% of the filler. When
comparing the SG5 and SSh5 samples, the average surface roughness and root mean square
surface roughness are characterized by lower values in the case of materials modified by
means of shungite. On summarizing the obtained results, it can clearly be seen that surfaces
that seem to be smooth in SEM analysis are characterized by higher roughness parameters.
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2
h 1
Figure 9. AFM images of pure Sylgard and its composites containing shungite.

Table 2. Roughness parameters of pure Sylgard and Sylgard-based composites containing carbona-

ceous fillers.

Sample Rq [nm] R, [nm] Rmax [nm]
S 1.14 0.86 7.94
SG1 1.22 0.98 8.95
SG3 1.73 1.32 17.42
SG5 5.04 4.01 29.91
SG10 18.20 14.40 107.30
SG15 23.50 18.40 149.20
SSh1l 1.87 1.41 20.20
SSh3 2.20 1.69 20.60
SSh5 2.26 1.73 54.40
SSh10 6.81 5.42 66.20

SSh15 19.06 12.11 231.00
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3.3. Influence of Graphite and Shungite on Thermal Stability of the Obtained Composites

Thermal stability is extremely important in the case of electroactive materials. For this
reason, the thermal properties of the incorporated carbonaceous fillers and their effect on
thermal stability of the obtained composites were established by means of thermogravimet-
ric analysis (TG). Thermal stability of both fillers and composites as well as pure elastomer
was discussed based on the temperature values corresponding to 5, 10, 30, and 50% mass
loss (Table 3). In Figure 10, the changes of shungite and graphite mass along with the
increase in temperature are shown.

Table 3. Thermal stability of used carbonaceous fillers.

Temperature [°C] at Mass Loss

Sample

5% 10% 30% 50%
Graphite >600 >600 >600 >600
Shungite 546.7 584.7 >600 >600

100 _
\

95+

Mass (%)
[(e]
<

851 ——— Graphite

———— Shungite

80 v " ; ' r
0 100 200 300 400 500 600
Temperature (°C)

Figure 10. Thermogravimetric curves for carbonaceous filler: shungite and graphite.

Taking into account both fillers used in the study, it can be clearly seen that graphite is
more resistant to temperature changes. In the case of graphite, the mass loss at temperature
600 °C does not exceed 3%, while shungite loses 5% and 10% at temperatures of 546.7 °C
and 584.7 °C, respectively. According to the literature, the first stage of decomposition of
shungite (about 1%) is related to the presence of moisture while at approx. 500 °C, sulfur
evaporation can be observed [34]. Moreover in the cited work of Fujita et al. [34], it was
established that heating shungite above 500 °C leads to the production of silicon carbide
and changing carbon to COs.

In Figure 11A,B the effect of carbonaceous fillers on thermal stability of Sylgard-based
composites can be observed. The values of temperature at 5, 10, 30, and 50% mass loss for
all studied films have been presented in Table 4.

In the case of pure Sylgard, its decomposition was described in the work of John-
son et al. [48]. It was indicated that the initial stage of thermal degradation is connected
with the decomposition of [Si(CH3),0], and the dehydration of polymer. The obtained
results, concerning the obtained Sylgard-based composites, indicate that the thermal stabil-
ity of studied materials is strongly related to the type and amount of the filler introduced
into the system. In the case of materials containing carbonaceous fillers, it was established



Energies 2022, 15, 152

13 of 21

that regardless of the amount of the applied additive, the temperatures at 5%, 30%, and
50%, mass loss increased in comparison to neat Sylgard. It is interesting, however, that in
the case of 10% mass loss, the temperature of composites is higher than in the case of pure
elastomer only after introduction of 10 and 15 wt.% of fillers.

100
(A)
__ 801
2
(7]
[72)
(3]
=
60— S
————  SG1
— . sG3
— —— SG5
- — SG10
sol=———_8G15
50 150 250 350 450 550
Temperature (°C)
100
(B)
801
=
[72]
[7}]
3]
s
60— S
———— SShi1
— . SSh3
—___ sSh5
—  __ ssh10
Jol———— SSh15
50 150 250 350 450 550

Temperature (°C)

Figure 11. (A) Thermogravimetric curves for Sylgard (S) and its composites containing graphite.
(B) Thermogravimetric curves for Sylgard (S) and its composites containing shungite.

Furthermore, it can be clearly noticed that despite graphite being more thermally
stable compared to shungite, composites containing shungite are more resistant at high
temperatures. The most significant increase in thermal stability was observed in the case
of material consisting of Sylgard and 15 wt.% of shungite. Obtained results suggest the
formation of char at the surface of the decomposed materials containing shungite. Taking
into account that shungite is mostly composed of silica, it is reasonable to assume that
char accumulating on the surface forms a barrier between the polymer and measurement
atmosphere.
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Table 4. TG data for pure Sylgard and its composites.

Temperature [°C] at Mass Loss

Sample
5% 10% 30% 50%
S 375.8 453.1 504.5 541.6
SG1 377.0 449.8 508.3 >600
SG3 381.3 450.6 511.6 >600
SG5 383.6 450.5 513.2 >600
5G10 386.0 454.0 514.5 >600
SG15 392.2 462.6 541.5 >600
SShl 378.2 448.8 524.5 582.0
SSh3 379.5 454.5 524.4 579.6
SSh5 384.4 452.9 518.7 556.2
SSh10 389.9 458.2 528.8 579.3
SSh15 408.1 481.4 >600 >600

Analyzing the available literature, it can be concluded that there is little information
devoted to the thermal stability of elastomers with an addition of carbonaceous fillers. For
this reason, it makes use of graphite and shungite to improve the thermal properties of
elastomeric materials, which an extremely interesting research issue.

3.4. Mechanical Properties

In the case of electroactive materials, where the shape shifts result from a change in
electrical voltage, mechanical properties seem to be essential. In particular, strength and
elasticity count among the features that significantly depend on the type and quantity of the
filler used in the procedure. For this reason, the changes in tensile strength and elongation
at the break of obtained composites containing carbonaceous additives have been studied.
In Figure 12A,B, the tensile strength of pure PDMS and its composites containing graphite
and shungite respectively has been shown.

6 -

(B)

4,,
5
23
©
] 2] l
1_
SG3 i

5G10 5G15 sshl S$5h3 55h5 SSh10  SShls

Figure 12. Tensile strength of pure Sylgard and its composites with an addition of (A) graphite and
(B) shungite.

All samples containing graphite have displayed higher values of tensile strength in
comparison to pure Sylgard. The SG1 sample containing the smallest amount of graphite
(1 wt.%) proved to be most resistant to stretching among all of the composites tested. The
tensile strength of this sample reached a value more than twice as high as the one recorded
in relation to pure Sylgard. In the case of the remaining samples: SG3, SG5, SG10, and
SG15, as the amount of graphite in the polymer matrix increased, decreased values of
tensile stress in comparison with the SG1 sample have been recorded. It should be stressed,
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however, that the tensile stress for the remaining composites has achieved significantly
higher values than in the case of pure Sylgard. The same tendency was observed in the
work of Sarath et al. [49], where exfoliated graphite was introduced into silicone rubber.
A decrease in tensile strength observed in the case of materials filled with 10 and 15 wt.%
of graphite can suggest a weakening of the interfacial bonding between the additive and
polymer matrix after introducing an increased amount of filler [50]. The obtained results are
consistent with the data published in the work of Zenkiewicz et al. [41] where a significant
decrease in o was observed in relation to filler contents up to 10 wt.% of graphite. The
same tendency was observed by Kalaitzidou et al. [51], who reported that at low loading
level, the mechanical properties of polypropylene filled with graphite were significantly
improved.

In the case of materials containing shungite, the changes in tensile strength have been
completely different than in composites comprising Sylgard and graphite.

The samples SSh1, SSh3, and SSh5, have achieved higher tensile strength values than
the sample without the addition of shungite. The sample containing 5 wt.% of shungite,
however, showed the highest tensile strength, while in the case of materials containing
graphite, the addition of only as little as 1 wt.% of the carbonaceous filler has allowed
to obtain a similar value of tensile strength. Moreover, it should be stressed that after
introducing 10 and 15 wt.% of shungite into the polymer matrix, a drastic reduction in the
value of tensile stress was observed. It is well known that the introduction of different fillers
into the PDMS matrix, in the majority of cases, increases durability by impeding polymer
chain mobility. Based on the results published by Solovieva et al. [39] and presented in this
work, it can clearly be seen that the addition of shungite improves molecular mobility.

In Figure 13A,B, elongation at the break of Sylgard and its composites filled with
graphite and shungite respectively has been presented. In both cases, including materials
consisting of the dielectric matrix and graphite as well as composites containing shungite,
an increase in elongation at break has been observed. Analyzing the results encompassing
the elongation at break values of samples containing graphite (Figure 13A), a contrary
tendency, compared to the tensile strength of the tested composites, can be noticed. The
SG15 sample, containing 15 wt.% of graphite, is characterized by the highest value of
elongation at break (140 = 7%). This observation confirms the most significant flexibility
among all of the studied composites containing graphite.
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Figure 13. Elongation at break of pure PDMS (S) and its composites with an addition of (A) graphite
and (B) shungite.

Summarizing the results presented in Figures 12A and 134, it is possible to observe an
increase in the flexibility and tensile strength of the studied materials containing graphite,
regardless of its amount. However, it has to be stressed that in the case of tensile strength,
the best results were achieved for composites filled with 1 wt.% of graphite, while the
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highest value of deformation at break were recorded in relation to material with an addition
of 15 wt.% of the carbonaceous additive.

The incorporation of shungite into Sylgard results in a significant increase in the
elongation at break values of all studied composites. As can be observed, the sample
containing 15 wt.% of shungite was characterized by an elongation at break value more
than twice as high as the value recorded in the case of pure Sylgard. The effect of shungite
on the mechanical properties was analyzed in the work of Solovieva et al. [39] as well as
Garishin et al. [52]. While determining the influence of the shungite addition on mechan-
ical properties, they have established that the introduced carbonaceous filler consists of
phases that differ in polarity. For this reason, considering the bipolarity of shungite, its
compatibility and potential to mix with almost all types of materials has been explained.

In summary, the obtained results allow for presenting the dependence of mechanical
properties on used carbonaceous fillers. It needs to be stressed that in the case of materials,
tensile strength as well as elongation at break increase throughout the entire load range
(1-15 wt.%) of the introduced graphite, while exceeding 5 wt.% of shungite results in a
decrease in tensile strength.

3.5. Dielectric Properties

The polymer capacity (C) representing the electric charge that can be deposited in a
capacitor was determined at frequencies between 10? and 10° Hz and used to discuss the
influence of graphite and shungite addition into poly(dimethylsiloxane) elastomer on its
dielectric properties. According to the formula C = ¢,Cp, the capacity of a flat capacitor
filled with a dielectric (C) with the same dimensions as the air capacitor is &, -times higher
than C, (the capacity of the air capacitor). Thus, changes in C values can be expressed
as changes in ¢,-dielectric constant of the tested capacitor. In Table 5, values of dielectric
constant (¢,) and dielectric loss () of all tested materials are summarized.

Table 5. Dielectric properties of graphite and shungite doped poly(dimethylsiloxane) elastomer.

Frequency [Hz]
Sample 102 108 10% 10°
Er (] Er (O] &r [ Er P

S 3.277 0.005 3.214 0.017 3.120 0.017 3.056 0.010
5G1 70.730 0.200 65.852 0.100 62.145 0.100 59.511 0.300
SG3 141.261 0.200 135.090 0.600 108.485 0.200 101.360 0.500
SG5 241.261 0.300 235.090 1.000 208.458 0.400 201.360 0.300
5G10 475.863 0.000 469.088 0.300 468.524 0.000 464.572 0.000
SG15 656.215 0.300 643.091 1.000 636.290 1.000 628.057 0.600
SShi1 42.660 0.600 41.430 0.300 33.509 0.300 30.303 0.000
SSh3 80.730 0.550 75.852 0.250 72.145 0.250 69.511 0.000
SSh5 198.399 0.000 194.641 0.200 192.761 0.000 190.732 0.000
SSh10 364.516 0.300 362.763 1.000 359.258 1.000 356.102 0.600
SSh15 535.144 0.400 524.441 0.000 519.242 0.000 511.597 0.1000

e,—dielectric constant. ¢—dielectric loss.

Analysis of the presented data leads to the conclusion that both applied fillers result in
a substantial improvement of the dielectric properties of the elastomer matrix, represented
by an increase of ¢, values. The higher the filler content, the higher dielectric constant.
Simultaneously, dielectric loss also increases in comparison to the neat Sylgard sample (S)
however, ¢ values are still relatively low.

The dependence of ¢, vs. wt.% of filler can be explained through the accumula-
tion of charge carriers in the internal surface of the PDMS matrix. According to the
Maxwell-Wagner-Sillars model, under an external electric field, the charge carriers can
easily migrate to the grains, and these grains accumulated at the grain boundaries [53].
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As a result of this process, large polarization is produced, and high dielectric constants
are observed [54]. The higher the charge carriers” content, the higher polarization, and
finally, the higher ¢, values. Similar behavior was observed earlier by Prasanna et al. [19]
for polyaniline/exfoliated graphite flakes (PANI/EGF), by Li et al. [20] for polyvinylidene
fluoride/graphite nanosheets (PVDF/GNs), and by Torgut et al. [25] for 2-hydroxyethyl
methacrylate-co-N-isopropylacrylamide/graphite (poly(NIPAM-co-HEMA)/G) compos-
ites. The increase in ¢, values with increasing wt.% of G and Sh in the composite can be
also due to formation of conducting pillars of both fillers in the PDMS matrix.

The data collected in Table 5 indicate a slight decrease of dielectric constant (g,) with
the increase in frequency. This decrease is due to the reduction of space charge polarization
effect, typical behavior of dielectric materials, also known as dielectric dispersion [17,55].
Poly(dimethylsiloxane) is a high molecular polymer of a chain-like structure. Under the
external electric field, it will produce polarization. This phenomenon is limited due to the
presence of chain bonds. When the frequency increases, the unidirectional duration of the
electric field shortens, the degree of polarization is small, and the charge induced by polar-
ization is less, so the dielectric constant decreases with the increase of frequency [56]. Similar
observations have already been made by Li et al. [17] for polyvinylidene fluoride/expanded
graphite composites and attributed to the mismatch of interfacial polarization of composites
to the external electric field at elevated frequencies.

It can also be noted that for each particular additive content, and each frequency
applied, the dielectric constants of SG composites are noticeably higher than those of SSh.
At 1 kHz (Figure 14), 10 wt.% graphite incorporation caused a 144.9 X ¢, increase, while
the addition of shungite resulted in a 111.9x increase in the same modification conditions.
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Figure 14. Comparison of dielectric constant for poly(dimethylsiloxane) (S) modified with graphite
(SG) and shungite (SSh) at 1000 Hz.

It is a fact that both graphite and shungite belong to the group of conducting fillers
however, they substantially differ in carbon content (Table 1). While graphite consists
mainly of carbon (82.8 wt.%), carbon constitutes only 15.19 wt.% of shungite. According to
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the data provided by Obradovi¢ et al. [31], Solovieva et al. [39], and mapping SEM/EDX
images (Figure 3), the main constituents of shungite are silicon, iron, aluminum, calcium,
sulfur, and magnesium oxides. Moreover, based on Table 1, it can be assumed that SiO; is
the most represented oxide in shungite, among others. The dielectric constant of different
oxides is relatively low: 3.9 for S5iO; and 9 for Al,O3 [57,58], and what is essential, is lower
than that of graphite (¢, = 10 = 15). Even if shungit also consists of highly dielectric iron
oxide with &, (x-Fe,O3) = 30, its content is relatively low. Thus, it can be concluded that the
differences in the dielectric constants of SG and SSh composites come primarily from the
composition of both additives.

The dielectric properties of the polymer composites can also vary depending on the
size and shape of the conductive filler, the volume fraction, the method of preparation,
and the interaction between the filler material and polymer [25,59,60]. As the method of
composite preparation in the case of both G and Sh fillers is analogous, it is worth noting
the substantial differences in the size and shape of G and Sh presented in Figures 1 and 2
(shungite particles are significantly smaller than graphite), which can affect the additive
dispersion and the final ¢, values.

The comparison of presented results (Table 5) with those presented in the literature [17,
19,20,61,62] show that both G and Sh are more efficient additives for &, improvement than
polydopamine/silicon dioxide/graphite oxide nanohybrid (PDA@SiO,@GO) filler and acts
similarly to exfoliated graphite flakes (EGf) added to polyaniline (PANI), graphite sheets
(GN), and expanded graphite (EG) added to polyvinylidene fluoride (PVDE).

As the problem of dielectric elastomers modification can be related to the deterioration
of the breakdown strength, it is worth noting that in the case of the studied fillers, both G
and Sh additives improved the tensile strength value. Lower ¢ values than those indicated
for pure Sylgard, exhibit only SSh10 and SSh15 samples.

4. Conclusions

In the study two carbonaceous fillers, graphite and shungite, were used in order
to alter the properties of Sylgard-based composites. Obtained results indicate that the
dispersion of graphite, as well as shungite, in the PDMS matrix, significantly depends on
the amount of the filler used in the procedure.

Taking into account the thermal stability of the obtained composites, it was established
that even though graphite is characterized by more significant thermal resistance, improved
thermal stability was observed in the case of the PDMS-based composites with the addition
of shungite. The obtained results suggest that this phenomenon could be related to the
higher content of silicon in the molecular composition of shungite, which can form a
protective layer on the surface of the polymer during decomposition at high temperatures.

The comparison of mechanical properties of the tested composites revealed that the
addition of graphite in the entire load range of the additive improved both tensile strength
and flexibility of the obtained composites. The increase in the values of tensile strength and
elongation at break of the Sylgard-graphite composites are most likely the result of a larger
specific surface area and smaller size of graphite particles in comparison with shungite.

Studied composites were characterized by an improved dielectric constant after in-
troducing both of the carbonaceous fillers. The observed increase of ¢, is significantly
connected with an accumulation of charge carriers in the internal surface of Sylgard. More-
over, the changes in dielectric constant can likely result from the presence of conducting
pillars within both fillers in the PDMS matrix.

In summary, the obtained results reveal that both carbonaceous fillers, graphite and
shungite, allow to obtain composites characterized by significantly improved thermal,
mechanical, and dielectric properties. Nevertheless, as can be observed before the planned
application, the type and amount of filler needs to be determined, bearing in mind the
requirements and the purpose of the resulting material.
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