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Figure 6. Optical micrographs of (a) RTV-SR; (b) 0.5 phr CRGO; (c) 1 phr CRGO; (d) 2 phr CRGO:; (b, ¢) yellow dashed
lines show CRGO network formation in RTV-SR; (d) yellow circles show CRGO aggregation and filler rich zones.

be due to restacking of graphene layers in the CRGO
flake owing to Van der Waals interactions between
adjacent graphene sheets stacked in the CRGO flake
[38]. However, the restacking frequency is lower than
pristine GNP due to the higher inter-layer distance
in CRGO (0.4-0.44 nm) than GNP flake (0.35 nm)
used in preparing CRGO.

The 1 phr CRGO filled RTV-SR where the long-
range filler networks are formed, further investigated
in-depth via cross-linking density calculations as de-
scribed in Table 3.

Table 3. Thermodynamic parameters and crosslink density.

Sample A 2A Cross}ink dens}ity
[J/mol] | [-10* J/mol] [-10* mol/cm’]
RT V-unfilled —68.04 22.83 4.76
RTV-0.5 CRGO | —69.04 23.17 4.64
RTV-1.0 CRGO | —63.52 21.32 4.37
RTV-2.0 CRGO | -11.74 3.94 0.90
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From the Table 3, it can be found that AG and AS are
better for 0.5 phr CRGO than unfilled rubber. Up to
1 phr of CRGO in the composites, there is no serious
loss of AG, AS, and cross-link densities. However,
at 2 phr filler concentration, the favorable thermo-
dynamic parameters largely reduced might be due to
reduced cross-link density. It is believed that at a
higher concentration of CRGO, the cross-linking re-
action through condensation reaction is highly af-
fected and produces a reduced number of cross-links.
Since lower AG and higher AS value indicate better
cross-links and higher filler-polymer interactions
[22], the CRGO filler is not to be used for more than
1 phr to get balanced properties. After 1 phr CRGO,
the polarities of CRGO filler due to oxygen-contain-
ing functional groups retards the condensation cross-
linking without improving filler-polymer interac-
tions and provide lower mechanical properties to the
rubber composite.
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3.6. Mechanical properties of RTV-SR/CRGO
nanocomposites

Here, we studied the effect of CRGO as a reinforcing

filler in RTV-SR and measured the compressive

moduli, tensile moduli, fracture strains, and tensile

strengths of composites.

3.6.1. Under static compressive strain

Compressive stress-strain curves and moduli at dif-
ferent CRGO loadings in RTV-SR were measured
(Figure 8). Compressive stress-strain curves showed
that compressive stress increased with compressive
modulus, presumably due to increased CRGO and
polymer chain packing. Notably, the overall mechan-
ical strength of RTV-SR/CRGO (0.5 phr) was much
lower than that of RTV-SR, which we suppose was

a)

i

b)

ol ...

Remaining oxygen-containing
groups at the surface

caused by the functionalization of the CRGO sur-
face, and which suggested that functionalization en-
hances interfacial interactions (Figure 7) [39]. On
the other hand, the introduction of functional groups
to the robust sp? structure of pristine GNP induced
sp’ bond formation and reduced the reinforcing ef-
fect of the CRGO flake.

In addition, the predicted mechanical properties of
all three RTV-SR/CRGO nanocomposites approxi-
mated to idealized dispersion models, and this is, to
some extent, not true in the case of pristine GNP as
these nanoplatelets show a higher tendency to ag-
glomerate in the matrix [40]. The method for im-
proving filler dispersion is by improving polymer-
filler compatibility or improving interfacial interac-
tion by introducing functionalized groups on the

Dense mesh-network
between RTV-SR chains

=+ Entanglement of RTV-SR chains

Good interfacial interactions
between RTV-SR molecules and CRGO

_____ Loose mesh-network

between RTV-SR chains

Figure 7. (a) Mechanism of intermolecular interactions in RTV-SR; (b) interfacial interactions between CRGO and RTV-

SR at 1 phr.
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Figure 8. Compressive properties of RTV-SR/CRGO composites; (a) compressive stress-strain curves at the different CRGO
loadings; (b) plot showing compressive modulus as a function of CRGO content.
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filler’s surface, such as CRGO in the present work.
However, the sharp fall in compressive modulus, es-
pecially for RTV-SR/CRGO (2 phr), was probably
due to the restacking of graphene layers in CRGO
flake and reduced cross-linking density. The pres-
ence of filler-rich zones of graphene in the RTV-SR
matrix despite good filler-polymer interactions is sup-
ported by the optical micrographs shown in Figure 6d,
and is attributed to m—m interactions between adjacent
graphene sheets [41].

3.6.2. Mechanical tests under cyclic compressive
strain
Cyclic compressive mechanical tests were conducted
on RTV-SR/CRGO samples containing different
CRGO contents (Figure 9a) at 30% strain and differ-
ent strain rates (Figure 9b). Compressive load in-
creased when strain increased from 0 to 30% for all
three CRGO/RTV-SR composites and returned to its
initial state after the stress was released. The increase
in load observed upon increasing strain was attributed
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to increased network densities and packing fractions
of CRGO/RTV-SR. For RTV-SR/CRGO composites,
when the compressive strain was increased, com-
pressive load also increased, apparently because of
enhanced filler network formation. For the investi-
gation of the behaviors of composites under cyclic
testing, compressive strain cycles were repeated
500 times. The load was lower for RTV-SR/CRGO
(0.5 phr) than for (2 phr) (Figure 9a), but behavior
under cyclic strain remained the same. This reduc-
tion in compressive load was attributed to the diluting
effect of CRGO. RTV-SR/CRGO (2 phr) exhibited
the lowest compressive load at all cycles. Interest-
ingly, dissipation losses also reduced on increasing
CRGO content, which is believed to have been
caused by stress transfer from polymer chains to
CRGO in filler-rich zones and an equilibrium be-
tween the formation and cleavage of Si—O—Si bonds
during cycling. This phenomenon was more evident
by multi-hysteresis testing (Figures 9c and 9d). Sim-
ilarly, as the compressive strain increased from 10%
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Figure 9. Cyclic compressive mechanical properties; (a) cyclic compressive loads at 30% strain of the RTV-SR/CRGO com-
posites; (b) compressive cyclic loads at different strains for RTV-SR/CRGO (1 phr); (¢ and d) fatigue cycle outputs

for RTV-SR/CRGO (1 phr) and (2 phr) at 30% strain.

988



V. Kumar et al. — Express Polymer Letters Vol. 16, No.9 (2022) 978-995

to 50% (Figure 9b), compressive load increased
markedly and increased dissipation losses [42]. It is
noteworthy that RTV-SR composites exhibited greater
heat dissipation at a compressive strain of 50% than
at 10%. This increase in dissipation losses at higher
compressive strain is presumed to have been due to
increase bond breakage at higher strain. Thus, it ap-
pears that large numbers of bond breakages in RTV-
SR/CRGO composites increased dissipation losses
and lowered stress transfer from polymer chains to
CRGO-rich zones despite the good interfacial inter-
actions induced by CRGO functional groups [42].
Cyclic fatigue testing was conducted on RTV-SR/
CRGO (1 phr) and (2 phr) (Figures 9c and 9d) at 30%
compressive strain. Both showed dissipation losses
and irreversible losses beyond their elastic limits
under cyclic loading. Fatigue testing showed that
dissipation losses decreased significantly at 30% com-
pressive strain as CRGO content increased from 1 to
2 phr. For both composites, hysteresis loops broad-
ened and recovery to the initial state took longer at the
number of cycles increased. This was probably due
to plastic deformation in composites, which means
that bond breakage and formation rates were not in
equilibrium when stress was removed. Furthermore,
first cycles exhibited higher dissipation losses than
subsequent cycles, perhaps because, during initial
cycles, fresh bonds break and then stabilize (new
bonds are produced during subsequent cycles). Stress-
strain hysteresis might be related to filler network
formation, a reduction in the effective volume of the
SR, and surface energy distribution on filler surfaces
(active regions). Another reason for high energy dis-
sipation might be the release of bound rubber due to
the disruption of filler networks when cyclic sweeps
are extended to higher strains. In a previous study, it
was shown filler clusters could break and become
softer under stress and reduce strain amplification
factors [43].

3.6.3. Mechanical properties under static tensile
strain

True stress-strain curves are presented in Figure 10a,
which shows that tensile stress increased with tensile
strain until fracture. This increase in tensile stress was
attributed to (a) efficient stress transfer from RTV-SR
polymer chains to CRGO particles due to good in-
terfacial interaction, and (b) orientations of polymer
chains and filler particles in the direction to applied
stress that opposed stretching of the composite under
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strain. On the other hand, tensile modulus (Figure 10)
and tensile strength (Figure 10d) fell on increasing
CRGO loading, which concurs with the results of a
previous study, in which mechanical strength fell on
adding CRGO to a polymer matrix [44]. There are
several potential causes of this fall in mechanical
properties, but it is probably due to the diluting effect
of CRGO functional groups in the RTV-SR matrix.
Observed filler rich zones on increasing CRGO con-
tent from 0.5 to 2 phr may interact with the polymer
chains of RTV-SR to form CRGO networks, but we
observed modulus and tensile strength fell due to the
weak natures of these networks, i.e., strong sp? bond-
ing in pristine GNP as compared with weak sp> bond-
ing in CRGO. In RTV-SR/CRGO (2 phr), which con-
tained abundant networks, restacking of graphene
sheets in CRGO took place despite an increase in in-
terlayer thickness (0.4 to 0.44 nm; the interlayer thick-
ness of pristine GNP is 0.33 nm), and this led to re-
ductions in modulus and tensile strength. Another
reason for fall in mechanical properties at 2 phr
CRGO is due to significant reduction in cross-link-
ing density (Table 3).

On the other hand, fracture strain (Figure 10c) in-
creased with CRGO loading, presumably due to
chemical interactions between CRGO functional and
the RTV-SR matrix as well as physical adsorption of
CRGO particles onto RTV-SR polymer shells. These
functional groups in CRGO are carbon and oxygen-
based, as demonstrated in Figures 5b and 5c. Anoth-
er reason for the higher fracture strain observed (es-
pecially at 2 phr, which caused a ~100% improve-
ment) might be due to the formation of filler rich
zones in the RTV-SR matrix (Figure 6d), which act
as solid lubricants due to graphene sheet/graphene
sheet slippage under tensile strain and improve frac-
ture strains. Furthermore, our results agree with those
of a previous study [45]. Song et al. [45] showed that
SR has poor tensile strength (0.4 MPa) and fracture
strain (115%), but that the addition of a filler, in sin-
gle or hybrid form, can improve mechanical proper-
ties dramatically especially fracture strain.

3.7. Hardness of the RTV-SR/CRGO
nanocomposites

The hardness of composites importantly determines

various mechanical properties, especially stiffness,

and depends on a number of factors such as the

modulus of the virgin polymer, filler reinforcement,

filler networking, and viscoelasticity. In particular,



V. Kumar et al. — Express Polymer Letters Vol. 16, No.9 (2022) 978-995

T T T T T T
——=—— Unfilled
0.6 | ——— 0.5 phr CRGO |
———— 1 phr CRGO
= ———— 2 phr CRGO
o
=3
g 0.4 4
k7]
o
=
@
[0
s 0.2+ _
I3
[e}
o
0.0 4
T T T T T T
0 30 60 90 120 150
a) Compressive strain [%]
160 T T T T T
140 - B
S
-g 120 .
k7]
<4
g 100 -
©
e
80 B
60 B
T T T T T
0.0 0.5 1.0 1.5 2.0
c) Filler loading [phr]

0.8

0.6

Tensile modulus [MPa]

0.4

T T
1.0 1.5
Filler loading [phr]

T
0.0 1.0

b)

0.6

0.5

0.4

0.3

0.2 4

Tensile strength [MPa]

0.1 4

0.0

T T
1.0 1.5

d) Filler loading [phr]

Figure 10. Tensile mechanical properties; (a) tensile stress profiles as a function of tensile strain; (b) tensile modulus (c) frac-
ture strain, and (d) tensile strength as functions of CRGO loadings in RTV-SR composites.

micro-hardness and its distribution in a composite
are important since high micro-hardness is sufficient
enough to break water films on the rubber surface.
However, the hardness is mostly affected by the high
elasticity of polymer matrices such as the RTV-SR
matrix. In order to study how soft rubber produce
scratches on a glassy surface, the hardness of the
filler was taken into account [46]. Shore A hardness
of the three RTV-SR/CRGO composites was inves-
tigated (Figure 11). Hardness remained stable until
a CRGO loading of 1 phr was reached but then fell
sharply at a loading of 2 phr. This behavior indicated
that CRGO had a diluent effect (Figure 6d), and the
formation of filler-rich zones in the RTV-SR matrix.
Another reason for the fall in hardness at 2 phr CRGO
is the significant reduction in cross-linking density
(Table 3). The gradual decline of hardness shown in
Figure 11 implies that some kind of permanent soft-
ness or dilution by CRGO occurred in RTV-SR/CRGO
composites. RTV-SR/CRGO (2 phr) remained soft
for more than one month at room temperature with-
out any significant change in hardness. This property
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of permanent softness, even without the use of a thin-
ner or additional diluent, is promising for industrial
applications such as soft actuators. A number of mech-
anisms may be responsible for lowering the stiffness
of RTV-SR/CRGO composites containing >2 phr of
CRGO, though increased CRGO filler-rich zones
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Figure 11. Hardness of composites containing different con-
centrations of CRGO.
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probably provide the best explanation. It is well known
that rubber composites with a Shore A hardness of
<65 are softer than glass [46]. The composites used
in this study may be useful for soft robotics and other
industrial applications such as energy harvesting
(Figure 14).

3.8. Reinforcing factor and reinforcing
efficiency

The filler networks were studied by reinforcing
factors and reinforcing the efficiency of the filler
(Figure 12). Generally, the reinforcing factor below
one is termed a poor reinforcing effect of the filler
and is related to poor filler networks and related
lower cross-linking density. The reinforcing efficiency
at 70% strain for tensile strain and 30% for the com-
pressive strain was studied. At this strain, there is a
dominance of filler networks and is related to filler re-
inforcement. The negative reinforcing efficiency fur-
ther insight poor reinforcement by fillers and also re-
lated to poor cross-linking density by curatives. Filler
networking was further studied through electrical
conductivity measurements shown in Figure 13.
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3.9. Electrochemical conductivity properties

The EIS spectra of the electrodes, as well as an R
(CR) W equivalent circuit, are shown in Figure 13.
Series resistance/solution resistance is defined as the
initial crossing of the EIS spectrum on the X-axis
(real impedance) in high frequency (R;). All of the
electrodes have a solution resistance of 0.50 ohms.
At higher frequencies, the diameter of the displayed
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Figure 13. Electrochemical conductivity of composites con-
taining different types of CRGO composites.
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semicircle represents the electrodes’ charge transfer
resistance (R). Unfilled RTV, 0.5, 1, and 2 phr CRGO
filled RTV composite electrodes had R values of
20, 17.8, 16.5, and 15 Q, respectively. Hence, the
electrical conductivity measurements shows that the
electrical resistance decrease as the concentration of
CRGO increase in RV-SR and thus can be hypothe-
sized the formation of efficient filler networks of
CRGO in the rubber matrix.

4. Applications
4.1. Piezoelectric energy harvesting using
RTV-SR/CRGO nanocomposites

Flexible devices produce voltage directly when ex-
posed to mechanical strain. The generation of small
amounts of electricity using flexible energy compos-
ite harvesters (sufficient to drive low consumption
devices such as LEDs) is key to meeting increasing
energy demands. Large amounts of energy could be
generated by simple mechanical motion, such as
walking, without affecting the environment, and thus,
these eco-friendly devices have attracted the atten-
tion of scientists. Figure 14 shows the output of RT V-
SR/CRGO (1 phr) exposed to bi-axial strain. Energy
generation was stable for an RTV-SR elastomer slab
(Figure 14a) but increased with cycle number for an
RTV-SR/CRGO (1 phr) slab (Figure 14b). The be-
haviors of different types of elastomer slabs were at-
tributed to their chemistries. The elastomer slab based
on RTV-SR behaved as a stable dielectric rubber,
whereas the RTV-SR/ CRGO (1 phr) slab stabilized
after a few cycles and generated more energy as cycle
numbers increased. Carbon and oxygen-containing
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functional groups on CRGO improved interfacial in-
teractions but reduced dielectric rubber properties.
Increases in voltage on increasing cycle numbers of
cycles have been shown to be caused by the activa-
tions of charge carriers by cycle numbers in elastomer
slabs based on RTV-SR/CRGO composites [47].

5. Conclusions

RTV-SR/CRGO composites were prepared by solu-
tion casting and characterized for mechanical prop-
erties and subsequently for energy harvesting. CRGO
was prepared by oxidizing GNP and subsequent
chemical reduction to form CRGO. TEM and XRD
showed CRGO was composed of 1 to 5 layered
graphene. Static tensile testing and compressive me-
chanical measurements showed that the modulus of
RTV-SR decreased on increasing CRGO loading and
that it fell significantly at a CRGO loading of 2 phr,
at which softness was increased and stiffness de-
creased. We found that as little as 2 phr CRGO in
RTV-SR transformed the normally rigid RTV-SR
into a soft composite with a hardness decrease to 15.
In addition, the compressive modulus decreased to
0.6 MPa. However, it is good that the dissipation loss-
es decrease at 2 phr CRGO, which is good for indus-
trial applications. For tensile mechanical properties,
the fracture strain increases to 100% while tensile
strength falls strongly to 0.1 MPa. Moreover, the com-
posites at 2 phr of CRGO exhibited permanent soft-
ness. During cyclic compressive fatigue testing, first
cycles exhibited higher heat dissipation losses, and
subsequent cycles led to plastic deformation of com-
posites. However, RTV-SR/CRGO (2 phr) showed
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Figure 14. Energy harvesting of RTV-SR composites (a) output voltages for RV-SR; (b) output voltages for RTV-SR/CRGO

(1 phr).
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significant plastic deformation and reductions in heat
dissipation losses. Moreover, this work demonstrates
the formation of efficient filler networks of CRGO
through improved electrochemical properties. In ad-
dition, a decrease in cross-linking density leads to
the formation of mechanically soft composites with
high fracture strain which are suitable for soft appli-
cations. Besides this, this work attaches to the readers
a possible correlation between mechanical properties
with a change in cross-linking density and the pH of
CRGO. These properties were helpful in obtaining
high voltage via a piezoelectric energy harvesting
device. Energy harvesting experiments showed that
RTV-SR generated a stable output voltage but that

output voltages increased with cycle number for
RTV-SR/CRGO composites.
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