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With the request of higher performance in automotive products, sealing components and materials
resisting to severe conditions, the performance requirements for silicones are becoming ever more
diverse and sophisticated. In this article we prepared silicone rubber (SR)-graphene nanoplatelets (GNPs)
composite via liquid mixing method; the mechanical strength of the GNPs estimated by applying
quantized fracture mechanics suggested a severe GNPs agglomeration that was confirmed by scanning
electron microscopy analysis. We observe that such SR/GNP composite behaves as a negative tempera-
ture coefficient material, exhibiting electrical resistance decrease with temperature increase. It was also
shown how the damaged SR/GNP composite can be healed by simple thermal annealing. The healing
mechanism was rationalized in terms of “living” reactive species that are not consumed by curing at
room temperature and promote, when thermally activated, the crosslinking among the damaged
network of oligomers. The healing efficiency, expressed as crack length vs. annealing temperature, has
been estimated again applying the principles of quantized fracture mechanics. These results could satisfy
many of the demanding requirements of the silicone rubber materials used in daily life and indicate that
SR/GNP composites can act as healable and temperature sensor materials e. g. for seals, hoses and

automotive sector.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Rubber materials are commonly considered the workhorse of
the industrial and automotive rubber products industries [1—-3]. As
a significant candidate of them, the silicone rubber (SR) offers a
unique combination of chemical and mechanical properties that
organic elastomers cannot match. Silicone rubber withstands high
and low temperatures far better than organic rubbers. Silicone
rubber can be used indefinitely at 150 °C with almost no changes in
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its properties. It withstands use even at 200 °C and some products
can withstand heat of 350 °C for short periods. Silicone rubbers are
thus suitable as a material for rubber components used in high
temperatures environments. These properties make silicone rubber
the most used material for applications in extreme temperature
conditions due to its good thermal stability and especially excellent
elasticity [4,5]. Moreover, such soft and flexible materials have
attracted attention due to their potential applications in advanced
strain sensors [6—8].

Silicone rubbers are usually reinforced with carbon black, car-
bon nanotubes and graphene nanoplatelets to obtain improve-
ments in thermal and electrical properties [9—11]. Compared with
the traditionally used reinforcing fillers like silica, graphene
nanoplatelets (GNPs) have recently attracted attention as a nega-
tive temperature coefficient material [12], exhibiting rapid elec-
trical resistance decrease with temperature increase. Kong et al.
[12] demonstrated how the electrical resistance is size dependent,
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decreasing with increasing the graphene thickness. These findings
could suggest that agglomeration can be a viable method to pro-
duce negative temperature coefficient materials. It was also found
that GNPs were similar to conventional negative temperature co-
efficient materials and this finding suggests the potential use of
GNP based composites for temperature sensors in rubber made
automotive components.

Elastomeric applications are also susceptible to mechanical and
chemical damage (e.g. scratches, cuts and punctures). Such dam-
ages result in the loss of the originally intended functions of the
elastomers leading to spillage, contamination, safety hazards or just
lost of performance. Such damages are particularly problematic
when the elastomers are used as seals, hoses and coatings. After the
occurrence of the first cracks or surface damage, the material is
especially susceptible to further damage. For this reason, seals,
hoses or coatings have to be frequently checked and mended or
even replaced with the subsequent cost. The development of
elastomers with self-healing properties, i.e. the realization of
structures able to repair mechanical damage, is an important
challenge from industrial point of view for the development of
polymeric materials that have much greater lifespans than
currently available.

For decades, the scientific community focused the attention to
developing self-healing polymeric materials to improve the safety
and lifetime [13]; the storage of healing agents in the materials that
are released upon damage is the most used approach. This tech-
nology generally consists in the exploitation of microcapsules
[14—16] which store the healing agents into the polymer matrix.
The healing agent is released from the crack to then restore it. The
main drawbacks of such approach consist in the possibility to heal
the material only once at the same location and the reduction of
mechanical properties due to the inclusion of microcapsules in the
polymer matrix that behaves as defects. Some outstanding results
to overcome the utilization of microcapsules came from Leibler
et al. [17] that used a mixture of fatty diacid and triacid condensed
with diethylene triamine and then reacted with urea giving a cross-
linked rubber that in contrast to conventional cross-linked rubbers
made of macromolecules, when cut, can be repaired by bringing
together fractured surfaces to self-heal at room temperature. A step
forward toward silicone based elastomers has been obtained
recently by Bao et al. [18] who synthesized a network of poly(-
dimethylsiloxane) polymer chains crosslinked by coordination
complexes that combines high stretchability and autonomous self-
healing. The most common silicones are the polydimethylsiloxanes,
trimethylsilyloxy terminated, with the following structure
Mes3SiO(SiMe;0),SiMe3; and many of such silicone polymer systems
involve the reaction of a silane-hydrogen (SiH) component with a
silanol (SiOH) component. Thus the presence of free silanol groups
can be used to catalyse the healing of such polymers when acti-
vated by temperature. For example, very recently it was shown [19]
that silicone-based sealants exposed to a hydrocarbon flame, can be
easily healed. In this case healing did not require the delivery of
coordination complexes [18,19].

As stated by the above recent works the research on self-healing
organic polymers has grown recently, but one simple self-healing
mechanism from more than 60 years ago has been nearly
forgotten until Zheng et al. [20] have demonstrated that silicone
rubber that has been cut in half can completely repair itself through
heat-activated reversible bonding. They showed that the healed
interface had strength comparable to the cohesive strength of the
undamaged elastomer. They obtained a completely self-healed
silicon rubber at 90 °C for 24 h. The temperature thus is a crucial
parameter that can be used to heal silicone rubbers and a viable
method could be the addition of thermally conductive inclusions
into the polymer matrix for a better heat transfer.

Because thermal conductivity of elastomers is very low, the heat
build-up is harmful to elastomers, because elastomers are suscep-
tible to thermal degradation [21,22]. Composites with carbon-
based fillers showed thermal stability, light weight, and high
thermal conductivity [23,24].

These properties prompt us to believe that integrating GNPs
with SR with free silanol groups might generate a novel healable
composite material, which deals self-repairing by thermal anneal-
ing and temperature activation of the electrical conductivity. Our
material paves potential applications in sealing and temperature
sensors of automotive components.

2. Experimental details

Liquid rubber (GLS-50 purchased from PROCHIMA®) was used
for casting with a cold cure by poly-condensation. Before using, we
add to the rubber 5% of T30 catalyst (purchased from PROCHIMA®).
The complete vulcanization takes 18—20 h at room temperature. To
accelerate this process, the blend was put in a warm place (30 C°),
but the reaction was too fast and did not allow the escape of air
bubbles.

GNPs were purchased from Cheaptubes (bulk density 0.04g/
cm?, thickness 8—15 nm, lateral dimension about 1.5 pm). GNPs
were dispersed in liquid silicone rubber (1%wt.) through the utili-
zation of a Dispermat (500 rpm for 1 h) to facilitate the dispersion
of GNPs. Then the catalyst was added. The liquid composite was
deposited onto a silicone mould and the vulcanization was ob-
tained in 18—20 h at room temperature.

The melting behaviours of the samples were tested by differ-
ential scanning calorimeter (DSC) using a TA Q200 DSC analyser
under nitrogen atmosphere. Samples were heated from —80 °C to
150 °C, cooled to —80 °C, and heated to 150 °C again. In all heating
and cooling cases, the rate was set at 10 °C min~". Thermogravi-
metric analysis (TGA) were performed in nitrogen with a TG/DTA
Extar 6300 at a heating rate of 10 °C min~ . Field emission scanning
microscopy (FESEM) was used to investigate the cross section of the
samples obtained by fracture in liquid nitrogen.

Neat silicon rubber (SR) and silicon rubber added with GNP (SR/
GNP) were characterized with Fourier transform infrared spec-
troscopy (FTIR) to verify the occurrence of the polymerization
and the effects induced by the GNP presence. The measurements
were realized using a JASCO FT/IR-615 spectrometer, in the
500—4000 cm™' range transmission mode.

The tests were performed on a thin film of the SR and of the SR/
GNP: the reactive mixtures consisting of neat SR, SR/GNPs and T30
catalyst were deposited onto silicon substrates and the measure-
ments were recorded before and after the polymerization of the
samples that was performed at room temperature for 24 h. A
substrate of neat silicon was used to subtract the background
spectrum.

SR and SR/GNPs polymerized samples were then post annealed
in an oven at 150 °C and at 250 °C for 2 h and FTIR spectra were
recorded to investigate the modifications induced by the annealing
to their chemical structure.

The electrical characterization of both neat SR and SR/GNP
composite was performed, by using a computer controlled Keith-
ley 4200 source measure unit. The electrical current was recorded
by biasing the samples at 50 V and 100 V at different
temperatures.

The samples were cut into strips of ~100 mm x 10 mm x 2.5
mm. Before healing, a 3 mm cut was made in the middle of the
sample along the strip traverse direction, and then the cut sample
was healed by thermal annealing in an oven up to 250 °C for 2hr.
The mechanical properties were measured by a universal tensile
testing machine (Lloyd Instr. LR30K) with a 250 N load cell at room
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temperature. The extension rate was 50 mm x min~! and the gauge
length was 50 mm.

3. Results and discussion

The thermal properties of neat SR and SR/GNP composites were
investigated. Fig. 1(a) and (b) show the TGA curves and the corre-
sponding differential thermogravimetric (DTG) analysis curves.
Fig. 1b showed that both samples decomposed with a one-step
process, which meant the GNPs did not break the network of the
SR. The incorporation of the GNPs did not change the onset tem-
perature of the composites compared to that of the neat SR. DSC
analysis for the SR and the SR/GNP composites was then performed
and the results were shown in Fig. 1c. It was known from the
literature [25] that the glass transition temperature of the SR was
lower than —100 °C, so the endothermic peak observed in Fig. 1c
corresponds to the melting temperature. It was found that the
presence of the nanofiller did not affect the melting temperature of
the neat SR matrix.

Silcone rubber has high insulation resistance of 1 TQ x m —
100 TQ x m, and its insulating properties are stable over a wide
range of temperature as confirmed by the data reported in Fig. 2a
where no change of the electrical conductivity was detected biasing
the sample with 50 V up to 250 °C.

Fig. 2b shows that the electrical conductivity (electrical resis-
tance) of the SR/GNP composite increased (decreased) with tem-
perature. This effect of the temperature is similar to what has been
observed on the GNP resistance by Kong et al. [12] and Zhuge et al.
[26]. Kong et al. [12] used the following equation to model the
negative temperature coefficient behaviour

Rr=Roexp(B « (To — T)/ToT) (1)

where Ry is the electrical resistance as function of temperature T, B
is a material characteristic temperature, and Rg is the resistance at
room temperature (e. g. Top = 298 K). From the data of Fig. 2b, in the
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Fig. 2. Current—time data of (a) SR and (b) SR/GNP composite recorded at different
bias voltages and temperatures. The inset of panel (b) shows the current-time data of
SR/GNP composite biased with 50 V at room temperature.

temperature range between 298 K and 523 K, B was determined to
be 3393 K in the respective resistance range of 142 x 102 —
6.94 x 10° Q. This B value is close to that of the conventional metal

—SR b)

—— SR/GNPs
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T(°C)

Fig. 1. (a) TGA curves and corresponding (b) DTG curves of neat SR and SR/GNP composite. (c) DSC curves of neat SR and SR/GNP composite. (d) FESEM images of the cross sections

of neat SR (left panel) and SR/GNP composite (right panel).
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oxide negative temperature coefficient materials, typically in the
range of 2000—5000 K [27].

The obtained results thus can be explained in the following way:
the high resistivity of GNPs at room temperature leads to small
current flowing through the composite and therefore, the con-
duction is low. As the temperature increases, the resistivity of GNPs
decreases; thus the current flows through the sample.

The slight decrease of the conductivity vs. time observed in
Fig. 2b is due to a self-heating mechanism; by decreasing the
resistance, the flow of the current is higher and the sample heats by
Joule effect with time. Considering that the thermal expansion
coefficient of silicone rubber is 2.0—2.5 times higher than other
organic rubber, such thermal expansion leads to an increase of gap
distance between the GNP inclusions, resulting in a slight decrease
in electrical conductivity.

The mechanical performance of the pristine SR and the SR/
GNP composites was then tested in terms of typical strain—stress
behaviour with the curves shown in Fig. 3(a) and (b). The values
of fracture strength (i.e. of, the maximum of the stress-strain
curves), the elongation at break (i.e. EB, the ultimate strain)
and the toughness (i.e. the area underlying the stress-strain
curves) are summarized in Fig. 3(c) and (d). The
mechanical performance of the SR/GNPs composite had an
improvement of the tensile strength while the elongation at
break decreased maintaining almost the same toughness. The
increasing of the tensile strength of the nanocomposites indi-
cated that GNPs and SR had interfacial adhesions, and the GNPs
deserve to transfer the tensile load when the nanocomposite was
stretched.

We rationalized the test on the healed samples by Quantized
Fracture Mechanics (QFM) theory [28]. For an infinite sheet with a
central crack of length, 2a, subjected to a uniform stress ¢ the
fracture toughness is given by Kic = o (a ) [e(a + q/2)]"/2 where a is
the crack half-length, g the fracture quantum, and of (a ) the frac-
ture strength, with the latter for vanishing crack length that can be
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expressed as the combination of the strength of the SR matrix
(orsr) and the strength of the GNPs (Grgnps):

or(a) = forenes + (1 —f) 0F sk (2a)
whereas according to QFM the notched and unnotched strengths
are related via:

or(a) = op(a = 0)[1 + 2m-a/q]~"/? (2b)
where fis the volume fraction of the GNPs. From Eq. (2a) we esti-
mate an equivalent strength of graphene nanoplatelets
orcNps = 43 MPa, thus suggesting agglomeration of GNP in the
current composite. Note that for good GNPs dispersion with low
agglomeration in rubber composites, we recently found for ogcnps a
value of about 800 MPa [29].

Schematically for a composite formed by a matrix and a single
phase material (i. e. GNPs), the agglomeration of the single phase is
defined by the number n of nano-inclusions in a single agglomer-
ation. Assuming a Weibull distribution, the mechanical resistance
of the single agglomeration, orcnps, rescales, with Weibull expo-
nent a, with its size n and the number of adjacent vacancy defects
m [30], as it follows:

UF,GNPSElTl/((l +m)> x nU/ﬂ)) (3)
where fracture mechanics would predict o = 2 for 2D inclusions
and o1 ( ~ 70GPa) is the strength of a single layer graphene [30].
Measuring a thickness of about 6 um for the single GNP inclusion
(see Fig. 4a) and assuming an average stacking layer distance of
about 0.35 nm [29] (n ~ 17000), we obtain a value of m~150.
Assuming q = 0 according to classical Linear Elastic Fracture
Mechanics (LEFM) theory, the fracture toughness value calculated
for both set of prepared samples is 0.0280 MPa m'? for SR/GNPs
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Fig. 3. Stress—strain curves of (a) neat SR, cut SR and cut SR annealed at 250 °C and (b) SR/GNP composite, cut composite, cut composite annealed at 150 °C and cut composite
annealed at 250 °C, respectively. Panel (c) shows the fracture strength, elongation at break and toughness obtained from the tensile curves of the SR (1), cut SR (2) and cut SR
annealed at 250 °C (3). Panel (d) shows the fracture strength, elongation at break and toughness obtained from the tensile curves of the SR/GNP composite (1), cut SR/GNP
composite (2), cut SRIGNP composite annealed at 150 °C (3) and cut SR/GNP composite annealed at 250 °C (4), respectively.
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Fig. 4. (a) FESEM image showing the GNP inclusion in the silicone rubber matrix. (b) Crack length vs. annealing temperature of the prepared samples from QFM estimations. The
inset shows the optical images of the SR/GNP composite before and after thermal annealing showing the healing of the initial crack length.

and 0.0348 MPa m'/? for SR. According to Eq. (2b), knowing the
fracture strength for undamaged and 3 mm cut sample, yields
gsr = 3.1 mm and gsgjcnps = 0.9 mm. The effect of the thermal
annealing on the crack length reduction has been reported in
Fig. 4b. The healed crack length is determined from Eq. (1) knowing
the values of the fracture quantum and the fracture strength of the
sample. From this figure it is clear that the annealing up to 250 °C
did not allow the repairing of the initial crack of the SR sample
while the composite was almost totally healed, being about 95% the
ratio between the healed crack and initial crack length. Optical
images confirmed the healing of the SR/GNP composite. From the
comparison of the two images it is evident that the crack in the SR/
GNPs sample almost disappeared after annealing. After the
annealing, the composite showed a healing efficiency of the tensile
strength that was about 87% as reported in Fig. 3d. Computed
values of the healed crack length according to QFM are reported in
Table 1.

The chemistry of this self-healing composite deserves a dis-
cussion. The mechanism of self-healing in our silicone composite
can be rationalized if we consider a material that contains
reversible bonds that can be thermally activated subsequent to
damage. Such material involves association reactions that
happen after the polymerization event. This system is designed
so that damage can be healed thanks to kinetic reactions in solid
polymers at temperatures requires activation of the damaged
area with heat [19,20,31]. Catalyst is used to catalyse the silicone
polymerization as sketched in the inset of Fig. 5a where free
silanol (SiOH) groups attach to form the siloxane (-Si-O-Si-)
chain. Thus free SiOH silanol groups if not exhausted can be
reactivated by temperature to complete the curing of the system
by crosslinking reaction. The involving in the reaction of a
sylane-hydrogen (SiH) group with a silanol group resulting in the

Table 1
Crack length vs. annealing temperature of the prepared samples from QFM
estimations.

Healing temperature (°C) Crack length (mm)

SR SR/GNPs
25 3.00 3.00
150 na. 2.67
250 2.40 0.05
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Fig. 5. (a) FTIR spectra of the SR/GNP composite after polymerization (black curve) and
annealing at 250 °C (red curve). The hydroxyl bands are labeled in the SR/GNP com-
posite after polymerization. The inset in the panel (a) shows the mechanism of linear
condensation in silicones. (b) FTIR spectra of the SR sample after polymerization (black
curve) and annealing at 250 °C (red curve). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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liberation of water, requires the investigation by spectroscopy of
the hydroxyl region.

Most silicone materials exhibit a series of low-intensity
infrared bands in the OH stretching region. These hydroxyls
can be generally found in silicones and are: SiOH, carbinol (COH)
and water (HO-H). These bands occur at 3642 (COH), 3700 (HO-
H) and 3763 (SiOH) cm ! [32] and are always present in silicones
containing a siloxane chain (-Si-O-Si-). From Fig. 5a it is evident
that in the SR/GNP composite such bands are still visible after the
crosslinking while disappearing after annealing at 250 °C. This
finding suggests that free silanol groups are present after the SR/
GNP polycondensation and the curing is not complete. The
presence of the band at about 3400 cm~! appears when
hydrogen-bonded hydroxyl species are present. The incomplete
curing reflects the behaviour of stress-strain curve at higher
elongation (i. e. 150%) where a decrease of the stress with
increasing the strain was observed (Fig. 3b). The non-linear
stress-strain behaviour observed in Fig. 3b is typical of rubbery
elastic materials where the stress and elongation depends on the
ratio of the unswollen volume to the swollen volume (v;) (i.e.
the polymerized volume fraction) and by the number of the
effective number of cross-links (Ng) according to the following
equation

(p/Mc)(1 — 2Mc/My) = Novy 7 (4)

where p is the density of the polymer, M is the number average
molecular weight between cross-links, My, is the number average
molecular weight of the linear polymer chains before cross-linking
[33]. On the contrary the SR system did not give evidence of free
silanol groups suggesting a complete curing after polymerization
(Fig. 5b) in accordance with the stress increase with the strain as
reported in Fig. 3a.

Previous works indicated that the thermal conductivity
enhancement achieved in GNP based silicon composites is the
highest reported to date in polymer composites [10,34]. In
view of previous results [35], the thermal conductivity monoto-
nously increases as the temperature and filler loading increases.
Thus in our case the observed healing mechanism is attributed to
an increase of the thermal conductivity due to the severe ag-
gregation of GNPs; this result is in contrast with the findings in
previous research, in which the thermal conductivity in GNP
based composites is only observed at low filler loading (<20 vol
%) [36]. The high healing yield, observed only for the composite,
can be explained only considering the synergic effect of the
high number of inclusions in the agglomeration and the large
size of single inclusions. Agglomerated GNPs, work at the
macromolecular level of the matrix as a heater and transfer the
required energy to the matrix activating the healing of the
molecules.

3. Conclusions

In summary, novel multifunctional properties of silicone rubber
composite system have been reported. GNPs addition to SR
demonstrated that such composite can be healed by simple thermal
annealing with high yields. The cross-links of polymerized silicone
rubber was allowed to be rearranged at 250°C, which imparted the
composite with the functionality of self-healing. Also, the com-
posite's negative temperature coefficient behaviour suggests new
potential as temperature sensors. The remarkable and variable
properties of such silicones as well as their wide utilization as
polymeric materials suggest that these findings will be broadly
applicable.
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