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Elastomers are traditionally used in industrial components due to their low cost, flexibility,
good processability and light weight solutions as metal parts replacement. Nowadays,
some critical aspects remain unsolved mainly if their application in extreme environments
is demanded; for example the development of high performance elastomeric materials
working in high pressure and temperature environments like those of oil and gas
extraction environment is still challenging; moreover, in extreme locations where also the
extreme conditions such icing problems become hazardous, the extraction activities are
limited as well as in transportation where bearing seals mounted on aircraft components
are subjected to icing problems a solution is required. All these applications will require
the exploitation of new and novel polymers and new and novel reinforcement systems.
Carbon nanotubes (CNTs) are being evaluated and are in some use today, but graphene
nanoplatelets (GNPs) and its many derivatives offer an opportunity to develop novel high
performance materials crucial to nowadays and future industrial applications. In a growing
fields of applications such elastomeric nanocomposites target the permeability reduction
to prevent blistering, the reduction of the stress cracking, and the capability to retain
tensile strength at high temperature and pressure. This perspective will address this need
by indicating new multifunctional elastomeric nanocomposites (elastomer plus carbon
nanotubes and graphite nanoplatelets) combined with superior barrier and mechanical
properties.

Keywords: elastomer, graphitic nanomaterials, carbon nanotubes, graphene, fluid susceptibility, anti-icing
properties, mechanical properties

INTRODUCTION

Elastomeric applications are subjected to fatigue cracks, blistering, and swelling. Such mechanical
and chemical damages limit their original functions and can be a serious issue in terms of safety
hazards when the elastomers are used as seals and hoses. The occurrence of the first cracks makes
the material susceptible to further damage. For this reason, the first issue that a materials scientist
has to take in consideration when designing and realizing elastomers, are the hostile conditions to
which they are exposed when operating in extreme environments and the subsequent innovations
that have been developed for their use. High performance elastomers in rubber based fuel line and
sealing components that operate in hostile environments in contact with oil and gas are required
(Baird et al., 1998; Campion, 2003; Vega-Cantu et al., 2003; Mody et al., 2013); the resistance to both
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high pressure and temperature is a serious technological
challenge in such field, since it is difficult to improve
significantly both properties (Baudet et al., 2011) (Figure 1).
In oil field applications, elastomers are subjected to dramatic
swelling and rapid gas decompression that hinder their stability
for long periods of time.

Developing advanced rubber nanocomposites using
multifunctional fillers is one of the main challenge nowadays.
The replacement of conventional fillers (e.g., carbon black) with
carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs)
could be a viable solution for the development of graphite-based
elastomer composites with improved mechanical and oil/gas
barrier properties.

MATERIALS POINT OF VIEW

Elastomers are high elastic materials that can be largely
deformed before returning to their original shape. This makes
rubbers a valuable solution for sealing applications where their
compression set behavior is the main advantage with respect
to the metal based counterparts. The hidden strength of such
polymers relies on their cross-linked structure that rescale the
ultimate strain as ~ N”1/2 with N the number of bonds.
Thus, elastomers are susceptible to gas permeation in the
high pressure environment. Moreover, the thermal aging can
reduce the number of crosslink inducing a degradation of the
mechanical properties. Butadiene-acrylonitrile rubber (NBR)
(Wrana et al.,, 2001) reinforced with carbon black is a low cost
solution for automotive rubber products due to the possibility
to be processed with traditional melt mixing and compression
molding techniques retaining a good resistance to lubricants and
greases. Moreover, the physical and chemical resistance can be
tuned by changing the acrylonitrile content (ACN) between 18
and 50%. The appropriate acrylonitrile content makes the NBR
matrix able to be used in fuel and oil handling hose, seals, and
water handling applications. Low ACN content ensures higher
elongations at break, but reduces the resistance to oils and
fuels. Nevertheless, it has found that wide application of such
materials as intake manifold etc... suffers of several limitations
due to the limited physical properties of NBR elastomers such as
very aggressive corrosion against bio-fuels. NBR is generally not
resistant to aromatic and chlorinated hydrocarbons, fuels with a
high aromatic content, polar solvents, glycol-based brake fluids,
and non-flammable hydraulic fluids. NBR has also low resistance
to ozone and aging. Fluorocarbon rubber (FKM) (Kader et al.,
2006; Rooj et al., 2011) (typically containing 65% fluorine) and
more recently perfluoroelastomers (FFKM) (typically containing
71% fluorine) provide materials with excellent high temperature
and chemical resistance. FKM is a polymer widely used in
aerospace, automotive, chemical, and petroleum industries. FKM
materials are resistant to high temperatures and show a reduced
swelling when treated with chemical agents. Moreover, they
have an excellent resistance to aging and ozone and a low
gas permeability. On the contrary, FKM materials suffer the
exposition to, steam, polar solvents and glycol-based brake
fluids. Since the ability to preserve mechanical strength at high
temperatures and pressure is mandatory, it is inevitable the need
for the development of new solutions for such materials.

ADDRESSING THE CHALLENGES

The nano- and micro- scale dimensions of CNTs and GNPs
affect the polymer composite properties due to dimensions that
are comparable to those of the polymer matrix chains; these
nano-scale interactions is the main advantage with respect to the
conventional 3D fillers. The shape factor of graphitic inclusions
ensure a larger contact area resulting in a higher mechanical
strength. When an optimal concentration for single inclusion
phase and the synergy between different, assumed immiscible,
phases is reached, the strength of polymer composites is increased
(Sengupta et al., 2011). Taking into account that very low
concentration is needed to reach the percolation threshold
(theoretically ca. 0.01 %) and the good thermal conductivity of
graphene, GNPs and CNTs, increase of the thermal conductivity
of the composite compared to the pure matrix, is an obvious
advantage against degradation due to thermal loading. 1D fillers
(CNTs) as well as 2D fillers are very effective in improving
the barrier properties of a rubber nanocomposite, by increasing
the crosslink density and reducing the swelling caused by
the molecular diffusion through the matrix. Permeability of
graphitic-based elastomer composites can be further decreased
by the preferential orientation of the high aspect ratio inclusions,
also resulting to enhanced oxidation resistance and low gas
permeability.

GNPs and CNTs single inclusions and their synergy (assumed
immiscible), causes a sensible increase of tensile strength
and fracture strength when a retardation of agglomeration is
considered according to a basic model predicted (Prasad et al.,
2009) by the following relation:

My, — (p + @)17100/(p + q) (1)

where M}, is the measured value for the composite and p and
q represent the enhancement in tensile strength of NBR due
to the single reinforcement addition. The reinforcing effect of
both nanoparticles (Valentini et al., 2018) was recently reported
in terms of both elongation at break and tensile strength
for nanocomposites containing 5 phr of GNPs and CNTs,
respectively. It was also found that the classical rule of mixture
does not apply, showing that the in our composite strength the
two fillers do not act in synergy. This is due to the fact that an
agglomeration of the phase takes place and thus the composite
mechanical resistance does not depend linearly on the volume
fraction of the phase itself. As proof of this concept it was
observed that at a given point a decrease of the total resistance
was observed.

Recently, the synergistic properties of NBR/CNTs/GNPs
and ethylene-propylene-diene terpolymer rubber/carbon
black/GNPs nanocomposites have been explored (Valentini
etal, 2016, 2017, 2018). It was found that the combined effect of
CNTs/GNPs hybrid filler, exhibited astonishing improvements
in terms of mechanical properties, barrier properties, and
thermal conductivity. In this regard, extreme-performance
rubber nanocomposites, reinforced with CNTs and carbon
black fillers, exhibiting a “cellulation” structure (i.e., three-
dimensional interconnections of the bound rubber along
the carbon tubes) have been developed (Endo et al, 2008).
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Seals based on these nanotube-based rubber composites were  provided high electrical and tribological performances. Instead
able to resist temperatures up to 260°C and pressures as  of making a polymer composite in which the fillers are
high as 239 MPa (Endo et al, 2008). Very recently, it was  dispersed in the host polymer (Wan et al., 2017), sequentially
reported how the assembly of graphene hybrid structures  bridged graphene layers lead to ssignificant improvement in

FIGURE 1 | Effects of operating severe conditions on traditional O-rings: (a) rupturing due to low mechanical strength to withstand the pressures and strains, (b)
breaking due to low thermal stability, (c) resistance to excessive swelling behavior, (d) resistance to explosive decompression (courtesy of John Kerwin Precision
Polymer Engineering Ltd). (e) Effects on the environment of O-ring breaking.

a) EELE

P & FSF £ PP S WL e S
b) 68 T Tverry T Pt -
s = Swelling |1 16 & 10F 1
. . Schubgll @
64 _ S " = f
2 a . 4 g < 08+ 4
ol o  §
¢ 80} 125 q
= 5, g 06;
10 1
© S6f ! B¥ 0af w » )
.S B O = B
= Bo L 3 0.2+ 1
m 52 = o
. 6 w = o
- = a 3
QY 00+ *
48 . ; N 5 4 = ‘;’N
I R
P oup

FIGURE 2 | (a) Measurements of adhesive strength of a glass prism frozen on swollen elastomer. The inset shows the glass prism frozen on elastomer. (b)
Mechanical properties and predictive model of ice adhesion as a function of different adsorbed liquid where @| jqup =volume fraction of absorbed liquid, S=swelling,
7ICE LiQuip =strength adhesion of ice on swollen rubber and tICENO LiQuip =strength adhesion of ice on un-swollen rubber.
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electrical conductivity and lowered friction. Such, hybrid filler
formulation and properties might provide the solution of the
problems facing by several industries for developing rubber
composites.

COUNTERINTUITIVE SOLUTIONS

In rubber industry most of the efforts done are focused on
testing and increasing the oil resistance of rubber compounds.
Recently the industry is looking for swollen elastomers that in
the past render the rubber unusable for practical applications.
Whereas for such elastomers the mechanical strength is not
great, recently it was found that composites reinforced with
graphene, carbon nanotubes, and a mix of them after immersion
in several fluids, experienced both a swelling and a reduction of
the cross-link density that reduces ice adhesion (Figure 2). In
general, the adhesion of ice on stiff substrate without interfacial
defects are hard be separated. However, if one of the solids is
deformable, then they can be separated imposing a differential
deformation. Kim et al. (Chaudhury and Kim, 2007) found
that the easy release from a polymeric film was attributed to
the critical shear stress of fracture that rescales with the shear
modulus of an elastomeric surface. Thus, once ice adheres
to a low cross-link elastomer, the ice detaches from the ice-
elastomer interface at low shear stresses (Golovin et al., 2016).
For elastomers, it is known that the modulus is related to the
cross-link density that can be calculated by the well-known Flory
formula (Flory, 1953); durable anti-icing material via swelling
cross-linked poly(dimethylsiloxane) was reported (Wang et al.,
2015) while Golovin et al. (Golovin and Tuteja, 2017) recently
predicted the icephobicity of different types of polymers by
filling a polymer with oil. They optimized the polymer/plasticizer
(i.e., oil) combinations to obtain low ice adhesion and good
mechanical durability. Scaling laws from fracture mechanics,
revealed a clear synergy between swelling and nanocarbon
phase in the icephobic nature of the composite, dictated by a
competition between elastic modulus and adsorption energy.
These findings could find an upscale in component validation
readily applied to different areas where de-icing demands
handling of large amount of environmental harmful agents.
Another counterintuitive application of elastomers relies in
their expansion capability. Rubber-like materials are those that
once compressed along an axis expand in directions orthogonal
to the applied load (e.g., positive Poisson’s ratio) being the
Poisson’s ratio values for the majority of them about 0.5.
Designed mechanical instabilities on soft materials have been
used to realize materials with a negative Poisson’s ratio (ie.,
the so called auxetic behavior) that will contract (expand) in
the transverse direction when compressed (stretched) (Bertoldi
et al., 2010; Valentini et al., 2017). Such materials may find in
perspective practical applications; for example, once infiltrated
in a cavity with a smaller dimension auxetic materials can be
used as swell tools that expand by means of tensile stress to
conform to the wellbore and to remain anchored to it (Mody
et al., 2013). For such applications it is required to maintain an
expansion above 300% at high temperature (=150°C). Moreover,
from a practical perspective, rubber-based materials with such
reversible auxetic architectures can find applications in broad

fields from energy absorbing materials to tunable membrane
filters.

CONCLUSION AND PERSPECTIVES

Common challenges for developing materials in extreme
environment promote the opportunities to discover crossover
solutions; for example, sealing materials being developed in
the energy sector for ultra-high-temperature applications are
generating interest in aerospace. These new technologies will
have an impact on several areas by:

- Increasing the competitiveness of European industry
through the use of CNTs and GNPs for a new generation
of customized elastomeric nanocomposites to be used in
extreme environments, thus paving the way to deeper
knowledge and hands-on expertise in cost-effective
mass-scale nanostructured carbon production. Hence,
helping European Industry to become leader in graphitic
materials technologies supporting worldwide customers
with specialized, value-added, groundbreaking solutions for
their advanced applications in several sectors (oil and gas,
automotive, aeronautics).

- Developing new tools for the design of high-performing
elastomeric nanocomposites, which will allow to increase
efficiency of production processes.

- Enabling a more widespread use of a high % of ethanol
in petrol through the validation of a new generation of
ethanol resistant vehicle components (Londo et al.,, 2010).
The widespread diffusion of high percentage (>10%) ethanol
blended gasoline is connected to their capability to lower CO,
emissions, on the other hand, a market barrier is the risk to
damage plastic and rubber components in cars and handheld
products. Low permeation rate and a reduced interaction with
the solvent (lower swelling) leads to the competitiveness of
such polymers with new biofuels.

- Opening the market to new products i.e. advanced sealings,
corrosion resistant hoses made of GNP/CNT-containing
premixes, will reduce number of failures in mineral processing
operations. Thus the development of new composites based
on the use of GICs will support and strengthen the oil
and gas extraction industry as it faces increasing technical
challenges to sustain the growing worldwide demand for
energy. Thus the development of reliable, high-performing
elastomeric materials will continue to have a crucial role for
industrial players.
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