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Commercial aircrafts are equipped with advanced ice protection systems to deice their surfaces, as shown in Fig. 14. These ice
protection systems are classified as deicing systems and anti-icing systems. But most of the current technologies used in aircraft
focuses on deicing systems. Different deicing methods have been developed in the aircraft studies. For large commercial aircrafts,
the deicing method used is a bleed air method that can remove accumulated ice effectively. Bleed hot air method, which uses the
hot air coming from the aircraft jet engine and circulated in the wings of the airplane, or passing through the pipes to the surfaces
that need to melt the ice. The air bleed system has two major advantages, firstly, the air is under high pressure, which ensures it
will circulate and reach all locations on the aircraft. Secondly, the air coming from the jet engine has a very high temperature,
which can easily deice the aircraft’s surfaces. The disadvantage of air bleed system is that it requires a jet engine; therefore a small
aircraft will not be able to use it (Xie et al. 2016; Cao et al. 2015).
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Figure 14. (a) Inflatable rubber boot method, (b) chemical spray method, and
(c) bleed air method (Xie et al. 2016; Cao et al. 2015; Stothers 2013).

For small aircrafts, another deicing method is used, the mechanical boot method. This method uses a small device that is put
over the leading edge of the wing to remove the accumulated ice. The inflatable rubber boot method uses pneumatic system to
inflate the boot and makes it expand to crack the ice accumulated on the surfaces of the aircraft to be removed later by the coming
airflow. The boot is then deflated so the wing is returned to its optimal shape. The advantages of this deicing method are that it can
efficiently remove ice on a small aircraft, is cheaper and less complex. However, the disadvantages of the mechanical boot system is
that is needs ice buildup, because if the accumulated ice is not enough the system will not work, and this can generate dangerous
problems for the aircrafts (Xie et al. 2016; Cao et al. 2015; Stothers 2013; Kind et al. 1998). Also the boot system can increase the
drag force on the airplane, which can increase the amount of power needed to fly the airplane. In addition to that, the boot system
needs frequent costly maintenance. Another anti-icing method used nowadays includes addition of chemical spray to the aircrafts
surfaces on the ground during icy condition to prevent building ice on the surfaces. This chemical spray can stay for a long time
on the aircraft surfaces. The disadvantage of this anti-icing method that it doesn’t work after the aircrafts took off, because the
airflow will remove the sprayed fluid leaving the aircraft surfaces clean, and the liquids used can cause environmental problems.
In conclusion, all these systems are highly complicated, need a lot of onboard power and demand very careful maintenance. It
is especially difficult to accommodate all these traditional systems on smaller commercial aircrafts, for example on business jets,
where weight of additional equipment and its complexity can be a real obstacle to install these systems onboard (Xie et al. 2016;
Cao et al. 2015; Stothers 2013; Kind et al. 1998).

Significant efforts have been exerted to develop a deicing protection system that simplifies the removal of ice or slow down its
formation. The deicing protection systems use a conductive composite material as a heating element by coating the surfaces of the
aircraft body to prevent the ice layer building up using joule heating effect. Joule or resistive heating is an electro-thermal technique
that results from dissipation of electrical power generated in an electrically conductive material upon applied voltage, and it is

an effective, energy-efficient and versatile method of ice removal that is also capable of real-time deicing (Kind et al. 1998; Kim
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2015). During joule heating, a thin layer of ice near the interface between the ice and a heated surface can be melted to generate a
layer of water beneath the ice, thereby weakening ice adhesion to facilitate removal by gravity, wind, centrifugal force or inflated
pneumatic wrap. The design challenge for such a system is to develop a heating coil, foil or element that can provide consistent
heat distribution and be robust and stable. Further, an integrated heating system must be easy to replace in case of damage or
malfunction (Petrenko et al. 2011; Mao et al. 2006; Hao-Jun and Da-Wei 2010). Typically, electric heating elements have been
made of metallic materials and they have been used for plane heater, wire heater, water heater, industrial process, etc. However,
using metal-based electric heating devices in aircrafts have several drawbacks such as oxidative corrosion, high manufacturing
costs, and emission of the electromagnetic wave (Zhang et al. 2005; Giamati 1997).

One of the widely used conductive composite materials is organic/reinforcing filler composite, such as graphene/epoxy
composite. Epoxy resins as organic have high strength, good stiffness, good thermal stability, excellent heat, moisture and chemical
resistance; therefore, they are applied in the field of coatings, adhesives, casting, potting, composites, laminates and encapsulation
of semiconductor devices (Mallick 2007). Also, the use of graphene as a conductive nanofiller in the preparation of graphene/
epoxy nanocomposites has attracted the interest in the aerospace field. Graphene/epoxy composites with improved electrical
conductivity are utilized in the deicing protection systems in the aircrafts; graphene was found to be very successful in conversion
of electric energy to thermal energy in a so-called electro-thermal effect (joule heating), which allows the scientists to build new
deicing heater layer composite made of graphene nanoribbons films to be used in ice protection systems (Zhang et al. 2005;
Giamati 1997). For two decades, significant research has been carried out regarding the addition of carbon-based materials, such
as carbon nanotubes (CNTs) and carbon black, into epoxy matrices in order to enhance the electrical, mechanical and thermal
properties of the composites. Despite the achieved success of these carbon materials in improving the electrical properties of
epoxy resin, they have many drawbacks that have made them difficult to be used in many applications. For example, using carbon
nanotube in composites is still expensive because of the low productivity (Mallick 2007; Volat et al. 2005; Chu 2014), carbon black
(CB) is relatively cheap in price, compared to CNT, but an effective electrical conductivity of carbon black/polymer composites is
achieved at relatively high concentration of carbon black (Gohardani 2011). On the other hand, graphene sheets can be obtained
inexpensively by mass production, compared with CNT, and they also can endow sufficiently high electrical conductivity to
polymer composites at low concentration, compared with carbon black. Therefore, graphene nanoplatelets (GNPs) have become
an interesting candidate as nanofiller for these polymer matrices (Brittingham et al. 2014).

Graphene/epoxy composites have already shown promising results for creating electrically conductive composites. Electrical
current induces the joule heating effect, or self-heating, into nano-reinforced polymers; this heating can be used for different
applications such as deicing coatings. The scientists developed new deicing low-voltage heaters based on an ultrathin conductive
graphene nanoribbons (GNR) film, resulting in a low sheet resistance, higher thermal conductivity, and excellent heat propagation
with uniform temperature distribution (Jeong and An 2014; An and Jeong 2013). An and Jeong (2013) prepared a graphene/
epoxy composite film, obtaining excellent electric heating performance such as rapid temperature response, high electric power
efficiency, and operational stability at applied voltages. Monetta et al. (2015) prepared graphene/epoxy coating system by adding
graphene nanoflakes into a water-based epoxy resin. The result show enhancement in electrical properties of composite and
improved corrosion resistance. Raji et al. (2016) fabricated a conductive composite of graphene nanoribbons (GNR) stacks
and epoxy. The GNR-filled epoxy composite exhibits a conductivity >100 S/m at 5 wt % GNR content. Also, the scientists used
graphene or carbon nanotube to modify the carbon fiber reinforced epoxy composite to improve and enhance the electrical and
thermal conductivities, to open up the possibilities to be used as a heater to deice aircraft surfaces. Table 3 shows a review of some
researches for the enhancement of electrical conductivity of modified carbon fiber/epoxy composite using graphene nanoplates
(GNPs). As shown from the table, the electrical conductivity is enhanced and increased by 145%, when graphene nanoplates or
carbon nanotubes added to CFRPs. But the electrical conductivity of CFRPs is increased by 257% when the silver nanoparticles
are added to CFRPs; however, using silver will add more weight to the composite, and this is not preferable in aviation.

Studies found that the electrical and thermal conductivities of the epoxy resins are directly proportional to the graphene
nanofiller content. The self-heating of epoxy composites also depends on the graphene content, being the self-heating more

homogeneous for the GNP/epoxy resins due to their higher thermal conductivity. It was also confirmed that the self-heating is
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Table 3. The enhancement of electrical conductivity of modified carbon fiber/epoxy composite (CFRPs) using graphene.

Electrical
“ Matr‘IX/flber “ COnduCt“’lty [S/m] “

CFRP/GNPs CF/epoxy GNPs Li et al.
CFRP CF/epoxy _ 0.03 (2017)
CFRP CF/epoxy _ 0.07
2 CERP/GNPs CF/epoxy GNPs 0.17 Ka“(c;“(‘)rfs‘;t al.
CFRP/AgnP CF/epoxy AgnP 0.25
CFRP/GNPs CF/epoxy GNPs 7
3 Qin et al. (2015)
CERP CF/epoxy _ 2.5
4 CFRP/CN CF/epoxy CN 1.3 x 104 Bekyarova et al.
CFRP CF/epoxy _ 6 x 103 (2007)

AgnP = silver nanoparticles.

repetitive in several cycles, reaching the same temperature when the same voltage is applied. Researches also reported the effective
synergistic effects of graphene nanoplatelets and CNTs on the enhanced electrical conductivity of epoxy composites, which is
ascribed to the formation of a more efficient percolating nanoparticle network. In addition to that, the embedding of hybrids of
CNTs and graphene nanoplatelets into pristine epoxy resins showed an excellent electric heating performance in temperature
response, electric energy efficiency, and heating-cooling cyclic operation at given applied voltages, as well as better interfacial
adhesion between the carbon fillers and matrix, which leads to a significant improvement in load transfer effectiveness. The
conductive graphene composite films must be extremely tough with good adhesiveness to the heated surface, such film must be
light-weight and low cost, with physical characteristics that allow it to cover large curved surface areas (Huang et al. 2012; Safdari
and Al-Haik 2013; Kuilla et al. 2010).

There are many Patents on using conductive graphene composites as a deicing element heater in the aircrafts, scientists invented
a graphene/epoxy electrothermal film that would solve the icing problem without introducing the common drawbacks; it is safe
in working voltage, high in thermal conversion efficiency, fine in thermal conductivity, quick in response, and fine in tenacity.
For example, Li et al. (2014) and Burton et al. (2016) described configurations to provide uniform heat distribution of resistive
heaters. This configuration allows successful anti-icing and deicing with relatively low applied power. Also Karim et al. (2018)
and Lui and Hui (2016) mixed Graphene nanoplatelets with a polymer resin. The resin is then painted onto the aircraft surfaces,
providing a tight jacket around all airplane components. When ice catches on a part of the airplane, that part (or the entire plane
exterior) can be heated by running an electric current through the conductive jacket. The proposed concept of combining super-
repellency with electrothermal heating may provide a new strategy for addressing problems related to ice formation. Tour et al.
(2016) and Matsubayashi et al. (2016) invented the conductive superhydrophobic coatings for preventing or reducing ice formation
on a surface of aircraft by repulsion of water from the surface. Excellent water repellency and efficient heating ability generated
by applying the voltage through the conductive film surface have been demonstrated.

A new smart system is composed of bi-stable composite structures, which have the advantages of lightweight and multifunctional
characteristics. The actuation of a bi-stable skin can be for deicing system, where a change in the shape can detach an ice layer
on the aircraft’s surface. Bi-stable composite structures have two different kinds of stable configurations (‘State-I’ and ‘State-IT’),
as shown in Fig. 15. These structures can be changed from one stable shape to another with external actuation to induce ‘snap-
through’ between states or a change of shape in a single state, such as temperature fields, mechanical forces, piezoelectric materials
and electromagnetism. Such laminate structures are finding interest applications such as shape-changing, energy harvesting and
deicing. Bi-stable composite structures are usually manufactured from carbon fiber or glass fiber/resin matrix composites; therefore,
the mechanical properties of bi-stable composite structures are sensitive to the variations of the ambient temperature, moisture
and the loading time. When the bi-stable structures are subjected to a temperature gradient field, then it is possible to snap to

another stable configuration (Zhang et al. 2014; 2018c¢). Zhang et al. (2017b) investigated anti-icing and deicing protection systems
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that include bi-stable composite structures with superhydrophobic surface and electrothermal patch, as shown in Fig. 16. The
superhydrophobic surface reduces the adhesion of the ice to the aircraft skin. The electrothermal patch provides actuating force
for a bi-stable composite to change its shape and transfer the thermal energy. The results show that the system performances are
efficient in anti-icing and deicing systems when working at very low temperature. The ice on the surface of structures is melted
completely by heating the bi-stable structures. It is found that no water is left on the aircraft’s surface after the snap-through
process of the bi-stable structure.

On the other hand, scientists prepared functionally graded materials (FGMs) that have excellently mechanical properties and
environmental resistance. FGMs are designed with changing properties over the volume of the bulk material. FGMs are manufactured
with varying properties that include changing of chemical properties, mechanical, magnetic, thermal, and electrical properties.
The variation of properties in FGMs can reduce the thermal stresses, residual stresses, and stress concentrations found in the
composites. A FGM’s gradation in material properties leads the designers to tailor material response to satisfy the design needs.
By varying the volume fraction of the carbon fiber in the carbon fiber epoxy composite, functionally graded material laminated
shell is obtained, which can be utilized in the aircraft applications such as deicing process, where the required electrical and
thermal conductivities needed for efficient deicing can be obtained. The material properties of this kind of FGM shell continuously
change with the material components along the thickness direction. Recently, researchers used aligned carbon nanotube web to
build a deicing system for aircrafts surfaces (Zhang et al. 2018a; Liew et al. 2015). Carbon nanotube (CNT) web is a horizontally
oriented continuous film obtained by drawing CNT forests with controlled diameter and length, produced by chemical vapour

deposition (CVD). CNT webs have high electrical conductivity in the drawing direction, hence, the electrical resistance of CNT
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Figure 15. Two different kinds of stable configurations for bi-stable laminate structures (Zhang et al. 2018b).

Superhydrophobic

Bi-stable laminate surface

composite structures

—

Soft electrothermal
patch

Figure 16. Schematic diagram of the anti-icing/deicing system (Zhang et al. 2017b).
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web laminate can be easily changed by varying the number of layers. Therefore, CNT web was utilized as an electro-thermal
heating element for anti-icing and deicing of composite structures. Highly aligned CNT-web-heater has negligible weight, quick
and uniform heating, economical energy consumption, is compatible with CFR, and can be tuned both in terms of shape and
performance to suit any surface and power requirement to achieve rapid deicing (Yao et al. 2018, Molnar et al. 2014). Yao et al.
(2018) investigated improved anti-icing and deicing systems made of highly aligned carbon nanotube webs. The results show
that the carbon fiber laminate with layers of CNT web reached both anti-icing and deicing successfully. Each anti-icing/deicing
performance is verified. For deicing, with a constant power supply, the laminate that has 40 layers of CNT webs can remove the

accumulated ice within 15 seconds.

FUTURE TRENDS OF CONDUCTIVE COMPOSITE TECHNOLOGY IN AVIATION

The goal for the future conductive composite materials is to present a mix of innovative near-term practical applications for
aviation, as well as ideas to inspire novel solutions to present and future challenges in aircrafts design. Conductive composite
materials will, within ten years, replace the metal meshes (such as copper mesh) currently used in lightning protection systems
in aircrafts because they can reduce the aircraft weight and carry the lightning currents effectively. Furthermore, conductive
composite materials can be investigated as a method to provide electrothermal anti-icing/deicing composite to the new generation
of aircrafts, and it can replace metal-based electric heating devices which have several drawbacks such as oxidative corrosion, high
manufacturing costs, heavyweight and emission of an electromagnetic wave. Improving the aircraft performance and reducing the
airframe weight can be achieved with new conductive composite materials because such materials combine very useful mechanical,
thermal, electrical and physical properties. Carbon nanotubes and/or graphene may eventually replace carbon fibers in composites
for future aircraft and other challenging applications; therefore future airframes will include multifunctional structure (Zhao
et al. 2011, Ely and Ketcham 1950).

The addition of graphene to change one of the fundamental characteristics of the base resin could lead to a whole new generation
of graphene enhanced composite materials. The performance of the carbon fiber heater matched that of a similar laminate made
with a metallic heating filament for icing protection applications. Also, the performance of the carbon fiber heater can be improved
by adding graphene to the composite, since it has excellent thermal and electrical properties that can enhance the thermal and

electrical conductivities of carbon fiber reinforced epoxy composite (Barbier et al. 1988).

CONCLUSION

Conductive composites include any composite having significant electrical or thermal conductivity, being the electrical
conductivity of a composite generally characterized by its dependence on filler volume fraction, as the filler amount in the
composite is increased, the fillers particles begin to contact each other, and a continuous path is formed through the volume of the
sample for electrons to travel. Conductive composite materials have been used also to improve thermal management systems for
transferring heat in the aerospace vehicles. The required enhancements include increased thermal conductivity, increased surface
area, reduced weight/volume, as well as operability in harsh environments, such as durability under high flow rates, vibrations,
stress, elevated temperatures, and oxidative environments.

Conductive polymer composites offer more reliable electrical conductivity and better mechanical properties than intrinsic
conductive polymeric materials. This is significant, especially because good mechanical properties are important to replace the
metallic parts. Polymer conductive composites are functional composites made by adding conductive fillers to polymers using a
specified processing method, yielding steady and sustained electrical conductivity. Conductive composite materials are used to
develop surfaces used in aircraft skins to solve some problems in the aviation such as lightning strike and icing that can affect the

performance and operation of the aircraft. For two decades, significant research has been carried out regarding the addition of
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carbon nanotubes (CNTs) into epoxy matrices in order to enhance the electrical, mechanical and thermal properties. Recently,

graphene nanoplatelets (GNPs) have become an interesting candidate as nanofiller for these polymer matrices.
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