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Introduction

Space is known as a very aggressive and hostile environment and its effects on
spacecrafts can compromise the success of the entire mission. During last decades,
the degradative effects on the spacecraft materials were studied and carefully
measured in order to find solutions to protect or isolate the spacecraft components
from the operating environment without however compromising its operation.

A few types of space weather impacts on spacecrafts have been detected and the
main ones are for example: space-plasma that causes surface charging on the
structures with consequently biasing of instrument and physical damages;
microparticles and space debris which can cause abrasions on surfaces and
structural damages; UV radiation, galactic cosmic rays and solar particle events
that lead to a thermal, electrical, optical and structural integrity degradation of
materials and many damages in the electronic components; large gradients of
temperature when, for example, space vehicles are illuminated or not by sunlight
lead to a degradation of polymeric materials as well as the presence of atomic
oxygen, especially in LEO orbit, that corrodes the exposed polymeric material
surfaces [1-4].

It is therefore necessary to provide and find solution to protect and properly
isolate the spacecraft components from the external space environment.
Multifunctional coatings could play a key-role in protecting and safeguarding the
various spacecraft components, of different nature, from the surrounding
environment.

For example, one of the major technical challenges in telecommunication

satellites is to maintain different equipment working in different bands
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uncontaminated by neighboring antennas, feeds, and thermal hardware such as
multi-layer insulation (MLI). It is a known [5, 6] fact that MLI causes unwanted
interference and even passive intermodulation products problems due to its high
radio frequency reflectivity (RF) in the specular direction. Usually, in the RF
design of antenna payloads, this is accounted for by representing the MLI as a
perfectly flat conducting ground plane (this is the standard practice in the
industry). In reality, the MLI is not a perfectly flat surface and in some cases the
outer layer is perforated to allow for venting of the MLI during ascent. The
perforation pattern works as a frequency selective surface and it may be the cause
of passive intermodulation products. In such cases, this is avoided by having the
outer layer unperforated, and therefore venting has to be achieved in another
location. In addition to this unwanted effect in the antenna performance, thermal
blankets may also originate passive intermodulation products. Passive
intermodulation products are caused as the ML is illuminated by several antennas
that may be even operating in multiple bands and with high power.

The nonlinear nature of the MLI details, such as its shape, finishing details,
grounding hardware and perforation patterns, as well as the nonlinear response of
metallic contact points, contribute to passive intermodulation products. This
continues to be a significant risk for advanced communication satellites: the
measurements made at ESA High Power RF Laboratory in Valencia in 2010 for
Alphasat mission showed that little or nothing can be done in terms of design and
manufacturing methods to reduce the MLI RF reflectivity. For these reasons, ESA
has recently funded research projects (Artes 5.1 and 5.2) to find a solution for this

problem. One of the most promising concepts is the use of frequency selective
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surfaces as layers of the MLI [7]. This is accomplished by using nanostructured
carbon-based films on membranes, which can also improve the protection of the
payload by the MLI (and in general by flexible membranes) with respect to space
radiations and impact events.

Nowadays, technological developments, in the field of ultralight structures, have
provided new possibilities for obtaining answers to the need for large-scale
structures in low-cost and low-weight space, alternatives to traditional deployment
systems, by developing for example Gossamer structures. Recently, NASA-LaRC
developed, with a view to Gossamer deployment, novel polyimide films
reinforced with a small amount of SWNTSs to enhance its electrical conductivity
with the aim to mitigate electrostatic charge build-up on the polymeric films in-
orbit [8].

Multifunctional films containing carbon nanoparticles are currently investigated
also to create sensors for monitoring the radiation absorbed by astronauts during
extra vehicular activities (EVA) [9-11] or as new and advanced grounding
systems to mitigate plasma-induced spacecrafts charging [12].

In addition, these films could be useful in interplanetary missions in which solar
sail thrust propulsion can be enhanced using carbon nanotubes (CNTS) as
photonic materials in the back side of the polymer membrane [11, 13]. Further
novel space-based applications of carbon-based multifunctional films are future
membrane reflector spacecraft. These ones are a promising key technology to
deliver cost-effective space-based applications such as communication antennae,

optical telescopes and solar energy collectors.
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The main objectives of my Ph.D. research are to design and realize carbon-based
nanocomposite coatings with tailored multifunctional properties for spacecraft
components. The research was focused on the development and design of
nanocomposite films containing carbon nanoparticles, namely carbon nanotubes
and graphene nanoplatelets, which have unique multifunctional properties, with
the aim, on one side, to protect and safeguard the various spacecraft components
from the surrounding hostile space environment, especially from ultraviolet UV-C
radiation and electrically charged particles coming from space-plasma, and on the
other side to increase the heat transfer coefficients, thanks to the application of
efficient nanocomposite coatings, improving so the energy efficiency of heat
exchangers widely used in the aerospace field to control, for example, the
temperature of on-board electronic components.

The development of polymeric nanocomposites films with tailored excellent and
multifunctional mechanical, electrical, thermal and hydrophobic properties
depends on the properties and geometrical features of the nanofillers, CNTs or
graphene, their grade of dispersion within the polymeric matrix as nano-
reinforcements, their interaction with the polymeric matrix and the alignment of
the nanofillers in the matrix [14, 15] as well as the fabrication process of films.
For these reasons, the definition of the carbon nanoparticles and their
concentration in the polymer matrix, in order to optimize the multifunctional
properties of the film, was an important preliminary step of my PhD research. The
selection of the carbon nanotubes (SWCNTs and MWCNTSs), graphene

nanoplatelets or a hybrid of both, in terms of functionalization and structure, was
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established in order to find an optimal balance among all the required
multifunctional properties, and the fabrication aspects.

After that, the selected carbon nanoparticles were added to different types of
aerospace-grade polymer matrices at several concentrations. Nanocomposite films
will be fabricated on different types of substrates like Mylar sheets, carbon-fibers
reinforced polymer (CFRP) composite laminates or metal substrates that are
widely used in spacecraft sub-systems.

An important step was, also, the optimization of the nanoparticles dispersion in
the polymer matrices since the performance of final nanocomposite films is
strictly related to this aspect. In fact, the most common problem encountered in
reinforcing a polymer matrix by carbon nanoparticles is to obtain a homogeneous
dispersion avoiding agglomerate structures that can act as localized defect points.
What makes nanoparticle dispersion extremely difficult is their large specific
surface area and large aspect ratio. In addition, for carbon nanoparticles their
mutual attraction due to van der Waals forces drives their aggregation into
clusters, even after using mechanical disentanglement processes during
fabrication. In order to overcome these problems, different approaches and
dispersion technique have been developed.

Different deposition processes of the fabricated nanocomposite films were
investigated with the aim to study the effects of the different process parameters
on the multifunctional properties of the film. In this context, also different
deposition techniques were studied, investigated and optimizated for the
fabrication of multifunctional films on a large scale for potential uses in real space

applications.
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In particular, my PhD research can be subdivided in 5 main research activities:

1. Analysis of UV-C effects on the surface properties of epoxy/graphene

nanocomposite films on Mylar substrate

During space missions, aerospace components are continuously exposed to
radiations, which can degrade their optical, electrical, thermal and structural
performance or permanently damage them. In particular, polymer-based materials
in space exhibit larger degradation effects due to the combination of energetic UV
radiations, vacuum, atomic oxygen, as well as large temperature gradients, which
degrade their multifunctional properties. The possibility to deposit carbon-based
nanocomposite coatings on polymer-based membranes is currently investigated
with the aim to protect the surfaces, by exploiting the excellent properties of
carbon nanomaterials, by space environmental exposure, including UV radiations.

The main objective of this work is to investigate the effects of space-abundant
UV-C radiation on carbon-based nanocomposite films deposited on flexible Mylar
substrates. The choice of Mylar, which is already widely used in spacecraft sub-
systems (e.g. MLI for satellites, electrostatic shells for equipment, Gossamer
structures), will allow to directly test applications of the carbon nanocomposite
flexible membrane in spacecraft vehicles.

For this study, we fabricated nanocomposite films with different types of
graphene nanoparticles embedded in epoxy resin by spin-coating process
following our previous investigations [16]. Finally, the effects of UV-C exposure

on the different types of nanocomposite film samples were investigated in terms
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of surface electrical properties and surface hydrophobicity/hydrophilicity, which

IS a relevant parameter to assess the level of moisture absorption by the films.

2. Spray coating process of MWCNT/epoxy nanocomposite films for aerospace

applications: effects of process parameters on surface electrical properties

Nanocomposite coatings on flexible membranes possess many interesting
properties useful in aerospace applications, such as thermal blankets and charging
mitigation layers. However, their fabrication is not trivial and the overall
performance is strongly dependent on the manufacturing process, since it
influences the filler distribution and so the homogeneity of the coated film. The
main objective of this research is to study the spray coating deposition process
and to investigate the role of its working parameters in setting the morphology
and the electrical performance of MWCNT-based nanocomposite films.

It was chosen a flexible Mylar membrane as substrate for the nanocomposites
because, as above-mentioned, it is largely used in many spacecraft subsystems
[17-19] (Gossamer structures, MLI etc.). In particular the fabrication of uniformly
electrically-conductive coatings on Mylar substrate can allow the mitigation of
electromagnetic interferences [20] and charging [21], that are problems related to
the dielectric nature of MLI, including Mylar, which are a serious risk for the
spacecraft operation and integrity. In this context, exploiting the well-known
electromagnetic absorption and electrical conductive properties of CNT-based
material [22], MWCNT-based nanocomposite films were fabricated on Mylar

membrane, with the possibility to be easily integrated with MLIs.
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The air spraying was investigated, so, in order to fabricate multifunctional
coatings on a large scale for potential uses in real space applications and to
understand how the different parameters influence the range and quality of the
deposited nanocomposite coatings. Finally, the morphological and electrical
properties of the deposited nanocomposite films on Mylar substrate are

investigated in relation to the spraying process parameters.

3. Design of nanocomposite coatings by bar-coating process on CFRP

structures for electrostatic charging mitigation for spacecraft

In this study, the effects of UV-C radiations, high humidity level and thermal
gradients were investigated on the electrical properties of carbon nanofillers
(CNT, GNP) /epoxy resin coatings realized on carbon fiber/epoxy resin composite
laminate (CFRP) substrates, which are typically used in the aeronautical and space
fields. In particular, the fabrication of uniformly electrically-conductive coatings
can allow the mitigation of ESC buid-up and/or provide paths with low DC-
electrical resistance to units positioned on structures that could be not or partially
conductive with the aim to realize new and innovative advanced grounding
systems to mitigate plasma-induced spacecrafts charging. Typically, in
telecommunication satellites are used metallic ground plane or aluminum
grounding rails on CFRP to provide a common electrical grounding to all
conductive components to minimize potential differences between them [23]. The
drawback is that they are heavy and bulky, not meeting so the needs of mass,

volume and energy saving. In this context carbon-based nanocomposite films

17



fabricated on CFRP represent a tempting solution, because of the well-known
electrical conductive properties of carbon-based materials, to provide high
electrically-conducive paths with weight saving [12, 23].

In this work, nanocomposite films, with different concentrations, different types
of carbon nanoparticles and also with hybrid network of CNTs and GnPs, were
fabricated on CFRP by bar coating process. Thermo-analysis will be performed to
evaluate the effects of carbon nanofillers (CNT, GNP) on thermal properties of
final nanocomposites. The addition of nanofillers to a polymer matrix greatly
affects the polymerization phase in terms of Kkinetics and glass transition
temperature, so this aspect must be studied. As the polymerization grade is strictly
related to the stiffness of the polymer, thermo-analysis have helped to set the
process parameters. The coatings were irradiated at given UV-C dose, subjected to
humidity and thermal cycles and electrical surface and volume conductivities

were performed on untreated and irradiated/aged samples.

4. Direct effects of UV irradiation on the developed graphene-based
nanocomposite coating sensors revealed by electrical resistance tomography

(ERT)

In this research activity, it was investigated and exploited the electrical
resistance tomography (ERT) technique to identify the damaging effects of UV-C
radiation on fabricated graphene nanoplatelets (GnPs)/ deoxyribonucleic acid
component in a poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (DNA-

PEDOT:PSS) nanocomposite coatings applied on carbon fiber/epoxy (CFRP)
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laminates, which are composite structures that are typically used in the aerospace
field. The DNA-functionalized GNPs were chosen for their sensitivity to UV
radiation, and the PEDOT:PSS matrix was selected to enhance the electrical
conductivity of the overall nanocomposite.

It was fabricated a 16-electrode scheme, as required by ERT technique, and it
was applied along the edges of the nanocomposite sensor coatings. The maps of
electrical conductivity changes, after UV-C irradiation on nanocomposite sensors,
were reconstructed (ERT analysis and image reconstruction) through the code
developed using open-source MATLAB-based software suite Electrical
Impedance Tomography and Diffuse Optical Tomography Reconstruction
Software (EIDORS).

This is the first report of the application of the ERT technique to the detection of
surface conductivity changes induced by UV exposure. This technique in
combination with the UV-sensitive coatings containing DNA-functionalized
graphene can provide a health monitoring method for composite materials and

structures that are exposed to damaging levels of UV radiation.

5. Hydrophobic multi-layered graphene-based nanocomposite films spray-
coated on textured aluminum substrate with high thermal conductivity to

improve the efficiency of thermal power generation

The main objective of this work is to fabricate promising hydrophobic graphene-

based nanocomposite films on aluminum substrate with high thermal conductivity

and evaluate the effects of thermal annealing on its surface hydrophobicity and
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thermal properties that are relevant parameters to improving the efficiency of
thermal power generation. Aluminum was chosen as substrate for the
nanocomposite films as it is a metal largely used in several industrial sectors, as
well as the aerospace one, especially in the heat exchangers [24]. The long-term
vision is to develop solutions related to the use of water for a significant
improvement in terms of efficiency of thermal energy generation and water
collection for its possible re-use. The main purpose is to achieve thermal
performance of the unit increased over time, resulting in an ideal design of heat
exchangers, used for example in the aerospace sector to control the temperature of
on-board electronic components, thanks to the application of efficient
nanocomposite coatings. It’s well-known, in fact, that dropwise condensation
(DWC) as opposed to filmwise (FWC) condensation can lead to much higher heat
transfer coefficients [25-28], improving so the energy efficiency in a large variety of
engineering applications. The main idea of this research, so, is to fabricate
hydrophobic and, in the same time, thermal conductive nanocomposite coatings
applied on aluminum substrate that can reduce the filmwise condensation
encouraging the dropwise one.

For this study, we fabricated multi-layered nanocomposite films deposited on
aluminum substrates, with graphene nanoplatelets embedded in polyvinylidene
fluoride (PVDF) thermoplastic polymer - N,N-Dimethylacetamid (DMAC) solvent
solution, by spray-coating process. We performed, at last, thermal annealing
treatment on all nanocomposite coatings fabricated and we investigated the effect
of it on morphology, surface texture properties, hydrophobicity and thermal

properties of graphene-based nanocomposite films on aluminum substrate.
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1.1Carbon-based nanocomposite materials

Nanotechnology is a rapidly evolving field of research based on the control and
manipulation of matter on a nanometric scale and on the design and construction
of devices on this scale [1, 2]. It is applicable in several research fields, from
engineering to chemistry, from biology to medicine and from physics to materials
science. In particular, the polymeric materials in which nanometric inorganic
particles with at least a size of 10-100 A (1 A = 0.1 nm) are typically dispersed,
are called polymeric nanocomposites which can potentially have multifunctional
superior properties to those of the neat polymeric matrix [3-6]. Their excellent
multifunctional properties are attributed to the fact that when the size of the
reinforcements is on the order of nanometers, the percentage of surface atoms
with respect to the total number of atoms becomes more significant and so the
interfacial region, which represents the zone of "communication” between matrix
and nano-reinforcement, increases considerably; this phenomenon is called ‘nano-
effect’ and the resulting material is a nanocomposite [7]. It consists of an ultra-
fine dispersion in which the contact area between the matrix and the nanofiller is
enormous, and so very small quantities of nanofillers are needed to obtain
significant increases in the polymer performance, further minimizing undesired
effects such as the increase in density, the decreased workability and alteration of
impact resistance properties. For example, to guarantee comparable reinforcement
performance, 5-6 wt.% of nanofiller is sufficient, respect to the, typically used,
higher percentages of ~20 wt.% for a classic filler. Over the years, materials with
high Young modulus, heat resistance, high electrical and thermal conductivity,

increased gas impermeability, flame resistance and increased biodegradability of
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polymers have been obtained. Nanocomposites have attracted significant attention
as multifunctional materials with given thermal, electrical, optical properties, that
can bring relevant progress in a wide range of technological applications, from
aerospace to chemical industry.

One of the most widely studied classes of nanofillers is that of carbon
nanoparticles (CNP): this class includes carbon nanotubes (CNT), carbon
nanofibers (CNF) and graphene. In particular, carbonaceous nanofillers such as
carbon nanotubes (CNTSs) and graphene have a very promising role due to their
excellent structural and multifunctional properties such as high proportion, high
mechanical strength and high electrical and thermal properties [8-11].

In this PhD research, | focused on nanocomposites in which different types of
CNT and graphene nanofillers are dispersed in the polymer matrix. The
development of polymeric nanocomposites with tailored excellent and
multifunctional properties depends on the properties and geometrical features of
the nanofillers, CNTs or graphene, their grade of dispersion within the polymeric
matrix as nano-reinforcements, their interaction with the polymeric matrix and the

alignment of the nanofillers in the matrix [12-15].

1.1.1 Carbon nanotube (CNT)

Carbon nanotubes were discovered in 1991 by Japanese researcher Sumio lijima,
who observed their presence among the secondary products of fullerene
production, and can be seen as one of the allotropic forms of carbon [16]. It is
possible to classify the carbon nanotubes into two large families: single-walled

nanotubes (SWNTs) and multi-walled nanotubes (multi-walled nanotubes,
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MWNTSs). An ideal SWNT is described as a carbon tube formed by a layer of
graphite rolled up on itself to form a cylinder, closed at both ends by two
hemispherical caps. The body of the nanotube is formed only by hexagons, while
the end structures are composed by hexagons and pentagons, like the normal
fullerenes. The very high ratio between length and diameter of SWNTSs allows
them to be considered as one-dimensional nanostructures. The MWNTSs are
nanotubes formed by several concentric SWNTSs, and for that reason they are
called multiple-walled nanotubes; there are often bonds between the various walls
(lip-lip interaction) that stabilize the growth of the nanotube itself.

Carbon nanotubes possess higher mechanical and functional characteristics [17],
associated with a specific weight much lower than that of most metals. To break a
defect-free nanotube it is necessary to break all the strong carbon-carbon covalent
bonds in it, so that it results in a very high mechanical strength. It has been
calculated that the theoretical Young modulus of a nanotube can reach up to 1 TPa
[18, 19], and its tensile strength should be around 150 GPa (100 times greater than
that of steel, but compared to a weight 6 times lower) [19]. The nanotubes are not
only resistant to breakage by traction, but they are also very flexible [18], and can
be bent up to about 90° without breaking or being damaged. The extreme
resistance, combined with flexibility, makes these materials ideal for use as
reinforcement  in  polymeric  matrices, producing  high-performance
nanocomposites [14, 15]. The use of nanotubes in fiber production can lead to the
creation of much stronger composites than current ones based on traditional

carbon fibers.
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Regarding their higher electrical properties [20, 21], carbon nanotubes can
behave both as conductors and as semiconductors depending on the way they are
built. This feature is very important for applications in the electronics field: they
could replace the traditional conductors and semiconductors in the microchips [22,
23].

Finally, due to their tubular shape, the nanotubes show strong capillary
properties, and their large surface/weight ratio makes them theoretically ideal for

the absorption of gases [24, 25].

1.1.2 Graphene

The graphene [8] is a material consisting of a single layer of sp? hybridized
carbon atoms (that is, it has a thickness equivalent to the size of a single atom),
bound by strong bonds ¢ and arranged so as to form hexagons with angles of
120°, with a distance between atoms equal to ~0.2 nm. The properties of graphene
are mainly determined by its structural conformation, in particular by two unique
characteristics that influence its properties and make it an extraordinary material.
The first is structural perfection: it consists solely of carbon atoms joined together
by strong and at the same time flexible bonds, which form a practically perfect
crystalline structure, completely free of defects. The second peculiarity is that the
electrons behave like massless particles, like photons, with very high electron
mobility (u), equal to 15000 cm? V "'s - at room temperature. This makes this
nanomaterial unique and suitable for many innovative applications. With a
Young's modulus of 1 TPa and a breaking load of 130 GPa (smilar to that one of

carbon nanotubes), graphene is one of the strongest and most resistant materials
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ever tested [26, 27]. For example, if compared to steel, graphene is 100 times
stronger.

The thermal conductivity of graphene is very high and equal to 5000 W/m-K
[28, 29], much higher than traditional materials such as copper equal to 401
W/m-K.

The electrical properties constitute one of the most studied aspect of the
graphene. Given the extreme speed of the electrons, the electrical conductivity is
very high, with a value of ~6000 S/cm [30]. The absence of a band-gap in
graphene justifies the behavior of this as a metallic material. This is true as long as
the graphene layer is in the order of a few microns or hundreds of nanometers. In
fact, it is possible to have a different band-gap if the size of the graphene is
reduced in sheets with a width of 1-2 nm, thus obtaining semiconductive graphene
with potential applications in microelectronics [31].

The theoretical surface area of graphene is very high equal to 2630 m?/g, while
the experimental values found by BET analysis are in the range between 270 and
1550 m?/g, and so it is impermeable to standard gases including helium [32] and is

able to absorb and desorb on its surface different atoms and molecules [33].

1.2 Nanocomposite films

The deposition of nanocomposite films is the process that allows the application
on a surface of layers of materials, with thickness that varies between fractions of
nanometers to a few microns. Nanometric engineering of surfaces and layers helps
to obtain, with the modification of the surface of the substrate, materials with

particular surface properties and functionalities.
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It is possible to obtain nanocomposite surfaces resistant to abrasion, corrosion,
with high hydrophobic or hydrophilic properties, surfaces with anti-reflective and
antiscratch properties and nanocoated surfaces with specific electrical and thermal
properties. The development of nanocomposite coatings needed to define

deposition techniques suitable for the production of coatings.

1.2.1 Deposition processes of nanocomposite films
The deposition techniques studied and investigated in this PhD research are:

Spin-Coating, Drop casting, Spray-Coating and Bar-Coating processes.

1.2.1.1 Spin Coating

Spin-Coating (Fig.1) is a process used to apply a homogeneous and uniform

film on a solid and flat substrate [34]. During this process, a defined quantity of a

A Nano-reinforced
fluid

< A
Disk )
Mylar substrate

Fig. 1. Schematic of spin-coating process for the fabrication of nano-reinforced
thin composite films [35]
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dilute solution (for example, within that research thesis, a nanocomposite blend) is
deposited on the substrate, which is subsequently put into rapid rotation by a
rotating disk in order to spread the fluid on the substrate to effect of centrifugal
force. The solvents used are usually very volatile, so the film thins out during the
process also due to the evaporation of the solvent. The rotation is stopped as soon
as the desired thickness is reached. The spin-coating technique is used, as
mentioned above, to prepare homogeneous and uniform polymeric films and the
unique limit is represented by the fact that it’s possible to obtain smaller coatings
in terms of covered area on substrate. Many studies have been carried out
concerning the effects of spin-coating on the properties of polymeric films based
on carbon nanotubes and graphene.

| previously investigated [35], for example, the effects of spin-coating
parameters on the final nanocomposite film thicknesses obtained by considering
the rheological nature of MWCNTSs/xGnPs-based nanocomposite blends prepared.
The experimental results were in good agreement with the developed analytical
model for the final film thickness and in particular, from a rotational speed of
3000 rpm for the rotating disk it’s possible to obtain films with uniform thickness.
Schmidt et al. [36] studied the possibility to fabricate MWCNTSs-based
nanocomposite films obtained by spic-coating process to replace indium tin oxide
(ITO) thin-film. The blend was prepared by using a low volatility solvent, a
thermoplastic polymer matrix and multi-walled carbon nanotubes: the obtained
nanocomposite films show good electrical behavior and optical transparency for
very low concentrations of multi-walled carbon nanotubes exploiting the

geometrical nature of those nanofillers and its high aspect ratio.
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1.2.1.2 Drop Casting

Drop Casting is a very simple process and it consists in casting a homogeneous
nanocomposite blend by dropping it on a target substrate. During this process, a
defined quantity of a well-dispersed solution is deposited on the substrate by using
a syringe or pipette, subsequently, after the evaporation of the solvents used in the
mixture, at the end of curing process in oven or in air for a given time and
temperature depending on thermal properties of the solution, the final film is
obtained. In that case the final film thickness can be regulated by the quantity of

casted solution and by the dimension of the substrate.

1.2.1.3 Spray-Coating

The spray coating process [37, 38] (Fig.2) consists in applying an external
pressure which permits the exit of the (nanocomposite) solution through the exit
nozzle of an aerograph. During this deposition process, a defined quantity of a
dilute nanocomposite ink is sprayed on the substrate at fixed spraying distance
and time. Many solvents can be used and, in connection with this, the temperature
of the substrate is selected to allow the evaporation of the solvent. From the
depositions of numerous small droplets on the target substrate the final film is
formed. In this way, it’s possible also to deposit a different number of layers of
solution on the substrate and to control the quality of the final films and its
thicknesses by varying the feeding rate, the applied pressure, the spraying
distance, the spraying time, the direction of the spraying, the nozzle diameter of
the aerograph as well as the composition and so the viscosity of the sprayed

mixture.

33



The spray-coating technique, as opposed to the spin-coating one, allows to
fabricate larger polymeric coatings in terms of covered area on planar and not

substrates, becoming an attractive method for large scale production of coatings.

Nanocomposite

blend
}
Mylar
Spray gun substrate

Fig. 2. Schematic of spin-coating process for the fabrication of nano-reinforced

thin composite films [37]

1.2.2 Bar-Coating

Bar coating process [39] consists in a first step of drop casting in which a fixed
amount of nanocomposite mixture is dropped in different spots in orderly
sequence on the top of the substrate and subsequently, by using a wire bar coater,
the casted solution is spread on the substrate in a constant direction. At the end of
curing process the final film is obtained, with a thickness controlled by the area of
groove between the coils of wire. In this PhD research, bar-coating technique was
used to fabricate larger polymeric coatings due to the high viscosity nature of the
aerospace-grade structural adhesives used as matrices becoming an attractive

method for industrial production of coatings.
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1.3 Nanocomposite coatings in the aerospace sector

It’s well known that the hostile space environment causes larger degradation
effects on polymer-based material used on the exterior of the spacecrafts due to
the combination of ultraviolet UV radiations, vacuum, atomic oxygen, plasma,
surface charging, charged particle radiation, orbital debris as well as large
temperature gradients, which can compromise the success of the entire mission
[40-43]. Depending on the specific characteristics of the mission including the
duration, the operational altitude and inclination, the orbital parameters as well as
the solar cycle and the view angle of spacecraft surfaces to the sun, the magnitude
of space weather impacts on spacecraft components vary greatly and in particular,
the choice of the various materials has to be taken into account for spacecraft
construction to guarantee a longer operability [43]. Fig.3 summarizes pictorially
many space hazards that must be considered during space mission design to
guarantee the correct operability of the spacecraft.

Radiation and neutral O-atoms damage, for example, can lead to surface erosion
of the spacecraft, causing deterioration of thermal/electrical/optical properties,
degradation of the structural integrity and decreasing of power output of the solar
arrays as well. In particular, it’s well-known that the UV-C radiation damages
polymer-based materials by breaking polymer chains causing degradation in
material properties. In the Low Earth Orbit (LEO) environment, in which the
International Space Station (ISS) and most communication satellites are located,
approximately the 0.8% of the solar irradiance value is in the UV-C region, in

particular 1.30 mW/cm? at the wavelength of 254 nm [44].
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Fig. 3. Hazards and risks from the space environment (Source: European
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UV radiation, also, under high vacuum can also generate oxygen holes in oxides,
leading to color changes.

In LEO orbit, also, the solar UV ionizes the ambient neutrals producing so
energetic plasma, with a peak density at about 300 km of distance where the
photoionization is the most relevant mechanism. Space plasma can charge the
spacecraft to high and different electrical potentials due to the different electrical
conductivity nature of the various elements of spacecraft, which can lead to arc
discharcing that can damage permanently the spacecraft subsystem and interfere

with electronic components, as well as dielectric breakdown. NASA identified
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different guidelines to control and minimize plasma-induced spacecraft charging,
including grounding all conductive and partially conductive elements of
spacecraft to a common ground or making the exterior spacecraft surfaces
partially conductive in order to minimize potential differences and so the charging
[43].

It is evident, so, that it’s necessary to find solutions to protect or isolate the
spacecraft components from the operating environment without however
compromising its operation. In particular, multifunctional coatings, to be applied
to the traditional spacecraft materials, are taken into account of carrying out this
function. Such coatings must respect some requirements: for example they have to
guarantee specific mechanical, electrical or thermal performance, the adhesion
between coating and substrate has to be strong to be resistant to the stresses that
act on the overall assembly. Poor adhesion, in fact, can lead to peeling off and
breakup of the coatings [45]. Moreover, the coating must ensure high properties of
flexibility, since it must be able to accommodate any bending of the base without
damaging itself and must not present too high dimensional variations.

The development of carbon-based multifunctional films on polymer membranes,
which combine mechanical flexibility with given thermal, electrical, optical and
electromagnetic characteristics, is a promising approach that can bring relevant
progress in aerospace missions and accomplishment of many space projects that
could strongly imprint human life and vision.

For example, one of the major technical challenges in telecommunication
satellites is to reduce many problems due to electromagnetic interference (EMI)

by developing innovative systems for electromagnetic shielding (EM). The choice
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of the most appropriate material for electromagnetic shielding is based on several
factors which include: the degree of shielding required (measured in dB), physical
aspects (for example the material can be exposed to high shear or compression
forces), environmental factors, and possibly resistance to high temperatures and
corrosion. In particular, traditional metals, due to their high electrical
conductivity, are ideal candidates as materials for EM-RF (radio frequency)
shielding [46]. However, since they present limits due to their high density and the
possibility of corroding in aggressive environments and also they tend to wear and
tear, other types of material suitable for EMI shielding are being considered. In
particular, carbon-based polymer films (namely with CNT and graphene), due to
their low weight, corrosion resistance and the excellent electrical and thermal
properties, with nanoparticles dispersed in precise concentrations inside the
insulating matrix, which induce the absorption of power of the radiation and its
dissipation within the nanocomposite, while reducing the total reflection of the
wave on the surface, could represent ideal candidates for shielding applications
(EMI) [47-49]. Yan et al. [50] for example, fabricated porous graphene-
polystirene composites with an average EMI shielding efficiency (SE) of around
29 dB with potential spacecraft applications. Li et al. [51] obtained higher values,
higher of 20 dB, of EMI shielding efficiency by introducing SWNTs in different
polymer matrices.

The space environment, as mentioned above, is very critical: in particular, due to
the extreme temperatures to which the structures of space systems are subjected,
appropriate insulation systems and thermal protection are required. The heat

sources to which a satellite in orbit around the earth is subjected are mainly four:

38



solar thermal radiation and its reflection by the earth's atmosphere (albedo), the
infrared radiation emitted by the earth and the internal dissipation of the various
electronic components. The function of the thermal control systems is essentially
to maintain the temperature of all the structural, mechanical and electronic
components within specific limits during the whole operating life of the
spacecraft. In the aerospace field, passive thermal control systems are of great
importance in order to comply with the constraints imposed by requirements of
weight and bulk as much as possible. In the following, reference will be made in
particular to the multi-layer insulation blankets (MLI), for the isolation of
sensitive components, which make it possible to optimize the ratios between the
flow of heat absorbed, radiated and transmitted in thermal control systems of
satellites and vehicles in space. The MLI are made up of a certain number of
layers of plastic material, usually a layer of Kapton for the external covering and
Mylar for the inner sheets, coated with aluminum on one or both sides and
separated by networks of grocers, generally of Dracon, which allow to minimize
the heat transmitted by conduction between the layers. However, due to their high
reflectivity, traditional MLI blankets tend to generate passive intermodulation
products (PIM) and mutual coupling effects between the antennas present on
communication satellites and on all space planes in general. In this regard, to try
to reduce these problems as much as possible, innumerable studies have been
conducted on the possibility of making MLI blankets with a low RF reflectivity
index by inserting a thin layer of carbon nanoparticle-based composite (CNT),
having a high absorbance, inside them. In particular, Costa et al. [52] have

developed an innovative MLI by replacing the last inner layer with a thin layer of
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highly absorbent material and have analyzed the performance of the structure
made in terms of its absorption field in relation to an incident radiation both
normal and oblique to the surface. One of the most promising concepts to reduce
RF reflectivity is the use of frequency selective surfaces as layers of the MLI [53].
This is accomplished by using nanostructured carbon-based films on membranes,
which can also improve the protection of the payload by the MLI (and in general
by flexible membranes) with respect to space radiations and impact events.

In satellite and space applications in general there is a need to use large
functional elements, such as antennas, reflectors, solar panels, solar sails etc.
These components must be stored in limited spaces, during transport and be
deployed in their operational configuration once the working position is reached.
Generally, this operation is carried out by means of mechanical deployment
systems (Fig.4). Recent technological developments, in the field of ultralight
structures, have provided new possibilities for obtaining answers to the need for
large-scale structures in low-cost and low-weight space, alternatives to traditional
deployment systems. For the general use of ultra-light membranes and
components, this category of structures is called gossamer: they have the great
advantage of being able to be enclosed in a small space with great cost savings
[54-57]. The gossamer structures consist of membrane structures, therefore
characterized by limited flexural rigidity and inability to sustain compressive
loads. They are often produced using thin, highly flexible, low elastic modulus
and light polymeric films: in particular, currently, among the most widely used
materials there are Mylar, Kapton and polyimide films with thin metallic coatings.

Recently, NASA-LaRC developed, with a view to Gossamer deployment, novel
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polyimide films reinforced with a small amount of SWNTs to enhance its
electrical conductivity with the aim to mitigate electrostatic charge build-up on the

polymeric films in-orbit [54, 55].

(a) Launch configuration (b) During deployment
2 y\
(c) Deployed (d) Deployed and mechanisms
jettisoned

Fig. 4. Gossamer-1satellite: controlled and autonomous deployment (in LEO)

sequence [58].

Multifunctional nanocomposite films are currently investigated also in the
aerospace field to create UV-sensors [59-61] with the aim, for example, to
monitor the radiation absorbed by the astronauts during extra vehicular activities
(EVA), to monitor the health status of spacecraft composite structures, or as new
and advanced grounding systems to mitigate plasma-induced spacecrafts charging
[62].

In addition, these nanocomposite films could be useful in interplanetary missions

that are conceived to be realized exclusively using solar sailing. Solar photon
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sailing is a revolution in space propulsion, offering a continuous low-thrust
propellant-less driving mode, which can act for any mission-required time length.
On the other hand, in order to obtain the necessary thrust with the current
technology, the solar sail membrane must have huge dimensions (approximately a
standard football field). The solar sail thrust propulsion can be enhanced using
carbon nanotubes (CNTSs) as photonic materials in the back side of the polymer

membrane [59, 63].
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Chapter 2 - Analysis of UV-C effects on the surface
properties of epoxy/graphene nanocomposite films

on Mylar substrate !

! Taken from the publication: ‘Analysis of ultraviolet exposure effects on the
surface properties of epoxy/graphene nanocomposite films on Mylar substrate,
Acta Astronautica, vol.134, 307-313, 2017
(doi.org/10.1016/j.actaastro.2017.02.017)’.
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Abstract

Epoxy/graphene nanocomposite films were fabricated on Mylar substrate at
different nanoparticle loadings using spin-coating process. The effects of UV-C
radiations on the wettability and the electrical characteristics of graphene/epoxy
films were investigated. The specimens were irradiated at given UV-C dose, and
electrical resistance as well as, contact angle analysis were performed on

untreated and irradiated samples.

2.1 Introduction

Space is well recognized as a hostile environment for spacecrafts [1], affecting
on-board electronics and structural components, as well as for human life [2].
Indeed, the presence of electromagnetic radiations [3], charged particles coming
from stars, large gradients of temperature, micro-meteorites and space debris [4]
are known to compromise the functionality of aerospace components in a
significant way. In particular, space conditions lead to a degradation of polymeric
materials altering the electrical, thermal and optical properties of the materials [5,
6].

Polymer membranes are widely used in the aerospace sector when it is necessary
to obtain specific optical and thermal properties combined with lightweight and
structural flexibility, in particular in multi-layer insulation (MLI) blankets for
satellites [7, 8] and in propulsion systems for solar sails [9-11]. To achieve
multifunctional properties of the polymer-based membranes, the deposition of
nanostructured coatings, in particular carbon-based nanocomposite films as an

alternative to conventional silicon-based micro/nano-structured surfaces [12], is
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currently investigated with the aim to protect the surfaces by space environmental
exposure, including UV radiations [13], vacuum [14], atomic oxygen [15], and to
confer specific properties at the same time. For example, solar sailing, which is
based on phonons acting on large thin membranes, is expected to be a revolution
in space propulsion, due to its continuous low-thrust propellant-less mode that can
act for any mission time length. For such application, the membrane general
performance, at both optical and electromagnetic level, can be improved by
coating the membranes with a thin layer of material containing carbon
nanoparticles [16, 17].

In the family of carbon nanoparticles, graphene nanoplatelets (GnP) are one of
the most promising nano-reinforcements for novel protection materials, due to
their superior electrical, mechanical, thermal and magnetic properties [18-20]. As
with carbon nanotubes (CNT), the geometric features of graphene nanoplatelets
are known to be crucial parameters that affect the functional and structural
properties of the resulting composite material [21-23]. Despite their exceptional
features on Earth, the applicability of carbon-based nanocomposite films in space
environment needs to be thoroughly investigated to understand how these
elements can be implemented in the real spacecraft design.

The main objective of this work is to investigate the effects of space-abundant
UV-C radiation on carbon-based nanocomposite films deposited on flexible Mylar
substrates, which are commonly used in multi-layer insulations for satellites. For
this study, we fabricated nanocomposite films with graphene nanoparticles
embedded in epoxy resin by spin-coating process following our previous

investigations [24, 25]. Three different grades of commercial graphene
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nanoplatelets (xGnP, grades C750, M5 and H5) were dispersed homogenously at
different weight percentages, ranging from 0.5 to 7 wt%, into the epoxy matrix.
The effects of UV-C exposure on the different types of nanocomposite film
samples were investigated in terms of surface electrical properties and surface
hydrophobicity/hydrophilicity, which is a relevant parameter to assess the level of

moisture absorption by the films.

2.2 Experimental

2.2.1 Materials

Epoxy/graphene nanocomposite films were fabricated by incorporating xGnP
nanoplatelets purchased from XG Sciences Inc. (USA) in an epoxy polymer film.
The graphene nanoplatelets were of grades C750 (particle diameter of less than 2
um), M5 (particle diameter of 15 pm) and H5 (particle diameter of 15 um) with
average thickness of 2 nm, 7 nm, and 15 nm, and specific surface areas of 750
m?/g, 120 m?/g and 70 m?/g, respectively. The resin Prime 20 LV manufactured
by Gurit (UK) was selected for the epoxy matrix. Mylar thin membranes with 15

um thickness were used as substrate of the nanocomposite films.

2.2.2 Fabrication of epoxy/graphene nanocomposite films

Epoxy/graphene nanocomposite films were manufactured by spin-coating
process following the procedure described in our previous works [24, 25].
Typically, the first step of the process consisted of preparing a homogeneous fluid
mixture adding the nanoplatelets at a given weight percentage to the epoxy matrix.

The mixture was mechanically stirred for 20 min and then kept in ultrasonic bath
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for 60 min. After sonication, the curing agent was gently added to the blend in the
ratio of 100:26 by weight with respect to the epoxy base component. This
procedure was repeated for each type of xGnP at concentrations of 0.5 wt%, 1
wit%, 3 wt%, 5 wt%, and 7 wt%.

For the spin-coating process, a fixed amount of fluid mixture was dropped at the
center of a Mylar substrate (60 mm x 60 mm) positioned on the spin coater disk.
The spin coater used was the CaLCTec FR10KPA equipped with a microporous
chuck to guarantee a flat surface of the flexible Mylar membrane avoiding local
wrinkles. Nanocomposite films were spin-coated at angular velocity of 3000 rpm,
and then cured in oven at 50 °C for 16 h. The final average thicknesses of the
epoxy/xGnP films after cure were measured using a micrometer screw gauge
(accuracy 1 um). Thickness measurements were repeated in quintuplicate across a
sample area and values were averaged. Film thicknesses were in the range 15 - 40

um depending on nanoplatelets grade and concentration.

2.2.3 Experimental characterization

Surface wettability was characterized by measuring water contact angles (WCA)
on the basis of the sessile drop method using a DataPhysics OCA15 Pro analyzer
(DataPhysics Instruments, Germany). Ultrapure Milli-Q water was dispensed
through a gas-tight Hamilton syringe of 0.5-mL volume. The values of contact
angles were obtained by fitting the data using the Young-Laplace equation. A
minimum of five drops (volume of 4 pl and dosing rate of 0.3 ul/s) in different

spots of the sample surface were analyzed.
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Electrical characterization of the nanocomposite films was carried out at various
frequencies in electrical impedance spectroscopy (EIS) using an Agilent E4980A
Precision LCR Meter. The samples were contacted by means of flat copper bars,
which were pressed and kept parallel to each other using the text fixture shown in

Fig. 1.

(our-point pYobe configuration

b

Fig. 1. Experimental set-up for electrical measurements on nanocomposite films

deposited by spin-coating on Mylar thin membranes.

Impedance measurements were performed under the parallel circuit model.
Specifically, the results reported in Section 3.2 are based on the equivalent
parallel resistance (Rp), as provided by the instrument. In order to analyze the
effects of UV-C radiation on the nanocomposite films, the surface electrical
properties of the samples were characterized before and after the UV-C exposure
tests. The Rp measurements were normalized with respect to the distance |
between the two copper electrodes (Rp* = Rp/l). The normalized resistance change
over the course of the radiation exposure was calculated according to the

following formula:
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AR*normalized = (Rp* - Rp,O*) / Rp,O* (1)

where Rpo* is the resistance of the non-irradiated samples normalized with
respect to the distance between the electrodes. A minimum of twenty
measurements were performed for each nanocomposite sample at each exposure
time. The surface resistivity (ps) and the surface conductivity (os) of the

nanocomposite films were calculated as:

ps:RpXD/l (2)

os=1/ps (3)

where D is the length of the electrodes in contact with the sample surface. UV-C
irradiation tests on the nanocomposite films were conducted using a low-pressure
UV lamp (8 W, multi-wavelength handheld lamp 3UV-38, UVP LLC, USA) at
fixed wavelength of 254 nm. Specimens were placed in a closed chamber and
radiated at 3.765 W/m? for 1, 2, 3, 4, 5, 7 and 9 h. The irradiance was measured
and controlled using a photo-radiometer by Delta OHM equipped with a
combined probe for UV-C radiation. Fig. 2 shows the UV irradiation set-up with
the chamber containing the nanocomposite sample and the UV sensor probe for

irradiance measurement.
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Fig. 2. UV irradiation set-up with inner view of the chamber containing the

nanocomposite sample and the UV sensor probe for irradiance measurement.

2.3 Results and discussion

2.3.1 Surface wettability of epoxy/graphene nanocomposite films

The contact angle analysis using water as testing fluid was conducted to obtain
information on the surface hydrophobicity/hydrophilicity of the epoxy/xGnP
nanocomposite films, and how this property is affected by exposure to UV-C
radiation. Fig. 3 compares the water contact angle (WCA) values at equilibrium
for the nanocomposite films at 0.5, 3 and 7 wt% of the three different grades of
xGnP (C750, M5, H5), before and after 9 h of exposure to UV-C radiation. The
neat epoxy is a highly hydrophobic material with a water contact angle of 99° +
2.3°. For all grades of xGnP, the presence of graphene nanoplatelets decreases the
value of the contact angle at the nanocomposite surface, and the value decreases
further as the concentration of xGnP becomes higher.

After exposure to UV-C radiation, the contact angle of epoxy/xGnP-C750
nanocomposite films remains substantially constant. This result is more evident in

Fig. 4, which shows the contact angle values at equilibrium for the epoxy/xGnP-
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C750 films as a function of nanoplatelets loading, before and after 9 h of UV-C
exposure.

Before exposure, the average WCA values at different loadings (0.5, 1, 3, 5 and
7 wt%) are in the range of 85.3° - 89.6° with standard deviations in the range of
0.9° - 3.1°. After 9 h of UV-C exposure, the WCA values remain broadly
unchanged, within the standard deviation limits, at concentrations from 1 wt% to
5 wt% of nanofiller. Only at concentrations of 0.5 wt% there is a measurable
difference of water contact angle values before and after UV-C radiation, passing
from 89.4 + 3.1° pre UV-C to 83.8 £ 2.3° post UV-C. These results indicate that
the hydrophobic nature of the surface of epoxy/xGnP-C750 nanocomposite films
remains almost unaffected by the exposure to UV-C.

On the other hand, different results were obtained for the nanocomposite films
fabricated with thicker graphene nanoplatelets, such as grades M5 and H5. In
these cases, the water contact angle at equilibrium tends to increase after 9 hours
of UV-C exposure time, especially at higher concentrations (3-7 wt%). Further, it
can be noted that with the increase of the nanoplatelets thickness, the difference of
WCA before and after ultraviolet radiation increases. Such difference becomes
even larger at higher graphene nanoplatelet concentration. In particular, this effect
is most evident for the thicker M5 and H5 graphene nanoplatelets at 7 wt%
concentration.

The above results from the water contact angle analysis can be explained
considering the chemical and physical changes of the nanocomposite films due to

the interaction with UV-C light. The epoxy matrix under UV-C exposure
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Fig. 3. Water contact angle values at equilibrium for epoxy/xGnP nanocomposite

films before and after UV-C exposure. Nanocomposite films with different

concentrations of xGnP (0.5, 3, and 7 wt%) and different nanoplatelets grades: (a)

epoxy/xGnP-C750; (b) epoxy/xGnP-M5; (c) epoxy/xGnP-H5.
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nanocomposite films with different nanoplatelet loading, before and after 9 h

exposure to UV-C radiation.

undergoes a photo-chemical degradation that occurs by cleavage of the covalent
bonds to form highly reactive radicals [26, 27]. After the photolysis, the free
radicals can react with oxygen forming peroxy radicals. In the presence of
graphene nanoplatelets, the number of the possible chemical reactions with the
free radicals increases and the interaction with the water drop can vary strongly
[28]. Furthermore, the UV-C rays are capable of realizing a physical etching of
the nanocomposite surface. As for the size of xGnPs, smaller graphene
nanoplatelets tend to disperse better in the host matrix making the nanocomposite
mixture more homogeneous. On the contrary, larger nanoplatelets tend to re-
agglomerate creating significant graphene-bundles embedded in the matrix. As a
consequence, in the case of small nanofillers, such as xGnP-C750, the surface

roughness of the film after radiation exposure is almost unchanged and, therefore,
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the water contact angle remains nearly constant. For the other two grades, xGnP-
M5 and xGnP-H5, the surface roughness is expected to be greater, and

consequently the water contact angle increases.

2.3.2 Electrical measurements of epoxy/xGnP films

Fig. 5 shows the change of normalized electrical resistance (AR*normalized) OF
nanocomposite films deposited on Mylar substrate at different concentrations of
graphene nanoplatelets (xGnP) as a function of the UV-C exposure time. In all
cases, the measured resistance Rp* decreases with the exposure time, and so the
electrical resistance variation tends to become more negative. This effect is more
significant for those films with the lower concentration of graphene nanoplatelets,
whereas films at 7 wt% loading of xGnP (all three types tested in this work) show
the lowest variation of electrical resistance over the UV-C exposure. This can be
attributed to the fact that nanocomposite films with lower xGnP concentrations
have a lower content of nanoparticles in the epoxy matrix and so the degradation
at the level of the matrix is the predominant effect under UV-C radiation. In
addition, results in Fig. 4 indicate that the nanocomposite films show the largest
decrease in electrical resistance during the first 4 hours of exposure. After this
time range, the values of AR*normaiized decrease more slowly, reaching an
equilibrium value at which the different effects of polymer degradation and UV-
induced chemical reactions at the interface between polymer and graphene surface
are less evident.

Fig. 6 shows the surface conductive of the nanocomposite films as a function of

the nanofiller concentration, before and after 9 h exposure to UV-C radiation. As
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expected, the surface conductivity of the as-prepared films increases with the
loading of graphene nanoplatelets for all types of nanoparticles. After UV-C
irradiation, there is a consistent increase of surface conductivity at all xGnP
concentrations. This result is in agreement with the above considerations related
to the wettability of the films before and after UV-C exposure, that is the polymer
matrix of the nanocomposites is preferentially degraded with respect to the
nanofillers. In fact, the erosion of the resin results in a more conductive surface of
the nanocomposites due to the exposure of the graphene nanoplatelets.

Results from measurements of electrical impedance spectroscopy are in Fig. 7,
where the surface resistivity of nanocomposite films with different types of xGnP
(concentrations of 0.5 and 7 wt%) is plotted as a function of the testing frequency,
before and after 9 hours of UV-C exposure. For all films, the surface resistivity
decreases with the testing frequency following a linear trend both before and after
radiation exposure. In particular, the surface resistivity after UV-C is smaller than
that before exposure, and the difference is larger at the lowest frequencies. This
trend is particularly evident at xGnP concentration of 0.5 wt% and frequency of 1

kHz, where the surface resistivity reduces of about two order of magnitude.

2.4 Conclusions

Epoxy/graphene nanocomposite films were fabricated by spin-coating process
using Mylar as substrate and the effects of UV-C radiation on the surface
properties were investigated in terms of wettability and electrical properties. In
particular, three different grades of xGnP were used for the film fabrication at

different loadings by weight. It was observed that the wettability of the
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nanocomposite films increases when adding the graphene nanoplatelets for all
grades of xGnP. After exposure to UV-C, the average water contact angle of the
irradiated nanocomposite films depends on the geometrical characteristics of the
nano-reinforcement. In the case of the thinner graphene nanoplatelets (xGnP-
C750), the WCA values remain almost constant even after 9 hours of UV-C
exposure. On the contrary, in case of the thicker graphene nanoplatelets (grades
M5 and H5), it was observed that the water contact angle at equilibrium increases
after 9 hours of UV-C exposure, and the difference becomes larger as the
thickness of graphene flakes increases. These results show that the hydrophobic
nature of the epoxy/graphene nanocomposite films tends to increase after

exposure to UV-C radiation.
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Fig. 7. Surface resistivity values of epoxy/xGnP films at concentration of

graphene nanoplatelets of 0.5 and 7 wt%, before and after 9 hours of UV-C
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When looking at the electrical properties of the nanocomposite films, the
surface electrical resistivity decreases with the increasing of nanofiller loadings,
as it would be expected, and also during exposure to the UV-C radiation. This
latter effect is more significant for films with lower concentration of graphene
nanoplatelets, whereas films at 7 wt% loading of xGnP (all three types tested in
this work) show the lowest variation of electrical resistance over the UV-C
exposure. This phenomenon can be related to the higher content of polymer, for
the nanocomposites at lower concentration of xGnP, as the polymer matrix
erosion contributes to create a more conductive surface due to the exposure of
graphene nanoplatelets. Results from the electrical impedance spectroscopy
experiments showed that the surface resistivity decreases with the testing
frequency following a linear trend both before and after radiation exposure, and
that this behavior is common for all nanocomposite films. Further, the surface
resistivity of the films after UV-C irradiation is always smaller than that before
exposure regardless of the XxGnP size, confirming that the dominant effect of the
UV-C radiation is a selective polymer matrix erosion that gives rise to an increase

of the electrical conductivity at the film surface.
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Chapter 3 - Spray coating process of MWCNT/epoxy
nanocomposite films for aerospace applications:
effects of process parameters on surface electrical

properties 2

2 Taken from the publication: ‘Spray coating process of MWCNT/epoxy
nanocomposite films for aerospace applications: effects of process parameters on
surface electrical properties’, Acta Astronautica, vol. 159, 429-439, 2019
(doi.org/10.1016/j.actaastro.2019.01.043)’.
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Abstract

Nanocomposite coatings on flexible membranes possess many interesting
properties useful in aerospace applications, such as thermal blankets and charging
mitigation layers. However, their fabrication is not trivial and the overall
performance is strongly dependent on the manufacturing process, since it
influences the filler distribution and so the homogeneity of the coated film. In this
work, carbon nanotube/epoxy nanocomposite films were deposited on Mylar
substrates by spray coating process. The effects of the process parameters on the
morphology and on the electrical properties of the nanocomposite films were
investigated. In particular, the influence of the nozzle diameters and the distance
between the nozzle and the target substrate, as well as the concentration of the
multiwalled carbon nanotubes (MWCNT) were studied. The electrical properties
of the MWCNT/epoxy nanocomposite surfaces were determined using impedance
spectroscopy in the frequency range from 20 Hz to 2 MHz. The analysis was
performed on samples extracted from different regions of the nanocomposite

films, in order to assess their property homogeneity.

3.1 Introduction

Carbon-based nanocomposite films are extensively studied due to their
exceptional multifunctional properties [1-5]. In the aerospace field, the
manufacturing of nanocomposite films is primarily focused on achieving superior
properties of the engineered materials with significant weight saving and
surpassing the electrical, thermal and mechanical properties of traditional

materials. Possible applications of nanocomposite films include radiation
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protective and thermo-optical coatings [6-8], UV sensors [4, 9, 10], radar
absorbing and electromagnetic interference shields [11-13]. The functional
properties of the nanocomposite films are determined by the type of embedded
carbon nanoparticles, and they are highly influenced by the selected
manufacturing process [14-16]. Depending on the scope, various types of carbon
nanoparticles with different thicknesses, specific surface areas and aspect ratios
have received great attention as fillers in modern composite manufacturing in
order to increase the electrical and thermal conductivity, and mechanical
properties of the resulting composite materials [17-19]. The dispersion of carbon
nanoparticles in the polymer matrix [20, 21] and the film deposition process [22,
23] are important steps of the manufacturing, which need to be carefully designed
in order to obtain homogeneous and uniform nanocomposite films, and so to
improve their functional properties. Spray coating is a deposition technique that
has been adopted in the manufacturing industry to replace the spin coating
process, with the advantage to obtain coatings on larger and non-planar surfaces
[24-27]. The spray coating process consists in applying an external pressure
(usually up to a maximum of 3.5 bar), which forces the resin (printing ink)
through the exit nozzle of an aerograph. Yet, another interesting feature of spray
coating is that the process involves numerous depositions of small droplets, while
other printing/coating methods deposit a solution in a single step to form a film. In
this way, the spray coating provides a method to attain innovative structures as it
allows to deposit finely tuned layers by controlling the feeding rate, the applied
pressure, the spraying distance, as well as the composition of the sprayed mixture.

Vak [28] recognizes two classification types of spray coating, wet and dry. The

73



wet spray coating can be distinguished by the existence of a fluid layer of resin on
the substrate during and shortly after the spraying, which can be achieved either
with a slow rate/longer exposure time of the substrate to the jet, or by not applying
heat to it. On the other hand, the dry spray coating technique consists in short jets
of resin on a heated substrate.

The main objective of the present work is to investigate the role of spray coating
parameters in setting the morphology and the electrical performance of MWCNT-
based nanocomposite films. The films were fabricated on Mylar substrate with
epoxy resin reinforced with carbon nanoparticles at different loadings, in the
range 0.5-2 wt%, followed by a heat cure cycle. A flexible Mylar membrane was
chosen as substrate for the nanocomposites because it is largely used in many
spacecraft subsystem [29-31], especially as thermal barriers [32-34]. The
realization of an electrically-conductive coating on Mylar substrate can help to
mitigate several detrimental effects due to interaction of the subsystem, for
example a multi-layer-insulation (MLI), with the aerospace environments. Indeed,
the major problems related to the dielectric nature of MLI, including Mylar, are
electromagnetic interferences [35] and charging phenomenon [36], which are a
serious risk for the spacecraft operation and integrity. In this context, CNT-based
nanocomposite films fabricated on Mylar, which can be easily integrated with
MLIs, represent a tempting solution because of the well-known electromagnetic
absorption and electrical conductive properties of CNT-based materials [8, 37].

In a first step, the spraying process will be investigated in order to understand how
the different parameters influence the range and quality of the deposited coatings.

Two different nozzle diameters of the spray gun, which are typically used in
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industrial processing, different target spraying distances and concentration of
carbon nanotubes will be investigated. Further, the electrical properties of the
deposited nanocomposite films on Mylar substrate are investigated in relation to
the spraying process parameters. In particular, we analyzed the uniformity of the
surface electrical conductivity by comparing samples extracted from the sprayed

nanocomposite films at different locations.

3.2  Experimental

3.2.1 Materials

The carbon nanotubes used in this study were pristine MWCNTs (NC7000
series) from Nanocyl S.A. (Belgium), which were synthesized via the catalytic
chemical vapor deposition process. MWCNTSs were of purity 90%, with average
outer diameter of 9.5 nm, average length of 1.5 um, and specific surface area in
the range of 250-300 m?/g, as specified by the supplier. Prime 20LV epoxy resin
with slow hardener supplied by Gurit (UK) was chosen as the polymer matrix.
Mylar sheets (43 cm x 35 cm) with thickness of 130 um were used as substrates

for the nanocomposite films deposition.

3.2.2 Fabrication of carbon nanotube/epoxy nanocomposite films

Carbon nanocomposites films were prepared by spray coating the mixture of
MWCNT and epoxy resin, followed by thermal curing in oven at 50 °C for 16 h.
Nano-reinforced epoxy mixtures with MWCNTSs at 0.5 wt%, 1 wt%, and 2 wt%
were used. The mixtures were mechanically stirred for 15 min at room

temperature. After the mixing, in order to further improve the filler dispersion in
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the resin, the blends were sonicated with a VCX 500 ultrasonic probe (Ultra-Cell,
Sonics & Materials Inc., USA) equipped with a titanium alloy probe of 13-mm tip
diameter (40% energy, 2-s on/off pulses for 1 min). The blends were additionally
sonicated in an ultrasonic water bath (FALC Instruments, Italy) for 60 min at 40
°C. Next, the curing agent was gently added to the blend in the ratio of epoxy-to-
curing agent of 100:26 by weight.

The spraying process was carried out according to the scheme in Fig. 1. All
spraying tests were conducted using a perpendicular arrangement with respect to
the surface target (Mylar substrate). In order to investigate the effects of the
nozzle diameter on the spray-coated films, two different nozzle diameters were
used: 1.2 mm (nozzle 1) and 1.5 mm (nozzle 2). The distance between the nozzle
and the Mylar substrate (named target distance hereafter) was fixed at 10 cm, 15
cm, or 20 cm. The spraying time was set at 15 s after conducting preliminary tests
with the unloaded resin, and observing that this time guarantees that the covered
area does not change in time and the thickness is uniform. Regarding the pressure
applied to the resin bucket, this was fixed at 3 bar as recommended by the

manufacturer and as typically used in industrial processes.
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Fig. 1. Schematic of spray coating process for the fabrication of MWCNT/epoxy

nanocomposite films on Mylar substrate.

3.2.3 Characterization methods

The rheological properties of the nanocomposite epoxy fluids were measured at
room temperature (25 °C) using a rotational, concentric cylinder viscometer
(Visco Star plus, Fungilab, Spain). Viscosity measurements were repeated at
different rotational velocities and in triplicates.

Electrical impedance spectroscopy (EIS) in the frequency range from 20 Hz to 2
MHz was carried out using an Agilent E4980A Precision LCR Meter (Agilent
Technologies, USA) in a two-electrode configuration on the nanocomposite

surface (Fig. 2).
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Fig. 2. Set-up for electrical measurements: a) LCR instrument used for the
electrical measurements; view of a nanocomposite sample (c) placed between two

tightly screwed insulating plates with two copper plates used as electrodes (b).

The measurement cell was custom-made and consisted of two tightly screwed
insulating plates (Plexiglas), with two parallel copper electrodes (1-cm wide)
positioned at a distance | from each other and fixed onto one side of the cell (Fig.
2b). Nanocomposite coatings on Mylar were cut to strips of size 20 mm x 5 mm
(Fig. 2c). The thickness of the nanocomposites films (t) was measured using a
digital caliper with accuracy of 0.01 mm, after subtracting the substrate thickness.
The measured electrical impedance (Z) was normalized with respect to the film
thickness (Znormalized = Z/t). In addition, the electrical resistance values (Rp) were
directly measured with the LCR meter setting the parallel-equivalent circuit
model. The impedance (Z) and the resistance values (Rp) reported are the mean
values of at least twenty measurements. The surface conductivity (cs) of the

nanocomposite films was determined as:

78



Os = 1/ps (1)
where ps is the surface resistivity calculated according to the ASTM D257-07
standard:

ps=Rp- Pl ()

with P as the electrode effective perimeter and | the distance between the two
electrodes.

In order to investigate the homogeneity of the surface electrical properties, five
samples were taken in different regions of the manufactured coatings and tested.
Fig. 3 shows the extrapolation scheme for the five strips that were analyzed for
each nanocomposite film. The top, bottom, right and left strips were cut at a

distance of 30 mm from the central strip.

Mylar

substrate

Fig. 3. Position and labeling of MWCNT/epoxy samples extracted from the

sprayed nanocomposite film.
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3.3 Results and discussion

Many process variables can influence the features of films deposited using the
spraying coating technique. Some variables are related to the spray gun assembly,
such as its diameter and shape of the nozzle, whereas others are linked to the
process parameters and to the nature of both nanocomposite blend and substrate
onto which the film is deposited. The process parameters are the air pressure, the
spraying time, the distance and direction of the nozzle from the target surface.
One major property that affects the spraying process is the viscosity of the blend.
In the case of nanocomposites, the blend viscosity is strongly dependent on the
concentration of the nanoparticles [15, 38], and can be highly influenced by their
degree of dispersion inside the resin matrix. In this work, we investigated the
effects of the above-mentioned parameters on the morphology of the spray-coated
nanocomposite films, in terms of covered area, thickness and uniformity. Finally,
the homogeneity of the nanocomposite films was investigated with respect to their

surface electrical properties.

3.3.1 Influence of spray coating parameters on film morphology

The viscosity of the MWCNT/epoxy nanocomposites blends was measured as a
function of the carbon nanotube concentration (Fig. 4). The viscosity is strongly
dependent on the filler content, increasing exponentially with it and reaching the
value of 3000 mPa.s already at 2.5 wt% of MWCNTSs. Based on these results,

concentrations up to 2 wt% were considered in this study.
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Fig. 4. Mean values of viscosity for MWCNT/epoxy nanocomposite blends at

different filler loadings.

Fig. 5 shows the mean values of covered area by the sprayed MWCNT/epoxy
nanocomposite films (average of 12 sprayed films per type) as a function of the
target distance, for different concentrations of MWCNT (0.5, 1, and 2 wt%) and
for both nozzle types, nozzle 1 and nozzle 2 with diameter of 1.2 mm and 1.5 mm,
respectively.

These nozzles allowed to obtain quasi-circular or elliptical depositions, with a
covered area that tends to decrease upon increase of the target distance and upon
increase of the MWCNT concentration. Results show that for a fixed distance and
for a given MWCNT concentration, nozzle 2 produced larger covered areas than
those realized with nozzle 1. This result is quite intuitive because the flow rate of

the nanocomposite blends is proportional to the diameter of the nozzle. The effect
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of the nozzle diameter on the covered area is more evident at 0.5 wt% of

MWCNT, which corresponds to lowest blend viscosity (about 200 mPa:s).

100
[ e nozzle 1, 0.5 wt%
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Fig. 5. Mean values of covered area for sprayed MWCNT/epoxy films at loadings
of 0.5, 1 and 2 wt% of MWCNTS, as a function of target distances (10 cm, 15 cm,
and 20 cm) for nozzle 1 (diameter 1.2 mm) and nozzle 2 (diameter 1.5 mm). Data

shown are the average of 12 nanocomposite films per type.

For each fixed distance, the covered areas obtained using nozzle 2 are about
50% larger than those fabricated with nozzle 1. With the increase of the
concentration of nanofillers, which means an increase of blend viscosity, the
differences between the covered areas realized with the two nozzles decreases.
Further, such differences decrease upon increasing the distance between the
nozzle and the target substrate. At a nozzle-to-target distance of 20 cm, the

difference between the covered areas deposited with the two nozzles becomes not
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detectable for the nanocomposites with 2 wt% of MWCNT. Indeed, we observed
that the diameter of the nozzle significantly influences the extension of the
covered area only at low concentrations of nanofiller, when the viscosity is
sufficiently low. This behavior can be explained with the increase of the flow rate
due to the larger diameter. In addition, if the blend has a low viscosity, there will
be a high flow rate due to a lower degree of interaction among particles, and the
fluid will flow more freely. As a consequence, the covered area fabricated with a
blend with lower viscosity is larger than one obtained at higher viscosity,
especially at short distance of the nozzle from the target.

Tables 1-3 summarize the thicknesses of the MWCNT/epoxy nanocomposite
films extracted from the spray-coated samples at different positions, for the
MWCNT concentrations (0.5, 1, 2 wt%) and nozzle-to-target distances (10, 15, 20
cm) considered in this investigation. Results are reported for both nozzles, nozzle
1 (diameter 1.2 mm) and nozzle 2 (diameter 1.5 mm). From Table 1, which refers
to the nanocomposite films with 0.5 wt% of MWCNT, it is noted that the average
thickness value is of the order of 250 um with a variation of few tens of microns.

The film thickness is quite similar regardless of the location of the extracted
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Table 1. Thicknesses of MWCNT/epoxy nanocomposite films with 0.5 wt% of

MWCNT fabricated by nozzle 1 (diameter 1.2 mm) and nozzle 2 (diameter 1.5

mm) at different target distance.

Thickness (mm) / Nozzle 1

Thickness (mm) / Nozzle 2

Sample
10cm 15¢cm 20 cm 10 cm 15¢cm 20 cm

position

Top 0.23+0.02 0.21+0.04 0.18+0.03 0.24+0.03 0.28+0.02 0.25%+0.02
Bottom 0.28+0.03 0.24+0.06 0.22+0.03 0.22+0.01 0.31£0.05 0.28+0.01
Center 0.24+0.01 0.24+0.01 0.19+0.02 0.22+0.02 0.31+0.01 0.27£0.02
Right 0.26+0.01 0.24+0.03 0.17+0.01 0.24+0.01 0.30+0.02 0.26%0.03
Left 0.25+0.02 0.25+0.01 0.24+0.03 0.26+0.03 0.29+0.04 0.22+0.01

Table 2. Thicknesses of MWCNT/epoxy nanocomposite films with 1 wt% of

MWCNTSs fabricated by nozzle 1 (diameter 1.2 mm) and nozzle 2 (diameter 1.5

mm) at different target distance.

Thickness (mm) / Nozzle 1

Thickness (mm) / Nozzle 2

Sample
10 cm 15cm 20 cm 10 cm 15cm 20cm

position

Top 0.30+0.01 0.30+£0.01 0.25+0.01 0.26+0.04 0.19+£0.04 0.18+0.01
Bottom 0.30£0.02 0.29+0.01 0.25+0.01 0.27+0.01 0.22+0.08 0.20+0.01
Center 0.31+0.01 0.33£0.03 0.26+0.01 0.23+0.02 0.20+£0.04 0.19+0.01
Right 0.32+0.02 0.30+£0.01 0.21+0.02 0.24+0.03 0.18+0.04 0.18+0.02
Left 0.30£0.01 0.34+£0.01 0.20+£0.02 0.25+0.01 0.21+£0.03 0.22+0.04

84



Table 3. Thicknesses of MWCNT/epoxy nanocomposite films with 2 wt% of
MWCNTSs fabricated by nozzle 1 (diameter 1.2 mm) and nozzle 2 (diameter 1.5

mm) at different target distance.

Thickness (mm) / Nozzle 1 Thickness (mm) / Nozzle 2
Sample
N 10 cm 15cm 20 cm 10cm 15cm 20 cm

position

Top 0.45+0.06 0.35+0.01 0.19+0.02 0.36+0.03 0.27+£0.02 0.22+0.01
Bottom 0.40+£0.08 0.24+0.02 0.18+£0.01 0.39+£0.03 0.30+0.01 0.19+0.02
Center 0.44+0.05 0.30+0.03 0.26+0.03 0.33£0.04 0.34+0.03 0.23+0.04
Right 0.42+0.02 0.23+0.02 0.20+0.02 0.32+0.04 0.27£0.01 0.19+£0.02
Left 0.40+0.10 0.24+0.04 0.18+0.01 0.38+0.04 0.27£0.02 0.20+0.04

samples, indicating a high uniformity of the spray-coated films. This result was
obtained for each target distance, and for all films fabricated with both nozzles. In
the case of nozzle 1, we can observe a slight decrease of the film thickness with
the increasing of the target distance, which can be explained by the fact that the
inertia of the droplets is not sufficient for the entire jet to reach the surface of the
substrate. This result is consistent with the reduction of the covered area, as noted
also in Fig. 5. In the case of nozzle 2, which has a larger diameter than nozzle 1,
the film thickness appears to be quite independent from the target distance. The
increment of both flow rate and jet diameter allows to obtain films with constant
thickness in relation to the target distances considered in this study, even if the
covered area during the process decreases (Fig. 5).

Upon increasing the concentration of MWCNTSs, hence the viscosity of the

nanocomposite blends, the film thickness tends to increase (Tables 2 and 3). Table
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2 reports the film thicknesses measured for the nanocomposite films at 1 wt% of
MWCNTSs. In this case, we observe an increment of the thicknesses with respect
to the lower concentration (0.5 wt%) of MWCNTS, and the effects of the nozzle
diameter on the film thickness are less evident than for the previous case. In
particular, in the case of nozzle 1, no significant differences can be detected in the
thicknesses of films fabricated adopting 10 cm and 15 cm target distances,
whereas a thickness reduction of about 10% is observable for a target distance of
20 cm. At MWCNT concentration of 1 wt%, the nozzle 2 produces films with
smaller thickness than those realized with nozzle 1, and the thickness is roughly
the same at target distances of 15 cm and 20 cm. The same trend of film
thicknesses was obtained for the nanocomposite films at 2 wt% of MWCNTSs
(Table 3). As for the previous case, the larger thickness is obtained for the films
fabricated using nozzle 1 at a target distance of 10 cm, reaching an average value
of 420 um. In all other cases, the film thickness is comparable to that of the films

at 1wt% of MWCNTSs fabricated using equivalent conditions.

3.3.2 Analysis of electrical properties of spray-coated nanocomposites

The electrical properties of the MWCNT/epoxy nanocomposite films deposited
by spray coating were investigated using electrical impedance spectroscopy (EIS)
in the frequency range 20 Hz — 2 MHz, considering samples extracted from the
entire covered area as previously illustrated (Fig. 3). All reported impedance data
were normalized with respect to the nanocomposite film thickness. Fig. 6 shows
the mean values of the normalized impedance (Znormalized) Of the nanocomposite

samples fabricated at fixed 10-cm target distance, using both nozzles and different
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MWCNT loadings. It is noted that at 0.5 wt% of MWCNTSs (Fig. 6a-b), the
Znormalized 1S almost independent from the diameter of nozzle used for the
processing. In both cases, the normalized electrical impedance decreases linearly
with the frequency. The same trend is obtained for samples fabricated with the
nozzle 1 (diameter 1.2 mm) and loaded with 1 wt% of MWCNTSs (Fig. 6¢). On the
other hand, the equivalent samples fabricated using nozzle 2 (Fig. 6d) are
characterized by impedance values that are constant up to 10 kHz, and start to
decrease at higher frequencies. In general, for all the nozzle-to-target distances
that we investigated, the slope of the Znormalized CUrves tends to decrease as the
MWCNT concentration increases, with an overall decrease of the impedance
values in the lower frequency region, which is in agreement with an increase of
the nanocomposites electrical conductivity at higher MWCNT concentrations
(Fig. 6e and Fig. 6f).

The behavior described above can be explained with the concurrence of two
phenomena, deep bed filtration and cake filtration [39], which are amplified when
the nozzle diameter is smaller. During the spraying process, the nanoparticles
embedded in the resin are gradually captured by the walls of the nozzle, even if
the nanoparticles are smaller than the channel (deep bed filtration). The
continuous capture of nanoparticles narrows the available nozzle diameter, and
may ultimately result in cake filtration. This latter process occurs when the
particle size is larger than the nozzle diameter. In addition, the unavoidable
nanoparticle entanglements, that are a consequence of the surface interactions and
van der Waals forces among the carbon nanotubes, contribute to enhance filtration

phenomena. It is noted that for the nanocomposite samples with larger impedance
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values at low frequencies (0.5 wt% of MWCNTSs with both types of nozzle, and 1
wt% of MWCNT with nozzle 1), the EIS data were acquired only in the frequency
range above 150 Hz (Fig. 6a, 6b, and 6c¢). This was due to the presence of large

errors in the impedance values being near the instrument measurement limit.
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Fig. 6. Znormalized Values obtained for nanocomposite films with different filler

loadings at 10-cm target distance using nozzle 1 (diameter 1.2 mm) and nozzle 2

(diameter 1.5 mm). MWCNT loadings: (a, b) 0.5 wt%; (c, d) 1 wt%; (e, ) 2 wt%.
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Fig. 7 and Fig. 8 show the normalized impedance values obtained for the
MWCNT/epoxy nanocomposite films fabricated at nozzle-to-target distances of
15 and 20 cm, respectively. In the case of nanocomposite films deposited at a
target distance of 15 cm (Fig. 7), the same considerations as for the 10-cm-
sprayed films can be applied. Samples extracted from films with 0.5 wt% of
MWCNTs (both nozzles) and with 1 wt% of MWCNTs (nozzle 1) are
characterized by a typical capacitor behavior with high impedance values at low
frequencies. On the other hand, samples from films fabricated at 1 wt% of
MWCNTSs with nozzle 2 (Fig. 7d) have lower impedance values that are constant
up to 10 kHz and then decrease at higher frequencies. Further, the nanocomposite
films deposited at these conditions are characterized by the highest level of
homogeneity across the film surface, as indicated by the closer values of the EIS
data for samples extracted at different locations. Such result is lost at higher
loadings (2 wt%) of MWCNTSs with both nozzles (Fig. 7e and 7f), likely due to a
lower degree of dispersion of the filler in the resin. For such MWCNT
concentrations of the nanocomposite, we found that the best results, in terms of
uniformity of the electrical properties across the sprayed area, were obtained using
nozzle 1 at a target distance of 20 cm (Fig. 8e).

The surface conductivity values of the nanocomposite films were calculated
from Eqg. (1) starting from the measured resistance values (Rp), considering
different concentration of MWCNTSs. In particular, the data collected from
samples located in the center of the films, deposited at different target distances
and for both nozzles, are reported in Fig. 9. For samples fabricated using nozzle 1,

the conductivity curves are sufficiently close to each other to conclude that the

89



effects of the target distance are negligible at all investigated concentrations (Fig.

9a, 9c, and 9e).
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Fig. 7. Znormalized Values obtained for nanocomposite films with different filler
loadings at 15-cm target distance using nozzle 1 (diameter 1.2 mm) and nozzle 2

(diameter 1.5 mm). MWCNT loadings: (a, b) 0.5 wt%; (c, d) 1 wt%; (e, f) 2 wt%.
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Fig. 8. Znormalized Values obtained for nanocomposite films with different filler

loadings at 20-cm target distance using nozzle 1 (diameter 1.2 mm) and nozzle 2

(diameter 1.5 mm). MWCNT loadings: (a, b) 0.5 wt%; (c, d) 1 wt%; (e, f) 2 wt%.
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Fig. 9. Surface conductivity values as a function of frequency, at different
target distance using nozzle 1 (diameter 1.2 mm) and nozzle 2 (diameter 1.5 mm)

for filler contents (a, b) 0.5 wt%, (c, d) 1 wt%, and (e, f) 2 wt%.

At a fixed concentration of MWCNTSs, the order of magnitude of the surface

conductivity and the trend of the curves are similar for both nozzles. However, in

the case of nozzle 2, a small separation among the curves referring to different
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target distances can be seen, especially at 1 wt% of MWCNTSs. In this case, the
surface conductivity of samples realized with target distance of 20 cm is smaller
of about 1 order of magnitude at low frequencies (up to 10° Hz), than those
obtained with the other target distances. At higher frequencies, the differences
tend to disappear and the curves to overlap.

In general, the effect of different MWCNT concentrations is more evident on the
surface conductivity values of the nanocomposites. With the increasing of the
concentration of MWCNTSs, the surface conductivity values increase. This is
evident particularly at low frequencies, where the surface conductivity increases
of 2 and 4 orders of magnitude, when the concentration is increased from 0.5 wt%
to 1 wt% and to 2 wt%, respectively. At high end of the frequency range, the
surface conductivity is approximately the same for concentrations of 0.5 w% and
1 wt% of MWCNTS, and it increases of only 1 order of magnitude when the filler
concentration is 2 wt%.

The increase of surface conductivity at higher concentrations of MWCNTSs can
be attributed to the fact that the dielectric properties of the nanocomposite films
are governed by the interfacial interactions between the nanoparticles and the
polymer matrix. In nanocomposite films with higher filler loading, the overlap
and the proximity of the carbon nanoparticles may occur more easily, leading to
an increase of the electrical conductivity of the nanocomposite films. Regarding
the trend, at 0.5 wt% of MWCNTS, the surface conductivity increases linearly as
the frequency increases (Fig. 9a). When passing from 0.5 wt% to 2 wt% of
MWCNTSs, the slope of the curves decreases, until the nanocomposite films show

almost constant conductivity values at all frequencies (Fig. 9e and 9f).
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3.4 Conclusions

In this work, carbon nanocomposite films were fabricated by spray coating
blends of MWCNTSs dispersed in thermosetting epoxy resin onto a Mylar
substrate. The nanocomposite films were fabricated using two different nozzle
diameters, and the role of the process parameters and filler concentration on the
thickness and electrical properties of the spray -coated films were investigated.
We observed that larger covered areas were obtained using the nozzle with
diameter of 1.5 mm at lower viscosity values of the nanocomposite blends
(MWCNT concentration of 0.5 wt% and 1 wt%) and at lower nozzle-to-target
distance of 10 cm. The surface electrical properties of the nano-reinforced epoxy
films on Mylar were determined at different locations in order to investigate their
uniform distribution. Results showed that a uniform surface conductivity can be
achieved in nanocomposite films processed with the larger nozzle, at intermediate
concentrations of MWCNT (1 wt%), and at target distance of 15 cm. In general, at
higher concentrations of carbon nanotubes, the increase in blend viscosity, which
is due to entanglement and surface interactions of the nanofillers, strongly limits
the use of the spray coating process. This study gives insight into the
manufacturing process of electrically-conductive nanocomposite films on Mylar
substrate using spray coating, and highlights the most favorable conditions and
bottlenecks at the level of process parameters and blend composition, namely the
loading of MWCNTSs. The analysis of the electrical properties of the processed
films at different locations of the spray-covered area revealed what parameters are
most relevant and need to be considered in the manufacturing process of these

films, in order to optimize their properties for aerospace applications.
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Abstract

The hostile space environment causes larger degradation effects on polymer-
based material of the spacecrafts due to the combination of ultraviolet UV
radiations, vacuum, atomic oxygen, plasma, electrons, protons as well as large
temperature gradients, which can compromise the success of the entire mission.

In this work, we fabricated carbon/epoxy nanocomposite films on composite
laminate substrate (CFRP) at different carbon nanoparticle loadings using bar-
coating process. The effects of UV-C radiations and of aging tests on the electrical
properties of carbon nanoparticles/epoxy films were investigated. The samples
were irradiated at given UV-C dose, subjected to humidity and thermal cycles and
electrical surface and volume conductivities were performed on untreated and
irradiated/aged samples. Results show that the fabricated coatings respect NASA
requirements to control and minimize electrostatic charging (ESC) by making
spacecrafts surfaces uniformly conductive with a necessary surface resistivity

ps<10*% Q/square.

4.1 Introduction

The ultraviolet radiation in the C band, with the combination of many space
environmental factors such as large temperature gradients, plasma, vacuum,
atomic oxygen, can compromise the integrity of many aerospace components [1-
5] and the astronauts life during human exploration missions [6, 7]. In particular,
the presence of space plasma can induce surfaces charging and so cause
permanently physical damages and biasing of instruments to the on-board

structural and electronic components respectively of the spacecraft [8-10].
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Recently, it is devoting much attention to the possibility to exploit the excellent
electrical properties of carbon nanoparticles [11-13] to fabricate nanocomposite
materials with improved performance [14-21].

In this study we investigated the effects of UV-C radiations, high humidity level
and thermal gradients on the electrical properties of carbon nanoparticles/epoxy
resin coatings realized on carbon fiber/epoxy resin composite laminate (CFRP)
substrate. In this study, we fabricated nanocomposite films on carbon fiber/ epoxy
resin composite laminate substrate by bar-coating process. Different types of films
were fabricated with different concentration and different carbon nanoparticles.
Results show that the fabricated nanocomposite films have a sufficient electrical

conductivity compliant with NASA requirements to mitigate ESC build-up [22].

4.2 Experimental

4.2.1 Materials

Graphene nanoplatelets (GnPs) with average thickness of 6-8 nm and lateral size
of 25 pm were purchased from STREM Chemicals Inc. Tuball™ single-walled
carbon nanotubes (SWNTs) with diameter of 2 nm and length >1 pm were
developed by OCSIAL and used to fabricate nanocomposite coatings. Henkel
Loctite Hysol EA 9396 AERO Epoxy Adhesive was selected for the epoxy
matrix.

TUBALL COMP_E epoxy Masterbatch containing 1 wt.% of single-walled
carbon nanotubes (SWCNT) produced by OCSIAL, was used for the fabrication

of thermoset nanocomposites.
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Carbon fiber-reinforced polymer (CFRP) laminated panels were used as support

for the nanocomposite coatings.

4.2.2 Fabrication of nanocomposite films on CFRP substrate

Carbon-based nanocomposite films were manufactured by bar-coating process
on CFRP substrate. We prepared a homogeneous fluid mixture adding the carbon
nanoparticles at a given weight percentage to the epoxy adhesive matrix. The
epoxy adhesive was pre-heated for 30 min at 40°C to decrease its viscosity and
then, after the addition of carbon nanoparticles, kept in ultrasonic bath for 120 min
at 40°C. After sonication, the curing agent was gently added to the blend in the
ratio of 100:30 by weight with respect to the epoxy base component. This
procedure was repeated for each type of prepared nanocomposite blend: in
particular we fabricated films with SWNTSs at concentration of 0.9 wt.% (called
for the analysis in this study C1) and films with hybrid concentration of 3wt.% of
SWNTs and 1 wt.% of GnPs (called C2) respect to the epoxy adhesive matrix
(called C). Following the same above-described procedure, we fabricated
nanocomposite films based on masterbatch (called for the analysis B) with GnPs
concentration at 2, 4, 6 and 8 wt.%.

For the bar-coating process, a fixed amount of nanocomposite mixture was
dropped in different spots in orderly sequence on the top of CFRP substrate. The
wire bar coater used was made out of stainless steel and the thickness of the film
is controlled by the area of groove between the coils of wire. Nanocomposite
films were cured in oven by varying the curing parameters with the nanoparticles

content according to the thermo-analysis results. The final average thicknesses of
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the nanocomposite films after cure were measured using a digital calibre
(accuracy 0.05um). Thickness measurements were repeated in quintuplicate
across a sample area and values were averaged. Film thicknesses were in the
range 400-500 um depending on nanoparticles concentration.

For electrical volume measurements, with all nanocomposite blends prepared,
nanocomposite disc samples (and so without CFRP substrate), with a thickness in
the range 400-500 pum, were fabricated by drop casting technique. The blends
were drop-casted in a circular mold and then cured in oven following the same
above-described procedure. At the end, after curing process, the nanocomposite
discs obtained were lapped to obtain the wanted thicknesses and flatter surfaces in
both sides of the disc to carried out more accurately electrical volume

measurements.

4.2.3 Thermal characterization

Thermo-analysis will be performed to evaluate the effects of carbon nanofillers
(CNT, GNP) on thermal properties of polymer matrix used. The addition of
nanofillers to a polymer matrix greatly affects the polymerization phase in terms
of kinetics and glass transition temperature [23]. These effects vary as a function
of the filler wt.% in the polymer in a non-linear way, so this aspect must be
studied. As the nanocomposite properties are strictly related to the curing process,
thermo-analysis will help to set the process parameters.

Thermal analysis of the nanocomposite films was carried out using Differential
Scanning Calorimeter (DSC) Q20 (TA Instruments, USA). Tests were performed

in a nitrogen inert atmosphere with a heating rate of 10°C/min to acquire the
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enthalpies of reaction AH and 20°C/min for the glass transition temperature Tg.
Tests were conducted in a range of temperature including the expected glass
transition temperature of all nanocomposite materials fabricated, from 25 to 250
°C. The total area under the exothermal curves was used to calculate the
enthalpies of reaction AH (J/g).

Thermogravimetric analysis (TGA, TA Instruments, USA) was conducted with a
heating rate of 10°C/min under nitrogen inert atmosphere in the range of
temperature from 25°C to 250°C, with the aim to investigate the thermal
degradation behaviour of the nanocomposite samples to determine their thermal
stability during heating.

The combined TGA-Fourier-transform infrared (FT-IR) spectra of fabricated
nanocomposite samples were recorded by using the attenuated total reflectance
(ATR) technique (Thermo Scientific, USA) in order to evaluate the nature of the
reaction products from the thermogravimetric tests carried out on all
nanocomposite samples. The spectrum was scanned 64 times at a resolution of 4

cmL,

4.2.4 Electrical measurements characterization

Dielectric measurements, in the frequency range from 1 MHz to 500 MHz, of
the nanocomposite films were carried out using Dielectric Text fixture 16453A
from Keysight. It employs the parallel plate method, in which the nanocomposite
samples were placed between two identical electrodes to form a capacitor. It
measures the capacitance created from the fixture and then it calculates the

complex relative permittivity. The parameter, normalized respect to the thickness
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of the nanocomposite samples, that was measured on the machine, was & (o)
(&r”’(o) is the imaginary part of the complex relative permittivity). From the
&r’’(w) measurements, we calculated the AC-volume electrical conductivity av-ac

(S/m) of the samples, according to the following formula:

ov-ac =2 -f &’ -&o 1)

where f is the testing frequency and & is the vacuum dielectric constant equal to
8.9 E*2 (F/m).

DC electrical measurements of the nanocomposite films on CFRP substrate were
carried out using Resistance Meter with a concentric ring probe technique. The
parameter that was measured on the device, was Rs (Rs is the electrical surface
resistance of the film). From the Rs measurements we obtained the surface
resistivity and conductivity of the samples, according to the following formulas
[24]:

ps=Rs- [21/(In (R2/R1))] 2

os=1/ps (3)

where Rz is the inner radius of the outer ring electrode and Ry is the outer radius of
the center electrode.

A minimum of twenty measurements were carried for each nanocomposite
sample.

The electrical properties of all films were measured before and after the UV-C

exposure, humidity and thermal aging tests.

106



4.2.5 UV-C characterization

The nanocomposite samples were irradiated by with a UV lamp at fixed
wavelength of 254 nm. The nanocomposite specimens were placed in the UV
chamber and radiated for 2 hours to study the effects of radiations on
nanocomposite films. The samples were irradiated with a radiative flux of 58
W/m2,

The irradiance was measured and controlled by the photo-radiometers by Delta

OHM with a combined probe for UV-C.

4.2.6 Humidity and thermal aging characterization

The aging tests are conducted with the aim to predict how the fabricated
nanocomposite samples will age with time. It’s well-known, in fact, that, in
particular the exposure to higher temperature for extended periods of time can
cause many physical and chemical property changes and degradations in polymer-
based material.

In this work, the nanocomposite samples were placed in a climatic chamber and
subjected to humidity and thermal cycles to study the effects of high humidity
level and thermal gradients on overall electrical properties of nanocomposite
samples.

For humidity aging test, the nanocomposite samples were aged for 4 hours at
constant temperature of 23°C and 75% of humidity (RH).

For thermal aging test, the nanocomposite samples were aged following a
thermal cycle inclusive of with 4 sub-cycles in temperature from To=23°C to T¢=

80 °C with stasis time in To and Trof 4 hours maintaining constant humidity level
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at 60%. The upper temperature limit, in thermal aging test, was selected to be
consistent with the common temperature limit in which on-board electronic
components work and due to the configuration of the available climatic testing
chamber.

Nanocomposite films with and without CFRP substrate were tested in order to

achieve the surface and volume electrical properties of the samples respectively.

4.3 Results and discussion

4.3.1 Thermal analysis

The DSC curves for B (masterbatch), B/GnPs 2-8wt.%, C (Epoxy - EA9396),
Cl (C/SWCNTs 0.9 wt.%) and C2 (C/SWNTs 3 wt% + GnPs 1 wt.%)
nanocomposite samples are shown in fig. 1 (a,b). It’s evident that, after the
addition of carbon nanoparticles, the cure reaction peaks increase. The enthalpies
AH of reaction, the exothermal peak temperatures (Tpeak) and the glass transition
temperatures (Tg) values for all nanocomposite samples investigated are shown in
Table 1. It can be observed that both AH and Tpeak increase after the addition of
nanoparticles not following a linear relationship with nanoparticles content
especially for the class of nanocomposites made with B (Masterbatch). These
results can be interpretated as a result of increased number of reactions that occur
between polymeric chains and the nanoparticle surfaces [23, 25]. As expected, an
appreciable increase of the Ty was also observed demonstrating that the
introduction of nanoparticles in the polymer matrix leads to a reduction of the
mobility of the polymeric chains induced by carbon nanoparticles, to an

increasing of crosslinking density and so a more rigid material [26].
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Fig. 1. DSC curves for B (Masterbatch) and different B/GnPs samples (a); (b)
DSC curves for C (Epoxy-EA9396) and different C/carbon nanoparticles blends

(namely C1 and C2).

Table 1. The enthalpies AH of reaction, the exothermal peak temperatures (Tpeak)

and the glass transition temperatures (Tg) of all nanocomposite sample fabricated.

Sample AH (J/g) Tpeak(°C) Tg (°O)
B (Masterbatch) 179.8 86.26 94.7
B + GnP 2wt.% 374.6 103.74 138.8
B + GnP 4wt.% 359.0 91.54 112.4
B + GnP 6wt.% 341.1 89.26 119.8
B + GnP 8wt.% 292.5 92.35 118.9
C (Epoxy) 543 108.23 115
C1 548 110.26 145
C2 570 109.26 158
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Fig. 2 (a,b) shows the one-step degradation mass loss curves (TGA curves) of all
nanocomposite samples fabricated. The addition of carbon nanoparticles decreases
the thermal stability of the epoxy polymer matrix for all classes of
nanocomposites fabricated: in fact, it can be detected that the onset temperatures
of degradation shift to lower temperature after the introduction of nanoparticles.
The presence, in fact, of carbon nanoparticles leads to an increasing of thermal
conductivity and diffusivity of the resultant nanocomposite, and so a faster
degradation of polymer [27]. In all cases, the residues at 250°C increase after the
addition of nanoparticles, because of the higher content of carbon-based
nanofillers in the composites. The first mass loss takes place below 100°C
attributed to expulsion of the absorbed water as confirmed from TGA-FTIR
spectra of the reaction products. The main mass loss occurs above 100°C (~3%
for nanocomposites shown in fig. 2 (a) and ~1% for those shown in fig. 2 (b))
which can be assigned to the removal of carbon dioxide as confirmed from TGA-

FTIR spectra.
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Fig. 2. Mass loss curves for B (Masterbatch) and different B/GnPs samples (a);
(b) Mass loss curves for C (Epoxy-EA9396) and different C/carbon nanoparticles

samples measured by TGA.
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4.3.2 Electrical measurements analysis
Fig. 3 shows volume conductivity values obtained for hybrid B (masterbatch)
nanocomposite samples reinforced with GnPs at concentration in the range 2-8

wt.%, as a function of working frequency up to 500 MHz. Electrical volume
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Fig. 3. Volume conductivity values of B (Masterbatch)/GnPs samples as a

function of working frequency.

conductivity of all nanocomposite samples, tends to increase with increasing of
working frequency and with graphene nanoplatelets content. In the case of
nanocomposite sample reinforced with 8 wt.% of GnPs, in particular, it can be
observed the highest values of volume conductivity at lower working frequency
up to 30 MHz, then they tend to decrease respect to the case of nanocomposite
sample with 6 wt.% of GnPs. We noted also that the volume conductivity does not
change in order of magnitude after the introduction of graphene nanoparticles,

remaining substantially costant and so, we decided to continue with the test
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campaigns only with B (Masterbatch) and the other nanocomposite films made
with epoxy matrix C (namely C1 and C2).

Fig. 4 shows volume conductivity values obtained for C (Epoxy), B
(Masterbatch), C1 and C2 nanocomposite samples, before and after UV-C
exposure, as a function of working frequency. Electrical volume conductivity of
all nanocomposite samples, tends to increase with increasing of working
frequency, in both cases of pre and post UV-C irradiation. Results show that, after
UV- irradiation, the volume conductivity increases of one order of magnitude at
higher frequency only for the more concentrated C2 nanocomposite sample. For
the less concentrated nanocomposite samples (B and C1) are shown in figure 4
(b), any relevant changes are observed after UV-C irradiation.

Increasing of electrical conductance of the nanocomposite samples can be
explained by considering that the UV-C radiations degrade the polymeric matrix,
and so leaving uncovered a greater amount of conductive graphene nanoplatelets:
that effect is more visible in the case of more concentrated C2 sample, at higher
testing frequencies, in which the erosion of the resin results in a more conductive
surface of the nanocomposites due to the exposure of a great amount of carbon
nanoparticles.

The volume conductivity values obtained for C (Epoxy), B (Masterbatch), C1
and C2 nanocomposite samples, before and after humidity and thermal aging, as a
function of working frequency, are shown in fig. 5 and fig. 6 respectively. For all
nanocomposite samples, in both cases, the volume conductivity increases with the
testing frequency both before and after aging tests. In particular, the volume

conductivity values after humidity and thermal aging tends to increase especially
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at higher frequencies and for more concentrated nanocomposite sample C2. On
the contrary, in the case of the less concentrated samples B and C1, the volume
conductivity values after humidity and thermal aging tend to decrease at higher
frequencies. Despite that, the volume conductivity values after both types of aging

tests remain in the same order of magnitude than those not-aged.
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Fig. 4. Volume conductivity values of C, B, C1 and C2 nanocomposite samples
before and after 2 h exposure to UV-C radiation as a function of working

frequency (a); (b) zoom for C, B and C1 nanocomposite samples.

The above results from the volume conductivity analysis, in the case of humidity
aging test, can be explained by considering the electrical resistance changing of
SWNTs nanoparticles in presence of high concentration of water molecules. It’s
well-known, in fact, that electrons-donating H>.O molecules are absorbed by
carbon nanotubes, filling the hole carriers of p-type SWNTs and leading to a
decreasing of conductivity until humidity level up to 65%. After the saturation
point, in which all the water molecules compensate all the holes of semiconductor

SWNTs, the conductivity starts to increase with increasing of humidity level, as
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happened in our case in which we aged nanocomposite samples with humidity at
75%, due to the fact that SWNTs become n-type semiconductor [28, 29]. We
detected that the above-described behaviour is more evident in the case of more

concentrated C2 sample.
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Fig. 5 Volume conductivity values of C, B, C1 and C2 nanocomposite samples
before and after 4 hours of humidity cycle at 75% as a function of working

frequency (a); (b) zoom for C, B and C1 nanocomposite samples.

The effects of thermal cycling, with the upper limit of temperature of 80°C, on
nanocomposite samples demonstrate that the cyclical increase of temperature
leads to a modest increasing of volume conductivity only for the more
concentrated sample C2 and at higher frequencies. At lower frequencies the
volume conductivity values didn’t change because they remain within the
standard deviation limits. In the case of less concentrated samples, as shown in
fig. 6 (b), there aren’t substantially any changes in the volume conductivity after
thermal cycle, even if they tend to decrease after aging especially at higher

frequencies.
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Several sets of samples were tested for data reproducibility. The electrical
response to UV-C irradiation, humidity and thermal cycles was found to be

consistent over all the analyzed nanocomposite samples.
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Fig. 6. Volume conductivity values of C, B, C1 and C2 nanocomposite samples
before and after 4 thermal cycles from 23°C to 80°C as a function of working

frequency (a); (b) zoom for C, B and C1 nanocomposite samples.

The surface electrical properties, determined in terms of surface resistivity and
conductivity for all nanocomposite films fabricated on CFRP substrates, and
electrical volume conductivity values obtained at f= 10 MHz, are summarized in
Table 2. We detected, in particular that there are not relevant changes in the
surface electrical properties of all nanocomposite films fabricated after aging tests
because the obtained values of resistivity and conductivity vary within the
standard deviation limits obtained before and after agings. For these reasons, all
values of electrical properties reported in Table 2 refer to those obtained for non-

aged nanocomposite films.
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Results show that the obtained surface resistivity ps values, for all
nanocomposite films fabricated on CFRP, respect NASA requirements to control
and minimize ESC charging by making spacecrafts surfaces uniformly conductive

with a necessary surface resistivity ps<10*% Q/square [22].

Table 2. The surface resistivity p, conductivity _and the volume conductivity

o,.1c 0f B, C1 and C2 nanocomposite samples.

Carbon 6, ,c (S/m)
Sample nanoparticles p, (Q/sq) o_(S) at
content f=10 MHz
B 1 wt. % of 1™ 10 107+ 1.10™
SWNT <10 >10 48-10 £1-10
Cl 09 wit. % Of +06 +04 -07 +09 -02 -04
-10 +1-1 2:10 +1.1 1.7-10 +1.1
SWNT 5.10 0 0 0 0 0
c2 3 Wt.9% of <10™ >10" 0.47£0.05
SWNT+1wt.
% of GnP

The nanocomposite films of type C1 (Epoxy EA9396/0.9 of SWNT) were
deposited, by bar coating process and with different geometrical configurations as
shown in fig. 7 (a), on carbon epoxy composite laminate panel (CFRP), typically
employed in satellite structures, to assess their use as potential innovative
grounding system for spacecrafts. The choice of C1 is due for its lower absolute
viscosity, due to the its lowest content of nanoparticles in the epoxy matrix,
respect to the other two types of nanocomposite blends (namely B and C2)

allowing for easier deposition process and in the same time providing good
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electrical properties. Fig.7 (b) shows the E-field radiated emission testing and
measurements set-up of electronic component developed according to ECSS and

NASA standards for EMC compatibility for a space vehicle.
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Fig. 7. (a) View of the eight configurations of C1-nanocomposite films deposited
on ground plane CFRP; (b) Testing and measurements set-up of the E-field

radiated emission of electronic component [30].

Preliminary DC electrical measurements on all nanocomposite film
configurations realized on ground plane CFRP showed that all geometrical
configurations of nanocomposite film fabricated on CFRP structure provide a
low-DC electrical resistance paths to units placed on the CFRP structure. In
particular, the fourth configuration (Fig.7 (a)), represent the most promising one

with the lowest DC electrical resistance Rpc of 100 + 5 Q.

4.4 Conclusion

We investigated the properties of different carbon-based nanocomposite films,

hybrid and not, deposited on carbon fiber/epoxy resin composite laminates
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(CFRP) by bar-coating process. The effects of carbon nanoparticles on the cure
reaction, glass transition temperature and thermal stability of the nanocomposite
films fabricated were investigated with DSC and TGA. DSC analysis show that
the introduction of nanoparticles in the polymer matrix leads to an increasing of
enthalpies of reaction, cure peak temperature and of glass transition temperature.
Moreover, the addition of carbon nanoparticles decreases the thermal stability of
the epoxy polymer matrix for all classes of nanocomposites fabricated as shown in
TGA results.

These films were exposed to UV-C radiation, humidity and thermal cycles and
their electrical response, in terms of surface and volume conductivity, was
investigated. Comparing the volume conductivity values obtained at the lower
frequencies up to 100 MHz, we detected that only the nanocomposite film, with
the highest concentration of nanoparticles (namely C2 sample), exhibits a modest
increasing of the volume conductivity upon high level of humidity of 75% due to
the fact that water molecules allow to the SWNTs to become n-type
semiconductors. On the contrary, after UV-Irradiation and after thermal cycle
with upper temperature limit of 80°C, any changes of volume conductivities were
detected at those lower frequencies. For the others nanocomposite films, with a
lower content of nanoparticles, we didn’t detect any changes in the volume
conductivity after UV-C irradiation and after aging tests. At higher frequencies,
no relevant changes in the volume conductive values, for all nanocomposite films,
were detected after all tests except for the nanocomposite sample C2, which
shows an electrical volume conductivity increased of one order of magnitude upon

UV-C irradiation.
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On the other hand, no significant changes in the surface resistivity and
conductivity, are detected after all aging tests on all nanocomposite films
fabricated.

Electrical results show that the fabricated coatings respect NASA requirements
for thin material to control and minimize ESC charging for which the electrical

resistivity ps<10"% Q/square is needed.
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Chapter 5 - Direct effects of UV irradiation on
graphene-based nanocomposite films revealed by

electrical resistance tomography*

* Taken from the publication: ‘Direct effects of UV irradiation on graphene-
based nanocomposite films revealed by electrical resistance tomography’,
Composites  Science and  Technology, wvol. 183, 1-8, 2019,
(doi.org/10.1016/j.compshitech.2019.107823)’.
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Abstract

The integration of surface sensing elements providing an in situ monitoring of
the UV-induced degradation effects in composite materials and structures is
crucial for their applications in hostile environments characterized by high levels
of radiation, such as space. In this work, the electrical response of a novel UV-
sensitive nanocomposite film was investigated using electrical resistance
tomography (ERT). The conductivity changes measured at the irradiated surfaces
were compared with results from morphology analysis by scanning electron
microscopy (SEM) and surface analytical techniques, such as Raman microscopy.
Highly conductive and UV-sensitive nanocomposite coatings were prepared by
embedding the graphene and deoxyribonucleic acid (DNA) component in a
poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) matrix.
The coatings were deposited onto carbon-reinforced laminated structures
fabricated by resin transfer molding process using an aerospace-grade epoxy resin.
Two different irradiation conditions were tested by exposing the nanocomposite
surfaces to UV-C irradiances of 2.6 and 4.0 mW/cm?. Results show that the ERT
technique has great potential for the in situ health monitoring of carbon-based
materials and structures for aerospace applications, which are subject to
degradation by UV-C radiation: it allows mapping of the conductivity changes
occurring at the surface of the graphene/DNA/PEDOT:PSS coatings during

irradiation.
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5.1 Introduction

Carbon fiber-reinforced polymer composites are widely used in aerospace
structures for their excellent strength-to-weight ratio and stiffness-to-weight ratio,
improved corrosion resistance and property tailorability for specific applications
[1, 2]. However, it is well known that hostile space conditions cause degrading
effects on polymer composite laminates [3-5]. UV radiations, vacuum, atomic
oxygen and large temperature gradients all lead to the degradation of polymer-
based materials [4-8], affecting the structural integrity of spacecraft components,
and reducing the life cycle of the structure. To solve these problems, researchers
are investigating many solutions, one being the fabrication of sensor elements to
integrate into the composite laminates, thus creating health monitoring systems
for radiation-induced damage to aerospace structures [9-11]. In this contest, the
use of electrical measurements for strain sensing and damage identification was
recently proposed [12-19]. In particular, several groups are studying electrical
conductivity-based health monitoring methods, in which the damaged areas in
composite laminates are identified by monitoring the changes of electrical
conductivity in such areas. To this end, electrical impedance tomography (EIT),
based on alternating currents (AC), and electrical resistance tomography (ERT),
based on direct currents (DC), are receiving great attention because they are low-
cost and non-invasive techniques that allow to obtain electrical conductivity maps
of the parts under exam. In their study, Schueler and colleagues demonstrated that,
using EIT mapping, damaged areas in carbon fiber-reinforced composite materials
correspond to areas with lower electrical conductivity [20]. Baltopoulos et al.

investigated the effects of different types of damage (drilled hole, local
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indentation) on the electrical properties of composites reinforced with carbon
fibers and nanotubes, using ERT [21, 22]. In both works, the authors were able to
detect the presence of damage in terms of loss of conductivity in the same area
where the damage occurred. Other studies investigated the use of electrically
conductive nanocomposites and the possibility of identifying damage to the
matrix by electrical measurements [23-25]. For example, by using carbon black
filler and the EIT technique, Tallman et al. were able to locate the matrix damage
in glass fiber/epoxy laminates [26].

Recently, the development of nanocomposite films is receiving great attention,
where the films are applied on composite structures for damage monitoring
purposes. Loh et al. fabricated nanocomposite films filled with carbon nanotubes
as sensing skins on different type of substrates [18]. They detected strain during
applied load and spatial impact damage on the nanocomposite films by electrical
impedance tomography. In another work, Loyola et al. studied the spatial
distribution of conductivity changes in nanocomposite films that were spray-
deposited on glass fiber-reinforced polymer (GFRP) composites upon damage
from a drilling operation and from low-velocity impact [12]. Results showed that
indeed, in the electrical resistance tomography maps, the damaged areas possess a
lower conductivity. These trends were confirmed by Lestari et al. for uniaxial
tensile loadings in glass fiber-reinforced polymer composites coated by
nanocomposite films [27].

In this proof-of-concept work, the use of ERT to identify the damaging effects of
UV-C radiation was investigated on nanocomposite coatings made of graphene

nanoplatelets (GNP) functionalized with deoxyribonucleic acid (DNA) and
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embedded in a poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) matrix. The DNA-functionalized GNPs were chosen based on
previous work from our group showing their sensitivity to UV radiation [9, 28],
whereas the PEDOT:PSS matrix was selected to enhance the electrical
conductivity of the overall nanocomposite [10]. The UV-sensitive coatings were
applied to the surface of carbon fiber/epoxy laminates, which are composite
structures that are typically used in the aeronautical and space fields. To our
knowledge, this is the first report of the application of the ERT technique to the
detection of surface conductivity changes induced by UV exposure. This
technique in combination with the UV-sensitive coatings containing DNA-
functionalized graphene can provide a health monitoring method for composite
materials and structures that are exposed to damaging levels of UV radiation. A
16-electrode scheme was applied along the edges of the nanocomposite sensor
coatings, and maps of conductivity changes were reconstructed after UV-C
irradiation with two different intensities (2.6 and 4.0 mW/cm?) for 24 h. The
information from the ERT analysis is discussed and related to results from
complementary techniques, such as scanning electron microscopy and Raman
spectroscopy, which have previously proven to be a valuable tool for the

characterization of carbon/DNA interfaces [29, 30].

5.2 Experimental

5.2.1 Materials
Graphene nanoplatelets grade AO-4 with average thickness 60 nm and lateral

size in the range 3-7 um were purchased from Graphene Supermarket (Graphene
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Laboratories, USA). Double-stranded DNA and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) in the form of dry
re-dispersible pellets were purchased from Sigma-Aldrich and used as received.
DNA solutions and GNP/DNA dispersions were prepared in Milli-Q deionized
water (resistivity 18.2 MQ-cm) from a Direct-Q3 UV water purification system
(Millipore, France). Carbon fiber-reinforced polymer (CFRP) laminated plates
were fabricated by resin transfer molding (RTM) as support for the
nanocomposite sensors. The resin used was HexFlow RTM®6, a space-grade
mono-component epoxy resin purchased from Hexcel (Duxford, UK). The fiber
reinforcement was a 1K-T300 carbon plain weave with areal mass density of 120
g/m2. Silver paint (Ted Pella, USA) and silver epoxy conductive adhesive (Type
8331, MG Chemicals, Canada) were used to fabricate the electrodes on the top

surface of the nanocomposite sensor.

5.2.2 Fabrication methods

Nanocomposite coatings containing GNP/DNA nanomaterial dispersed in the
PEDOT:PSS matrix were prepared by sonication in aqueous solution followed by
deposition on the CFRP laminated plates and drying at 50 °C. First, aqueous
dispersions of GNP and double-stranded DNA (20 mg/ml) were prepared in
ultrapure water and sonicated for 2 h in a cold bath to prevent DNA degradation.
For an optimal dispersion of graphene in the DNA solution, the two components
were mixed at a 1:1 weight ratio, following previously established results [30, 31].
Next, PEDOT:PSS pellets were added to the GNP/DNA solution, while stirring, at

a concentration of 0.7% by weight. The dispersion (4 mL) was deposited on the
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CFRP supports (size 40 mm x 40 mm) and dried in oven at 50 °C overnight. Prior
to the deposition, the carbon fiber/epoxy supports were coated by a thin layer of
PEDOT:PSS (from an aqueous solution at 0.7% by weight) using the same drying
conditions. The interposed PEDOT:PSS layer allowed for enhanced adhesion
between the support and the GNP/DNA/PEDOT:PSS coating. Nanocomposite
coatings with a uniform thickness of 0.03 mm and reference conductivities of 0.08

- 0.09 S/mm were obtained at these conditions.

5.2.3 UV-C irradiation tests

Nanocomposite coatings were irradiated with monochromatic UV light at 254
nm from a 30 W low-pressure mercury lamp. Samples were placed in a closed
irradiation chamber with the UV source fixed in the top lid. Only the central part
(20 mm x 20 mm) of the sample was exposed to UV-C radiation for 24 h, while
the edges of the sample (where the electrodes would be fixed) were protected
using aluminum foil. In prior work, an irradiation period of 17 h was sufficient to
observe changes of the electrical conductivity of GNP/DNA films (applied to a
different fiber-reinforced polymer substrate) [9]. Here, an irradiation time of 24 h
was used for testing convenience. Samples were placed at two different distances
from the lamp in order to vary the radiation intensity on the surface. For the ERT
investigation, irradiances of 2.6 and 4.0 mW/cm? were used, corresponding to
sample-to-source distances of 93 mm and 55 mm, and to radiation doses of 225
and 346 J/lcm? in 24 h, respectively. The UV-C irradiance levels were selected to
be consistent with those in the Low Earth Orbit (LEO) environment, in which the

International Space Station and most communication satellites are located. Here,
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approximately 0.8% of the solar irradiance value is in the UV-C region, in
particular 1.30 mW/cm? at the wavelength of 254 nm [32]. In this work, higher
levels of irradiances between two and four times those of the LEO environment
were used in order to achieve radiation doses in the range 200-400 J/cm? within
24 h of exposure and due to the configuration of the available testing chamber.
Additional irradiation tests as a function of the UV-C dose were performed
under a 8 W low-pressure lamp set at 254 nm (3UV-38, UVP LLC, USA) in a
closed chamber. The irradiances were measured using a HD 2302.0 radiometer
(Delta Ohm, Italy) fitted with a LP 471 UVC probe (spectral range 200—280 nm).
Samples were exposed to an irradiance of 0.63 mW/cm? and measured daily for

up to 7 days, corresponding to a maximum dose of 380 J/cm?.

5.2.4 ERT system, acquisition and post-processing

Electrical resistance tomography (ERT) is a technique that allows to obtain a
distribution of electrical resistance values within the domain of interest [33]. The
electrical resistance distribution in that domain is obtained by injecting a current
into electrodes that are positioned around the boundary of the domain of interest
on the sample surface. Then, the resulting voltages between two electrodes are
measured along this boundary, as the output, which will be used in the image
processing algorithm. The algorithm will eventually compute the conductivity
map of the domain, in a two parts sequence: the solution of a forward problem,
and the solution of an inverse problem, as discussed below.

The experimental ERT setup for the acquisition of differential voltage data from

up to 16 electrodes was composed by the data acquisition system (DAQ) from
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National Instruments (NI-6216), connected to a 16-electrodes voltage buffer
circuit used with the aim of reducing current leak from the voltage sensing
electrodes [34]. Direct currents were injected using an Agilent DC current supply
(Agilent E3610A), while an op-amp power supply was used to reduce the noise in
the measurements. A digital multimeter (Tektronix DMM?916) ensured that there
was accuracy in the injection current amplitude during the tests. Differential
voltage data were acquired using the LabVIEW software package (National
Instruments, Inc.) at various injection currents, with the baselines consisting of the
untreated coatings, i.e. before exposure to UV-C. Samples for the ERT
investigations were of size 40 mm x 40 mm; 16 electrodes were fixed along the
edge of the nanocomposite sensor surface, leaving a central area of 20 mm x 20
mm free for irradiation (Fig. 1a). Four equidistant electrodes were applied to each
side and in orderly sequence. To ensure a strong sensor-electrode contact, the
electrodes were created with a layer of silver paint onto which the ends of
electrical wires were placed and then fixed using silver epoxy conductive adhesive
(cure in air at ambient conditions for 24 h). The size of the electrodes was mainly
dictated by the challenge of bonding electrodes on the nanocomposite film. In the
current study, the electrodes were manufactured at a nominal distance of 1-2 mm
among each other. The electrode size could be construed as large with respect to
the domain of interest. However, Gisser et al. [35] and Hua et al. [36] used large
electrodes in their study, achieving a more uniform internal current distribution,
and leading to improvements in image reconstructions.

From the measured differential voltage data, ERT conductivity maps, describing

the changes in the surface electrical conductivity of the nanocomposite samples
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after irradiation, were reconstructed by finite element method (FEM) approach
using the open-source Electrical Impedance and Diffuse Optical Reconstruction
Software (EIDORS) suite [37, 38], based on the commercial software MATLAB
(Mathworks). The reconstruction problem was addressed by discretizing the
sample in a finite number of elements, defining the dimension of the model, the
position, the dimensions and the geometry of the electrodes on the sample surface,
and describing all current injection patterns used (forward problem). Next, the
reconstruction of the conductivity distribution on the sample surfaces was
performed (inverse problem) [38, 39]. The relationship between the conductivity
distribution ¢ and a vector of measured voltages v for a specific current injection
and initial conductivity estimate o, is approximated by a vector of analytically

predicted boundary voltages F (o) expressed by the Taylor series (Eg. 2):

v =F(o) 1)
F(0) = F(og) + Eea = 02| (0= )" 2)

Recovering o from experimental measurements v is an ill-posed inverse
problem, which depends on several factors including the exact shape of the region
of interest and electrode positions, variations in contact impedance, and estimation
of the internal conductivity. Solving the non-linear inverse problem requires
regularization techniques. In this work, the Tikhonov regularization was
implemented [39], with the electrical conductivity changes of the sensor coatings

(Ao) related to the measured difference voltage data (AVyesultant) aS:
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Ao = (]T] + aLTL)_leAVresultant (3)

Here, ] isthe Jacobian matrix for complex impedance, and a is the regularization
hyperparameter, which governs the amount of smoothing in the reconstruction
process in conjunction with a discrete Laplacian filter L. In order to prevent over-
smoothing and for an objective selection of the hyperparameter [40], the fixed
noise figure (NF) method proposed by Adler and Guardo [41] was implemented.
In this method, the hyperparameter « is chosen so that to the signal-to-noise ratio
(SNR) for the voltage measurements (SNR,) equals that of the reconstructed

conductivity distribution (SNR,), which corresponds to a NF value of 1.

SNR,
NF(a) = SR, 4)

Several authors have selected the fixed NF method when implementing the ERT
analysis in structural health monitoring applications using composite materials
[12, 14, 27, 42]. In the reconstructed conductivity maps, the conductivity changes
(Acg) were normalized with respect to the maximum variation of the electrical

conductivity occurring at the surface (Ao,,4,) according to the following formula:

Acnormalized = AG /A max = (]T]+ aLTL> JT(AV esuttant/ AV resuttant, o) ()

134



5.2.5 Characterization methods

The morphology of the nanocomposite coatings was investigated by scanning
electron microscopy (SEM) using a Tescan VEGA Il LSH instrument with
accelerating voltage of 10 kV and magnifications from 1000 X to 3000 X. The
electrical resistance was determined by electrical impedance spectroscopy (EIS)
using a Gamry Reference 600 potentiostat in a custom-made cell with two copper
strips as electrodes [10]. Resistance values were converted to conductivity values

using the following equation [42]:

- (r é)_l (6)

where o is the electrical conductivity, p is the resistivity, R is the measured
electrical resistance, | is the distance between the copper electrodes, and A is the
cross-sectional area of the sensor coating. Raman experiments were performed
with a Horiba XploRA PLUS Raman microscope with 532 nm laser excitation.
The Raman signal was collected through a 10 X objective in the range 200 - 3000
cmt with accumulation time of 5 s per spectrum. Areas of the substrates up to 7
pum x 7 um were scanned with diffraction grating of 600 g/mm. All spectra were

obtained with a 10% filter to avoid sample heating and damaging.

5.3 Results and discussion
5.3.1. ERT sensitivity analysis

In the first part of the study, a sensitivity analysis on values and patterns of the
injection currents was carried out, with the aim of identifying a combination

which would be reasonably sensitive to surface defects in the as-manufactured

135



samples, prior to UV-C irradiation. Direct current values of 10 mA, 20 mA, 30
mA, 40 mA, 50 mA, 80 mA, 100 mA and 150 mA were used. Previously, a 200
mA current was found to cause electrolysis damage to the electrodes [34], and
therefore the selected currents for this study were lower. For each injection, 256
differential voltage data measurements were recorded at each load step (m? = 256,
in which m = 16 is the number of electrodes). The number of independent
measurements depends on the type of injection. Shi et al. have advocated the so-
called pseudo-polar pattern as the best drive pattern for brain electrical impedance
tomography: in this pattern, the driving current flows into one electrode and out of
another electrode located almost at 180 degrees with respect to the injection
electrode [43]. On the other hand, Kolehmainen et al. have found that the so-
called adjacent injection pattern is more robust to modeling errors of contact
impedance, electrode size, boundary in typical EIT biomedical problems [44].
Because of the nature of the samples in this paper and the absence of earlier ERT
studies on such samples, a reasonably broad set of injection patterns was
investigated. Fig. 1 shows the five different voltage measurement patterns that

were investigated in combination with each injection current.
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Fig. 1. (a) GNP/DNA/PEDOT:PSS nanocomposite film on CFRP laminated

substrate (size 40 mm x 40 mm) with sixteen electrode elements fixed by

conductive silver epoxy; schemes of applied current injection patterns: (b)
adjacent pattern, (c) opposite pattern, (d) 1-11 pattern, (e) 1-12 pattern, and (f) 1-

13 pattern.

In the adjacent pattern (Fig. 1b), the current was injected through two
neighboring electrodes, while the differential voltage data were recorded from all
other electrodes. The sequence rotates for a new measurement until the pattern
returns to the original position. In the opposite pattern (Fig. 1c), the current was
injected through the first and the ninth electrodes, and the procedure was repeated
clockwise. In the 1-11 pattern (Fig. 1d), the current was injected through the first
and eleventh electrodes. In the 1-12 pattern (Fig. 1e) and in the 1-13 pattern (Fig.
1f), the current was injected through the first and twelfth electrodes, and from the
first and the thirteenth electrodes, respectively. The same procedure used for the

adjacent and opposite patterns was applied to the 1-11, 1-12 and 1-13 patterns. For

137



each injection, measurements at a specific current value and current pattern were
repeated several times. The results of the preliminary ERT sensitivity analysis for
the nanocomposite coatings exposed to UV-C irradiances of 2.6 and 4.0 mW/cm?
are reported in Fig. 2 and Fig. 3, respectively. The changes of voltage
measurements due to UV-C irradiation, as recorded by the sixteen electrodes, are
shown for different patterns and injection currents (range 10 — 50 mA). In both
cases of UV-C exposure, the opposite scheme resulted in the current pattern
exhibiting the highest sensitivity to the changes induced by irradiation at all
injection currents. For this reason, the opposite scheme was selected for the
subsequent reconstruction of the conductivity change maps by the EIDORS
toolbox. The optimal electric field density that is required for the reconstruction of
meaningful  conductivity change maps describing the changes of
GNP/DNA/PEDOT:PSS surfaces under UV irradiation depends on the correct
combination of injection pattern and current intensity. Results show that
increasing the density of the injection pattern, for the same injection current, the
absolute difference between the voltage measurements increases. From the
optimization analysis of the ERT injection currents, in order to localize surface
defects on the nanocomposite coatings under investigation, the best results were

found using lower injection currents, up to 50 mA.

138



c)

o0t e-Pattern: Adjacent d) 0.02 o Pattern: Adiacent
10 mA o Paltern: Opposite 10 mA = Patter: Opposite
__0.005 atiem: ~ 001 Pattern: 1-11
s -e-Pattern: 1-12 > X(ﬁ\i -Pattern: 1-12
AN NI R S
i} = = . s
: ~ § 0 rpETTTY
-0.005 -0.01
d
-0.01 0 020 2 4 6 8 10 12 14 16
0 2 4 6 8 10 12 14 16
0.01 e) oo < Pater:
5 Pattern: Adjacent
-&-Pattern: Adjacent N B
20 mA -o-Pattern: Opposite 20 mA ° E::{z::i ?_ap;oslte
0.005 Pattern: 1-11 < 001 <-Pattern: 1-12
S /\ -o-Pattern: 1-12 = .
1 . s e @ I / -
g o RS ——= <3 g ¢ MR =
3 N 3
= >
0.005 0.01
0,01 -0.02
0 2 4 6 8 10 12 14 16 0 2 4 ] 8 10 12 14 16
- _ f) ooz
-e-Pattern: Adjacent -&-Pattern: Adjacent
30 mA --Pattern: Opposite 30 mA -o-Pattern: Opposite

Pattern: 1-11 .
0.01 Pattern: 1-11
= 0.005 < Pattern: 1-12 < \ --Pattern: 1-12
3 USSR e o e
g 0 m—=F ARG . = g 0 =4 B
s | 2
-0.005 -0.01
-0.01 -0.02
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Electrode Number Electrode Number

Fig. 2. Voltage changes of GNP/DNA/PEDOT:PSS surfaces due to UV-C
irradiation recorded using the sixteen-electrode configuration with different
injection patterns and currents of 10, 20 and 30 mA. UV-C exposure: (a, b, ¢) 2.6

mW/cm? for 24 h; (d, e, f) 4.0 mW/cm? for 24 h.

5.3.2. ERT mapping of UV damage on hanocomposite surface

The ERT analysis was applied to investigate the effects of UV-C irradiation on
the surface electrical conductivity of GNP/DNA/PEDOT:PSS surfaces. The
normalized conductivity change maps reconstructed from the ERT data for the
surfaces exposed to UV-C irradiance of 2.6 mW/cm? for 24 h are presented in Fig.
4. Different injection currents in the range 10 — 50 mA were considered in
combination with the opposite current injection pattern. The reconstruction was
performed with the hyperparameter value a that yielded a noise factor NF = 1, as

discussed above.
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Fig. 3. Voltage changes of GNP/DNA/PEDOT:PSS surfaces due to UV-C
irradiation recorded using the sixteen-electrode configuration with different
injection patterns and currents of 40 and 50 mA. UV-C exposure: (a, b) 2.6

mW/cm? for 24 h; (c, d) 4.0 mW/cm? for 24 h.

In the maps, the yellow color indicates a negative change of the normalized
electrical conductivity, indicating a local decrease of the sample electrical
conductivity, whereas the blue color is associated with a positive conductivity
change. A smaller area of the nanocomposite surface was radiated with the aim of
evaluating the grade of accuracy of the ERT analysis in locating the surface

electrical conductivity changes on the sample after UV-C exposure.

140



10 mA 20 mA 30 mA 40 mA 50 mA

Ao'normahzed

Fig. 4. ERT conductivity change maps of GNP/DNA/PEDOT:PSS film after UV-
C irradiation (2.6 mW/cm?, 24 h) reconstructed using EIDORS. Voltage data
recorded with the opposite injection pattern and currents in the range 10-50 mA.

The white dashed line denotes the UV-C irradiated area (20 mm x 20 mm).

The white dashed line denotes the central region (20 mm x 20 mm) that was
exposed to UV-C, whereas the edges of the sensor surface had been shielded to
avoid damage to the electrodes. From the reconstruction of the voltage changes, it
was noted that injection currents of 20 and 30 mA provided the best localization
of the area exposed to UV, in which a significant loss of electrical conductivity
seems to occur. This result was further investigated and confirmed by
measurements of the average electrical impedance of the samples (see discussion
below and Fig. 7).

Researchers in the biomedical field (Kauppinen et al. [45]) have observed that
the impedance obtained from a given current injection and a given voltage
measurement could increase, decrease or just be unaffected by a conductivity
change in the region of interest, undermining the sensitivity of the EIT approach.

This observation may support why some combinations of current intensity and
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injection patterns were not successful in identifying the surface defects of the
current study, and may have been possibly impacted by larger noise. In particular,
for the dense opposite pattern, when considering the dimensions of the
nanocomposite samples investigated in this study, the enhanced overlapping of
the electric flux lines at higher injection currents causes a higher disturbance in
the measurements. On the other hand, when using lower injection currents (20-30
mA), it was possible to localize the irradiated area on the samples, by observing
the regions in which negative surface conductivity changes occur (in yellow
color). Besides the opposite pattern, other injection schemes were also
investigated, but did not result in a meaningful correspondence between the
irradiated area and the conductivity change maps.

Fig. 5 shows a comparison of the ERT conductivity maps for the
nanocomposites irradiated at two different intensities (2.6 and 4.0 mW/cm?),
which were reconstructed from data acquired using the opposite pattern and the
injection current of 20 mA. For the surface irradiated at higher intensity, 4.0
mW/cm? corresponding to a UV-C dose of 346 J/lcm? in 24 h, a different
conductivity change pattern was observed (Fig. 5b), with a prevalence of areas
with positive conductivity changes (in blue color). For conductive composite
materials that are fabricated by embedding a carbon-based filler in a polymer
matrix, this result is not unexpected, and can be attributed to the large polymer
degradation that is caused by exposure to a high dose of UV radiation [46, 47]. In
fact, while the matrix is eroded, the conductive filler is progressively exposed

causing an apparent increase of the coating electrical conductivity.
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Fig. 5. Reconstructed conductivity change maps of irradiated
GNP/DNA/PEDOT:PSS films after exposure to UV-C intensities of (a) 2.6
mW/cm? and (b) 4.0 mW/cm? (exposure time 24 h). Tests with 20 mA current,
opposite injection pattern. The yellow and blue colors indicate negative and

positive conductivity changes (Acnormalized), respectively.

In our case, the morphology analysis of the GNP/DNA/PEDOT:PSS surfaces
exposed to higher UV-C intensity (4.0 mW/cm?) conducted by SEM revealed a
marked difference between the irradiated and non-irradiated samples (Fig. 6). A
degradation of the non-conductive component of the nanocomposite coating can
be observed after UV-C irradiation: the surface features are characterized by
smoother edges than those of the non-irradiated sample, and this observation is
more evident in the SEM images at higher magnification (Fig. 6¢ and d). No
changes were detected on the GNP/DNA/PEDOT:PSS sample exposed to lower
values of irradiance (2.6 mW/cm?).

In order to evaluate the accuracy of the results in the conductivity maps
reconstructed from the ERT data, further investigations on the

GNP/DNA/PEDOT:PSS surfaces under UV-C irradiation were performed. The
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positive or negative surface conductivity changes in the ERT reconstructed maps,
localized in the areas exposed to different intensities of UV-C, were investigated
by electrical impedance spectroscopy (EIS) in a traditional two-electrode cell. A
lower irradiance (0.63 mW/cm?) was used in order to obtain a trend of the surface
conductivity change as a function of the UV-C dose within 7 days of irradiation
tests. The normalized conductivity changes measured after each day of irradiation
are reported in Fig. 7. They show a non-linear behavior as a function of the dose.
In particular, a significant drop of conductivity was measured after the first day of
irradiation (dose of 50 J/cm?). The conductivity remained approximately constant
for the next 2 days, after which a linear increase as a function of the UV-C dose
was observed. This result suggests that different levels of UV-C damage might be
present at different radiation doses. Consequently, the electrical properties of the
irradiated samples may vary significantly with the intensity of the UV-C radiation,
leading to the results observed in the ERT conductivity change maps (Fig. 5). The
initial drop of conductivity of the irradiated GNP/DNA/PEDOT:PSS films in Fig.
7 can be explained considering the degradation effect that UV radiation has on the
conductive PEDOT:PSS matrix. Previous studies have demonstrated that
irradiation under UV-C light determines a significant increase of the resistivity
values of PEDOT:PSS films due to the decomposition of the polymer chemical
bonds [48, 49]. This phenomenon is likely the initial phase of degradation of the
GNP/DNA/PEDOT:PSS films, causing the marked conductivity drop during the
first 3 days of exposure. This phase is followed by an almost linear increase of the
conductivity, which can be related to a progressive exposure of the graphene

nanoplatelets component.
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Raman spectroscopy provides direct information on molecular vibrational
modes, and was therefore used to gain insight into the UV-induced damage
mechanism of the nanocomposite films at molecular level. Fig. 8a shows the
Raman spectra of the GNP/PEDOT:PSS film before and after UV-C irradiation,
recorded using a 532 nm excitation. The strong band observed at 1427 cm™ can be
assigned to the symmetric Co=Cp stretching of PEDOT [50], whereas the peak at
~1580 cm™ and the broad band at ~2700 cm™ are the G and 2D peaks of
graphene, respectively [51]. A significant decrease of the main PEDOT peak is
evident in the spectrum of the irradiated samples. The analysis of the intensities of
the PEDOT and GNP characteristic peaks reveals that the value of lpepot/lc
changes from 4.0 to 2.1 upon irradiation, while the Ilg/lop value stays
approximately the same (from 2.4 to 2.6, typical values for multiple layers of
graphene [52]). Similar results were obtained from analysis of the irradiated
GNP/DNA/PEDQT:PSS films (Fig. 8b), for which the lpepot/lc value varies from
4.6 to 2.8. For both types of films, the PEDOT component is more affected and
degrades more quickly than graphene under UV-C irradiation. This is consistent
with the initial conductivity drop measured by electrical impedance spectroscopy
(Fig. 7). In the Raman spectra of the GNP/DNA/PEDOT:PSS films, the
characteristic peaks of DNA are visible in the 1100 — 1300 cm™ region, with the
bands near 1150 and 1256 cm™ due to the vibrational modes of deoxyribose-
phosphate and of cytosine and adenine rings, respectively [53, 54]. Both peaks
exhibit a marked shift to lower frequency upon irradiation, from 1150 to 1123 cm”
1 and from 1256 to 1243 cm™, which has been linked to alteration of the DNA

structure [55]. The damage to DNA can be also inferred from the large drop of the
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Raman bands in the 1100 — 1300 cm™ region after UV-C irradiation (Fig. 8b). The
intensity ratios li1s0/l1500 and li2se/l1s00 between the characteristic DNA peaks and

the G band of graphene vary from 2.0 to 0.7 and from 1.8 to 0.7, respectively.

Fig. 6. SEM images of GNP/DNA/PEDOT:PSS nanocomposite surfaces (a, )
before irradiation and (b, d) after UV-C exposure (4.0 mW/cm?, 24 h) showing
local erosion effects on irradiated samples (right). Images acquired with
accelerating voltage 10 kV and increasing magnification: (a, b) 1000 X, (c, d)

3000 X.

Collectively, these results indicate that the damage induced by UV-C is localized

more on the PEDOT and DNA components of the nanocomposite films, and this

Is consistent with the conductivity increase observed after the initial degradation

146



of the conductive polymer matrix, due to progressive exposure of the graphene

nanoplatelets.
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Fig. 7. Surface conductivity changes of irradiated GNP/DNA/PEDOT:PSS
films as a function of the UV-C dose determined by electrical impedance
spectroscopy in two-electrode measurement cell. Dose range corresponds to

irradiation times from 0 to 7 days (UV-C irradiance of 0.63 mW/cm?).

5.4 Conclusions

Electrical resistance tomography was used to investigate the changes of the
surface electrical properties of UV-sensitive nanocomposite films upon exposure
to UV-C radiation. The nanocomposite coatings were fabricated by integration of

DNA-functionalized graphene nanoplatelets into a conductive polymer matrix
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made of PEDOT:PSS. The ERT technique was optimized in terms of current

patterns and injection values in order to detect damage induced by UV irradiation,

with the opposite injection pattern and currents of the order of 20-30 mA giving

the most reliable outcome.
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Fig. 8. Raman spectra of (a) GNP/PEDOT:PSS and (b)

GNP/DNA/PEDOT:PSS films before and after UV-C irradiation (0.63 mW/cm?

for 6 days corresponding to a dose of 327 J/cm?) acquired with an excitation

wavelength of 532 nm.

Maps of conductivity changes for the irradiated films were reconstructed from

the acquired differential voltage changes with respect to a baseline sample. The

nanocomposite area exposed and affected by the UV-C radiation was localized in

the ERT maps with good agreement. Different levels of conductivity changes

were detected by the technique when exposing the surfaces to different intensities

of UV-C radiation. These conductivity changes were verified using 2-electrode

impedance spectroscopy. The results were supported by SEM morphology and

Raman spectroscopy analyses.

In particular,

the GNP/DNA/PEDOT:PSS
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nanocomposite films face different stages of conductivity changes upon
irradiation with UV-C light, with an initial drop of the electrical conductivity due
to degradation of the conducting polymer matrix, and a subsequent increase
related to DNA denaturation and progressive exposure of the GNP. Both
situations were captured in the reconstructed conductivity maps, highlighting ERT
as an effective technique, and a potential real-time health monitoring method of

materials and structures subject to degradation by UV-C radiation.
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Abstract

The design and development of graphene-based nanocomposite films are
receiving great interest, due to their multifunctional properties, with potential
applications in a wide range of technological areas. From aerospace to chemical
sector, such nanocomposite films are investigating as (bio)sensors,
electromagnetic interference shielding materials, thermal interface materials
(TIMs) and for thermal energy harvesting. In this work, we reported the
development of hydrophobic multi-layered graphene-based nanocomposite films
on textured aluminum substrate. The formulated nanocomposite conductive inks
were spray-coated on textured aluminum substrate surfaces by forming
nanocomposite films ranging from 1 to 10 layers. The effects of thermal annealing
on morphology, surface topography properties, surface hydrophobicity and on the
thermal properties of the fabricated nanocomposite films were investigated. In
particular, from electron microscopy analysis, we detected that, thermal annealing
compresses the fabricated graphene-based nanocomposite films, resulting in a
thinner, less rough and compacted coatings, almost similar to ‘all-graphene
nanoplatelets’ films. Hence, we obtained that thermal annealing is able to increase
thermal properties of the fabricated films, with an enhancement of the thermal
conductivity up to ~ 759%, without altering the hydrophobic nature of their

nanocomposite surfaces.

6.1 Introduction

Graphene-based nanocomposite films have attracted significant attention as

multifunctional coatings with given thermal, electrical, optical properties, that can
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bring relevant progress in a wide range of technological applications, from
aerospace to chemical industry. Graphene nanoparticles, in fact, for their high
stiffness and strength[1] combined with exceptional electrical[2, 3] and thermal
properties[4, 5], allow the fabrication of the resulting composite material with
superior features at relatively low loadings[6-10]. For example, potential
applications in the electronics sector include the possibility to use such materials
in the field-effect transistors (MOSFETS) technology[11-13], as an alternative to
the most common silicon semiconductor used, in view of the miniaturization of
next-generation electronic components [11, 14]. One of the most promising
concepts is the use of carbon-based nanocomposite films, due to high intrinsic
thermal conductivity of the carbon nanoparticles [5], as thermal interface materials
(TIMs)[15] to dissipate heat in a large number of electronic devices[16, 17].
Marconnet et al.[18], for example, fabricated aligned CNT arrays reinforced
epoxy polymer matrix, for thermal interface applications, obtaining a thermal
conductivity enhancement, in the axial direction, of a factor 18.5 with 16.7vol.%
of CNT respect to the epoxy matrix. Multifunctional nanocomposite films are
currently investigated also in the aerospace field to create UV-sensors[19, 20] with
the aim, for example, to monitor the radiation absorbed by the astronauts during
extra vehicular activities (EVA), as inner layers of multi-layer insulation (MLI)
blankets for satellites to reduce the unwanted interference and passive
intermodulation products problems due to its high radio frequency reflectivity
(RF) in the specular direction [21] or as new and advanced grounding systems to
mitigate plasma-induced spacecrafts charging [22]. In addition, carbon-based

nanocomposite films can be useful in robotics industry as pressure sensors [23]
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and in flexible [24] and touch-screen technologies [25], as materials with
biosensing[26, 27] and gas-sensing [28, 29] properties and as multifunctional
materials for (thermal)energy harvesting [11, 30-33].

The purpose of this work is to achieve thermal performance of the unit increased
over time, resulting in an ideal design of heat exchangers thanks to the application
of efficient nanocomposite coatings. It’s well-known, in fact, that dropwise
condensation as opposed to filmwise condensation can lead to much higher heat
transfer coefficients, improving so the energy efficiency in a large variety of
engineering applications. The main objective of this work so, is to fabricate
promising graphene-based nanocomposite films on aluminum substrate with high
thermal conductivity and evaluate the effects of thermal annealing on its surface
hydrophobicity and thermal properties that are relevant parameters to improving
the efficiency of thermal power generation. For this study, we fabricated multi-
layered nanocomposite films (ranging from 1 to 10 layers), deposited on
aluminum substrates, with graphene nanoplatelets embedded in PVDF-DMAc
solution, by spray-coating process. Aluminum was chosen as substrate for the
nanocomposite films as it is a metal largely used in several industrial sectors,
especially in the heat exchangers [34-36]. We performed, at last, thermal
annealing with a carver press, by placing the dried samples between two metal
plates at 150°C for 10 minutes under 0.5 metric tons of applied pressing load. A
further objective is to investigate the effect of thermal annealing on morphology
and surface texture properties of the graphene-based nanocomposite films on

aluminum substrate.
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6.2 Experimental

6.2.1 Materials

Graphene nanoplatelets (GnPs), purchased from STREM Chemicals Inc. (UK),
with thickness of 6-8 nm, wide of 5 pum, an oxygen content of <1%, a carbon
content of 99.5 wt.% and a residual acid content of <0.5 wt.% were used as
nanofillers. Polyvinylidene fluoride (PVDF) thermoplastic polymer, with
molecular weight (g/mol) of 64.035, was purchased from Alfa Aesar™ Chemicals
(Thermo Fisher Scientific, USA) and it was chosen as polymer matrix in this
study. PVDF powder was dispersed in N,N-Dimethylacetamid (DMACc) solvent
(Merck KgaA, Germany) and then acetone solvent was added and used as
received. Aluminum samples (5 cm x 2 cm), namely ‘Al-Front’, ‘Al-Back’ sheets
with a thickness of 30 um and ‘Al-Thick’ piece with a thickness of 1.2 mm, were

used as substrates for the spray-coated nanocomposite films.

6.2.2 Fabrication of multi-layered nanocomposite films

Multi-layered graphene-based nanocomposite films were fabricated by spray-
coating the ink of graphene nanoplatelets and PVDF-DMAc-acetone solution on
aluminum substrate, followed by thermal drying at 150°C for a few seconds after
each layer deposition. In particular, we dissolved PVDF powder into DMAC
solvent with a PVDF weight percentage of 10 wt.%. PVDF powder was
completely dispersed in DMACc solvent by continuous magnetic-stirring for 6
hours at room temperature (RT) and after that, graphene nanoplatelets were added
to the clear PVDF/DMAC solution at different weight percentages, ranging from

10 to 60 wt.% respect to the PVDF content. At last, acetone solvent was added to
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the final graphene-nanocomposite mixture in a ratio 1:1 (wt./wt.) with the
PVDF/DMACc solution to decrease the viscosity of the that final mixture. The
formulated nanocomposite inks were manual stirred for 5 min at room
temperature and then, in order to further improve the fillers dispersion in the
polymer, the inks were sonicated for 2 minutes with an ultrasonic probe (40%
amplitude, 20kHz frequency, Sonics & Materials Inc.). The nanocomposite films
were deposited on aluminum substrates by spray-coating process (airbrush spray
system, model VL-SET, Paasche) and by tilting of 30° the surface targets
(aluminum substrates) respect to the floor. We used, in this study 3 different types
of aluminum substrates, namely ‘Al-Front’, ‘Al-Back’ and ‘AL-Thick’. The
distance between the spray-gun nozzle and aluminum substrate was fixed at 10 cm
and the spraying pressure applied was fixed at 1.5 bar. The deposition of each
layer was obtained through the same multi-passes in vertical and horizontal
spraying directions. After each nanocomposite layer deposition, we immediately
gently dried it at 150°C with a thermogun for a few seconds. We obtained that,
following the same deposition protocol for all films fabricated, the thickness of
each layer is ~ 3.0+2.1 um by using ~ 0.3 ml of the formulated nanocomposite
ink. The thickness of a nanocomposite layer was measured using a 3D optical
profilometer at 50x magnification with accuracy of 0.05 um. Thickness
measurements were repeated several times in different spots of the film and the
obtained values were averaged. In this work, we characterized and analyzed films
from 3 layers because from those we can obtain a total and uniform
nanocomposite film coverage on aluminum substrate. After the film deposition

process, we performed thermal annealing with a carver press, by placing the

162



samples between two metal plates at 150°C for 10 minutes with an applied
pressing load of 0.5 metric tons. PVDF polymer film, without graphene
nanoplatelets, coated on aluminum substrate, was also fabricated and used as

control sample.

6.2.3 Surface topography characterization

Surface texture properties of the aluminum substrates and of fabricated multi-
layered nanocomposite films were investigated by 3D Optical Profilometer
provided by Zeta Instruments. Different magnifications, ranging from 2.5x to 50x,
with a Z profile resolution ranging from 25 um to 0.05 pum respectively, were
applied in order to appropriately calculate the surface topography properties of the
samples. The measured parameters were the arithmetic mean surface roughness

Sq, the root mean square of heights S,, the skewness S, and the kurtosis S,

defined as:

k= 1)
N M
1 2
0= | Nxm ; ;(ZU ) )
1 N M ;
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where, z is the profile vertical direction respect to the mean plane and M and N
are the numbers of sampled points in x and y directions respectively. In particular,
S, (eq.1) represents the most common surface property investigated and it
describes the height variations in the sample surface (the units are generally
micrometers). On the contrary, the skewness (eq. 3) and kurtosis (eg. 4) are non-
dimensional parameters and they describe the asymmetry of surface heights
respect the mean plane and the asymmetry of peakedness of surface heights,
respectively. It means that, for example, a sample surface with positive skewness
and high kurtosis will show spiky topographic features; on the contrary for
negative skewness and low kurtosis (considering that kurtosis of a Gaussian
distribution is equal to 3.0), the sample surface will be blunter. The all-above
described parameters were calculated in different spots of the samples and their
average values were considered in the analysis.

3D Optical Profilometer was also used to determine the thickness of the

graphene-based nanocomposite layers.

6.2.4 Dewetting phenomenon and mechanical abrasion description of aluminum
substrates

As mentioned above, we considered as target substrates 3 types of aluminum

samples, different for thickness, surface finish due to manufacturing process and

roughness, with the aim to study which one is the best to obtain a good adhesion

between substrate and film. The aluminum substrates used are: the first Al

substrate called ‘Al-Front’, the second one ‘Al-Back’ and the third one ‘Al-

Thich’. The ‘Al-Front’ and ‘Al-Back’ sheets have a thickness of 30 um and
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vertical lay-bright and mill-matte surface finishes respectively. The thicker third
one, ‘Al-Thich’, has a thickness of 1.2 mm and the same surface finish in both
size of the piece. After the first deposition, we found that the formulated (PVDF-
DMAC)/GnPs inks dewetted on all above-mentioned aluminum substrates: in
particular, we noted a formation of different and irregular patterns of
nanocomposite droplets depending on the surface finish and roughness of each
aluminum substrate. It’s well-known that, in fact, dewetting phenomenon is
influenced by several factors including surface and morphological properties of
the substrate [37] and, for this reason, we investigated, in order to understand how
to avoid the phenomenon under study, the surface texture properties of all
aluminum substrates. Fig. 1 shows the optical microscope images of Al-Front (a),
Al-Back (c) and Al-Thick (e) aluminum substrates with their average measured
S., and the correspondent optical images of dewetting patterns formed (b,d and e).
In particular we noted that, in the case of Al-Front aluminum substrate (Fig. 1, a),
characterized by a striped surface due to the manufacturing process and by the
lowest arithmetic mean surface roughness S, of 0.08£0.02 pm, dewetting
phenomeno results from the formation of separate droplets with different heights
of its well-defined rims (Fig. 1, b). On the contrary, in the case of not-striped and
rougher Al-Back (Fig.1, c) and Al-Thick (Fig.1, e) surfaces, it’s visible the
formation of a periodic structure of strings of material (Fig. 1, d and f
respectively) that results in a greater spreading of nanocomposite film especially

on the roughest Al-Thick substrate having S, of 0.31+0.10 um.
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For these reasons, to ensure the fabrication of nanocomposite films and avoid
dewetting problem, we adopted the easy and fast technique of mechanical

abrasion, with the aim to create

111 pm

H  $,=0.14%0.01 um

(w) uoneoso| winwiuiw e wouy JybieH

M1pm

— “S,=0.31%0:10 pm

Fig. 1. Optical microscope images of the top surface of aluminum substrates
Al-Front (a), Al-Back (c) and Al-Thick (e). The images were taken at 20x
magnification. In (b), (d) and (e) there are the optical images of dewetting patterns
formation on each correspondent aluminum substrate taken at 2.5x magnification
with a zoom of each at 50x magnification. Different colors indicate the height

(wm) from a minimum location.

rougher aluminum surfaces. We abraded, following different protocols, the 3
above-mentioned aluminum substrates by using the same type of silicon carbide
abrasive papers. In particular, in order to understand how different abrasive

parameters influence the texture properties of the aluminum surfaces, we used
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abrasive papers with different grains size, two different abrasion direction
movements (linear and circular) and different abrasion times. Three different
abrasive methods were used for Al-Front aluminum substrate. Abrasive methods
used are as follows: the first method is to use the P1200 abrasive paper, applying
linear and rotatory movements for 30 minutes and the abraded sample was called
‘Al-F1’; the second method consist to use a combination of 3 abrasive papers,
namely P600-P800-P1200, applying linear and rotatory movements for a lower
time of 8 minutes and the abraded sample was called ‘Al-F2’; at last, in the third
method we used the same combination abrasive papers used in the second method,
but using only linear movements for 8 minutes and in this case the abraded sample
was called °Al-F3’.For Al-Back aluminum substrate, two different abrasive
methods were used, that are: the first method is to use P1200 abrasive paper,
applying linear movements for 60 seconds and the sample abraded following this
protocol was called ‘Al-B1’; the second method is to use P800 abrasive paper,
applying linear movements for 60 seconds and the abraded sample was called ‘Al-
B2’.At last, the thicker Al-Thick aluminum substrate was abraded also following
two different abrasive methods. In this case the abrasive methods used are as
follows: the first method is to use the P600 abrasive paper, applying linear
movements for 60 seconds and the abraded sample was called ‘Al-T1’; the second
method consists to use P120 abrasive paper, applying linear movements for 60
seconds and the abraded sample was called ‘Al-T2’. All abrasive methods used
were repeated several times. After abrasion we washed the aluminum substrates
with water and ethanol solvent in order to remove contaminants and silicon

carbide residues resulting from the abrasive papers. We found that, for all of these
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abrasive methods adopted, dewetting phenomenon did not occur on abraded
aluminum substrates. In this study, ‘Al-T1’ was chosen as abraded aluminum
substrate for the spray-coated nanocomposite films. In the section 3.1 are

presented the motivations for this.

6.2.5 Morphological characterization

In order to assess the morphology of nanocomposite surfaces, we used a
Scanning Electron Microscopy (SEM JSM-6490LA series, JEOL, Japan)
operating with 10 kV of acceleration voltage and magnification in the range
1000%-3000x. Energy dispersive X-ray (EDX) spectroscopy analysis was also
performed on cross sections of nanocomposite films, before and after thermal
annealing, in order to identify the distribution of the occurring materials along the
aluminum substrate. For the surfaces of fracture analysis, the nanocomposite films
were deposited on a thinner aluminum substrate and then the samples were
fractured by using cryogenic liquid nitrogen. Cross sections SEM images, in
combination with 3D Optical Profilometer, were also used to determine the

thickness of the graphene-based nanocomposite layers.

6.2.6 Water contact angle characterization

Water contact angles were measured by the sessile drop method using a
DataPhysics OCA 20 analyzer (DataPhysics Instruments, Germany) (Fig.4, a).
Water was dispensed through the Hamilton syringe of 0.5-mL volume. The
spreading kinetics of water drops on all nanocomposite films was analyzed as a

function of time until equilibrium was reached (up to 140 sec.). Values of the
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water contact angles were determined by curve fitting with the Young-Laplace
equation using the DataPhysics software provided with the instrument. A
minimum of 10 drops (volume of 5 ul and dosing rate 1 pl/s) in different spots of

the sample surface were analyzed.

6.2.7 Thermal properties measurements characterization
Thermal measurements of the nanocomposite films were carried out using C-

Therm TCi Thermal Analyzer Device (Fig. 2).

1 Step Step 3 Step

Fig. 2. Experimental set-up for thermal measurements of nanocomposite films
deposited by spray-coating on abraded aluminum substrate. a) Thermal Analyzer
Device C-Therm TCi and in (b) steps for thermal measurements. 1 Step:
deposition of drops of water as contact agent; 2 Step: sample placed on thermal
sensor; 3 Step: weight of 500g placed to ensure a stronger contact between sensor

and sample.

Modified transient plane source (MTPS) technique, conforms to ASTM D7984,
was applied to characterize the thermal properties of the samples. Nanocomposite
film samples were placed on interfacial heat reflectance circular sensor (diameter
of 2 cm) surrounded by a guarded ring. A piece of insulator material was placed

on the sample and on the top a weight of 500g was positioned to ensure a stronger
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contact between sensor and sample. Three drops of water as contact agent were
deposited at sensor-sample interface. The applied heat source from the sensor to
the sample allows to measure the thermal properties of the sample. The measured
parameters were the thermal conductivity A and the thermal effusivity . The
measurements were collected under the same conditions of temperature
(T=20.5°C) and the thickness of all samples tested can be substantially
approximated to the thickness of Al-substrate (Al-T1) that is equal to 1.2 mm.
From the A and &€ measurements we determined thermal diffusivity @ as a = A/e¢.
The thermal conductivity variation of nanocomposite films on Al-T1 substrate,
before and after thermal annealing, was calculated according to the following

formula;

A= = Ay (1)

where A, is the thermal conductivity of PVDF film coated Al-T1 aluminum
surface without graphene nanoplatelets. The normalized thermal conductivity,
effusivity and diffusivity changes over the increase of a number of film layers

were calculated as:

A normalized = (/1 - /10) //10 (2)
A&*normalized = (—&g) / &g 3)
Aa*normalized = (@ — ag) | @y 4)
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where g, and «,, are the thermal effusivity and diffusivity respectively of PVDF
film on aluminum surface without graphene nanoplatelets. A minimum of 20

measurements were performed for each nanocomposite sample tested.

6.3 Results and discussion

6.3.1 Surface topographic analysis of abraded aluminum substrates

The surface topographic analysis was conducted to obtain information on the
changes of surface roughness of the aluminum substrates after mechanical
abrasions that is a relevant parameter to improving the film wettability on the
substrate and to avoid the unwanted dewetting phenomenon. Table 1 summarizes
the surface texture properties of all abraded and not aluminum substrates. In
particular we found that after abrasion S, increases in all cases, leading to a
complete spreading of nanocomposite ink on abraded aluminum substrates, and in
the same time surface features remain substantially nearly symmetric with S,
close to 0.0 and nearly Gaussian with S, close to 3.0, except in the case of Al-F3
in which we obtained the lowest and highest skewness and kurtosis respectively.
It means that mechanical abrasion does not substantially affect the feature shapes
of the aluminum samples.

Fig. 3 shows the 3D optical profilometer surface images of all abraded
aluminum substrates, except of the worst Al-F3, with the images of the

nanocomposite films fabricated.
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Al-Thick and of respective abraded aluminum substrates.

Table 1. Surface texture properties of aluminum substrates Al-Front, Al-Back and

Al substrate S, (um) Sq Ssk Siu
Al-Front 0.08+0.02 0.10+0.02 0.31+0.08 2.85+0.88
Al-F1 0.34+0.10 0.44+0.14 -0.54+0.54 2.97+0.38
Al-F2 0.47+0.12 0.58+0.13 -0.56+0.31 3.18+0.84
Al-F3 0.33+0.09 0.43+0.12 -1.07+£0.24 4.39+0.74
Al-Back 0.14+0.01 0.18+0.01 0.01+0.15 3.03+0.11
Al-B1 0.17+0.11 0.21+0.10 -0.11+0.52 3.59+0.23
Al-B2 0.21+0.01 0.28+0.02 -0.72+0.38 3.93+0.83
Al-Thick 0.31+0.10 0.41+0.12 -0.99+0.36 3.70+0.86
Al-T1 0.81+0.01 1.03+0.01 -0.351£0.10 3.35+0.18
Al-T2 1.43+0.24 1.80+0.28 0.49+0.02 3.750.32

In this study, we decided to analyzed nanocomposite films spray-coated on
abraded aluminum substrate AI-T1 (Fig. 3, g), because it has a mean surface
roughness S, of 0.81+0.01 such that the adhesion of nanocomposite films on Al-
T1 substrate is very strong (Fig. 3, i). In fact, for example the abraded aluminum
samples Al-B1 and Al-B2, show a lower S, that not permits a good adhesion of
the film on the substrate especially for films with a large number of layers (since 4
and up) and so peeling off problem occurs (Fig. 3, f). In addition, Fig. 3, g shows
the surface height distribution of AI-T1 substrate at 20x magnification and it is
evident that there is a uniform distribution of height and shape of peaks and

valleys across the surface: in fact, it has surface features nearly symmetric and
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Gaussian with a skewness of -0.35+0.10 and kurtosis of 3.35+0.18. Moreover, the
abrasion time of 60 seconds to fabricate Al-T1 is the lowest time compared to that
one considered to fabricate Al-F1, Al-F2 and Al-F3 surfaces, and for that reason
we preferred it to the last ones without losing the uniformity and symmetry of the

surface features.
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Fig. 3. 3D surface images, acquired by 3D optical profilometer, of abraded Al-
F1 (a), Al-F2 (b), Al-B1 (d), Al-B2 (e), Al-T1 (g) and Al-T2 (h) aluminum
substrates. (a,b,c,d,e) 3D surface images acquired at 50x magnification; (g,h)
images acquired at 20x magnification. (c,f,i) Pictures of the deposited
nanocomposite films: (c) view of nanocomposite film deposited on Al-F1(the
same quality obtained for Al-F2 substrate); (f) nanocomposite films peeled off
from the Al-B1 substrate (peeling off problem occurs also for Al-B2 substrate); (i)
view of the nanocomposite film deposited on Al-T1 (the same quality obtained for
Al-T2 substrate). Different colors indicate the height (um) from a minimum

location.
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6.3.2 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDS)
spectroscopy analysis

The SEM images of nanocomposite films, before (a) and after (b) 10 minutes of
thermal annealing at 150°C, at magnification of 1000x and 3000x (insets in a and
b) are shown in Fig. 4. From the analysis of SEM images, a morphological
difference is clearly visible of the nanocomposite surface: in fact, before thermal
annealing the GnPs edges are sharp and well-defined respect to the after thermal
annealing case in which GnPs are compacted and closer with smoother edges. We
investigated, also, the cross-section of nanocomposite films, in combination with
EDS spectroscopy to correlate the images obtained with the nature of the
occurring materials, before (Fig. 4, c) and after (Fig. 4, d) thermal annealing.
Results of the analysis of SEM cross section images, in combination with EDS
spectroscopy (insets in ¢ and d), confirm that after thermal annealing the overall
result is a flatter and thinner coating, almost similar to ‘all-graphene’ one, with
more compacted GnPs. For films made by 10 layers, for example, with GnPs
concentration of 60 wt.% the thicknesses of the coating before and after thermal
annealing, pass respectively from 26 £ 2 um to 4 £ 2 ym. Similar results were

obtained at the others graphene nanoplatelets concentrations.
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Fig. 4. SEM images of PVDF/60 wt.% of GnPs nanocomposite films with 10
layers before and after thermal annealing. The images were taken at 1000
magnification (a,b). The insets in (a) and (b) are the SEM images taken at 3000x
magnification. (c,d) Cross section SEM images of PVDF/60 wt.% of GnPs
nanocomposite films with 10 layers before and after 10 minutes of thermal
annealing at 150°C respectively at 1300x magnification. The insets in (c) and (d)

are the EDX atomic signals of carbon and aluminum.

Fig. 5 shows the EDX spectra of the cross sections of the nanocomposite films
(the same cross sections shown in Fig. 4 c,d) with 10 layers and at 60 wt.% of
graphene nanoparticles before (a) and after (b) thermal annealing. In both cases of
pre and post thermal annealing, we found four distinct peaks at 0.277 keV, 0.530
keV, 0.688 keV and at 1.509 keV representing carbon, oxygen, fluorine and
aluminum, respectively. In addition, we detected that after thermal annealing EDX

analysis shows lower peak intensities especially for carbon (C-peak), contained in
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graphene nanoplatelets, and fluorine (F-peak), contained in PVFD polymer
matrix. Change of intensity of such peaks can be attributed to the depth of
distribution of the corresponding atoms [38, 39]. Before thermal annealing carbon

and fluorine atoms, diffuse towards the aluminum surface, showing a higher
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Fig. 5. EDX spectra of the same cross sections of nanocomposite films shown in
Fig.3 c and d, containing 60 wt.% of graphene nanoparticles, on aluminum
substrates before (a) and after (b) thermal annealing. Insets in (a) and (b) show
EDX images of the corresponding samples before and after thermal annealing,

respectively (these are the same of the insets shown in Fig.3 ¢ and d).

intensity of C-peak and F-peak in EDX spectrum. On the contrary, after thermal
annealing, it’s clearly visible that hot pressing compresses the graphene-based
nanocomposite films and so, the carbon and fluorine atoms diffuse through the

nanocomposite film resulting in a thinner coating, almost similar to “all-graphene
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nanoplatelets’ film, with more compacted and closer GnPs, and with fluorine
atoms distributed on its bottom. Due to these reasons the intensity of the C and F

peaks decrease without altering the number of the corresponding atoms.

6.3.2 Surface topography analysis of nanocomposite films

Fig. 6 shows the arithmetic mean surface roughness S, values obtained for
nanocomposite films on Al-T1 substrates with 3 (a), 7 (d) and 10 (g) layers as a
function of amount of graphene nanoplatelets before and after thermal annealing.
Before thermal annealing S, of the films, comparing films with the same number
of layers, tends to increase with GnP wt.%: for example for films made by 3
layers the S, values pass respectively from 0.60 = 0.01 um in the case of 10 wt.%
of GnPs to 1.72 + 0.10 um for a GnPs concentration of 60 wt.%. At the lowest
concentration of graphene nanoplatelets of 10 wt.%, S, is independent from
number of layers; on the contrary at the higher GnPs concentration of 40-60 wt.%,
S, tends to decrease with the increase of the number of layers (see Fig. 6, b, e, h)
as a result of the higher content of nanoparticles which are therefore more
compacted making the nanocomposite surface less rough. After thermal annealing
the roughness of coatings changes: in particular hot pressing smooths out the
surface by aligning the more compacted and closer GnPs along the air interface
reducing the surface roughness of the fabricated coatings. In this case, the lower
S, of all PVDF/GnPs nanocomposite films remains substantially constant
especially at lower concentrations of GnPs in the range 10-40 wt.% and at lower

numbers of layers up to 7 layers: in fact, for example, for film with GnPs

177



concentration of 40 wt.% the S, values pass respectively from 0.41 + 0.01 pm in

the case of 3 layers (Fig. 6, ¢) to 0.40 = 0.03 um in the case of 7 layers (Fig. 6, f).
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Fig. 6. Arithmetic mean surface roughness S, values obtained for nanocomposite
films with 3 (a), 7 (d) and 10 (g) layers as a function of amount of graphene
nanoplatelets before and after 10 minutes of thermal annealing (TA) at 150°C. 3D
Optical profilometer topography: 3D surface images of P\VDF/40 wt.% of GnPs
nanocomposite films with 3 (b,c), 7 (e,f) and 10 (h,i) layers before and after
thermal annealing (TA) respectively. Different colors indicate the height

(um)from a minimum location.

On the contrary, there are modest variations in skewness and kurtosis in the
nanocomposite film surfaces after thermal annealing. Tables 2-4 summarize the
surface properties, in terms of skewness S, and kurtosis Sy, of nanocomposite

films with 3, 7 and 10 layers respectively, deposited on Al-T1 substrates before
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and after thermal annealing. It’s clearly that after thermal annealing there aren’t
any significant changes in the distribution of height and shape of peaks and
valleys across the nanocomposite surface. Calculated skewness (close to 0.0) and
kurtosis (close to 3.0) of all PVDF/GnPs nanocomposite films, in fact, remain
substantially constant, within standard deviation limits, at all concentrations of
GnPs in the range 10-60 wt.% and at all numbers of layers: in particular, the
absolute values of skewness are lower than 1 in all cases and kurtosis is higher

than 2.9 and lower than 4.

Table 2. Skewness S, and kurtosis Sy, values for nanocomposite films with 3

layers, at all graphene nanoplatelets concentrations and before and after thermal

annealing.
Ssk Ssk Sku Sku

GnP wt.% Pre TA Post TA Pre TA Post TA
10 0.34+0.03 0.38+0.04 3.03+0.09 2.93+0.17
20 0.31+0.08 0.08+0.22 3.76+0.76 3.11+0.35
30 0.32+0.06 0.07+0.24 3.26+0.66 3.01+0.38
40 0.16+0.32 0.07+0.04 2.95+0.23 2.91+0.25
50 0.73+0.59 0.16+0.51 3.96+0.56 3.21+0.60
60 0.47+0.01 0.46+0.14 3.07+0.21 3.23+0.57
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Table 3. Skewness S, and kurtosis Sy, values for nanocomposite films with 7

layers, at all graphene nanoplatelets concentrations and before and after thermal

annealing.
Ssk Ssk Sku Sku

GnP wt.% Pre TA Post TA Pre TA Post TA
10 0.26+0.45 0.15+0.22 3.71+0.19 2.93+0.17
20 0.28+0.57 0.66+0.14 3.45+0.39 2.96%0.03
30 0.24+0.27 0.63+0.24 3.44+0.20 3.42+0.38
40 0.18+0.25 0.10+0.25 2.97+0.35 3.01+0.40
50 0.27+0.59 0.40+0.59 3.01+0.38 3.57+0.24
60 0.44+0.02 0.10+0.58 3.12+0.53 2.91+0.17

Table 4. Skewness S, and kurtosis Sy, values for nanocomposite films with 10

layers, at all graphene nanoplatelets concentrations and before and after thermal

annealing.
Ssk Ssk Sku Sku

GnP wt.% Pre TA Post TA Pre TA Post TA
10 0.19+0.26 0.34+0.16 3.23+0.26 2.94+0.17
20 0.04+0.23 -0.06+0.04 2.96+0.11 3.42+0.05
30 0.56+0.15 0.35+0.44 2.98+0.15 3.19+0.53
40 -0.23+0.13 -0.01+0.47 2.93+0.15 3.05+0.14
50 0.30+0.23 0.17+0.47 2.97+0.11 2.95+0.09
60 0.41+0.29 0.58+0.50 2.93+0.33 3.94+0.09
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6.3.3 Surface hydrophobicity analysis of nanocomposite films

The water contact angle analysis was conducted with the aim to investigate the
surface hydrophobicity of the PVDF/GnPs nanocomposite films on Al-T1
substrates, and how this property is affected by thermal annealing. Fig. 7 (b)
compares the water contact angle (WCA) values for the nanocomposite films
made by 3, 7 and 10 layers at GnPs concentration in the range 10-60 wt.% before
and after thermal annealing. The measured WCA of neat PVDF is of 82.6° + 1.2°.
The presence of graphene nanoplatelets increases the value of the contact angle at
the nanocomposite surface, and the value tends to increase as the concentration of
GnPs and the number of layers become respectively higher and lower. Before
thermal annealing, the average WCA values at different loadings (10-60 wt.%) are
in the range of 93.1° - 128.0° with standard deviations in the range of 0.9° - 2.0°.
After thermal annealing, the contact angle of all PVDF/GNPs nanocomposite
films decreases and remains substantially constant within the number of layers
especially at higher concentrations of GnPs in the range 30-60 wt.%: for example
at 50 wt.% for films made by 3 layers the water contact angle values, before and
after thermal annealing, pass respectively from 125 + 2.0° to 102 + 1.3°. The
above results from the water contact angle analysis can be explained by
considering the changes in surface roughness of the nanocomposite films after
thermal annealing: in fact, results in Fig. 6 confirm that after thermal annealing
the surface roughness of the engineered films is lower and so it leads to a lower
WCA:s for all GnPs concentrations and all number of layers. Fig. 7 (c) shows the
spreading kinetics of WCAs on nanocomposite films with 3 layers at 10-60 GnPs

wt.% as a function of time before and after thermal annealing. In all cases, the
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water contact angle on all nanocomposite surfaces does not vary significantly after

approximately 1 min. In addition, the results obtained show that, for all films, the

rate of spread of pure water droplets with time is higher within 12 seconds

especially before thermal annealing and at the highest GnPs concentration in the

range 40-60 wt.% characterized by larger water contact angle values.
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Fig. 7. (a) DataPhysics OCA 20 used for WCAs measurements with a view of a

nanocomposite film on Al-T1 substrate during water drops deposition. (b) Water

contact angle values at equilibrium on PVDF/GnPs nanocomposite films with 3, 7

and 10 layers, at different nanoplatelets loading, before and after 10 minutes of

thermal annealing (TA) at 150°C. (c) Spreading kinetics of water contact angle

values on PVDF/GnPs nanocomposite films with 3 layers as a function of time, at

nanoplatelet loading in the range 10-60 wt.%, before and after thermal annealing

(TA).
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6.3.5 Thermal measurements analysis

Fig. 8 shows the thermal conductivity variation values (44*) of all
nanocomposite films deposited on AI-T1 substrates at all concentrations of
graphene nanoplatelets as a function of the number of layers of the film before
and after thermal annealing. The measured thermal conductivity (4,) and
effusivity (g,) of PVDF polymer film coated on aluminum surface without
graphene nanoplatelets are constant and equal to 1.7+0.1 W/mK and 1834.0+10.2
Ws¥2/m?K  respectively. After the addition of graphene nanoplatelets, thermal
conductivity of the samples increases of one order of magnitude almost better than
PVDF polymer film coated on aluminum surface samples. Before thermal
annealing AA* tends to decrease with the increase of the number of layers as a
consequence of a non-uniform interface between layers and between the different
materials, namely PVDF polymer matrix and graphene nanoplatelets, which leads
to an higher total porosity of the nanocomposite film and so to a lower thermal
conductivity [40, 41]. In all cases the measured thermal conductivity A increases
after thermal annealing especially for those films with the higher GnPs
concentration, and so the thermal conductivity variation A1* becomes higher.

Fig. 9 shows the AA*normatized (2), 4&*normatized (D) and Aa™normalized (C) Values of all
nanocomposite films with layers in the range 3-10 as a function of graphene
nanoplatelets concentration after thermal annealing. Results obtained show that
normalized thermal conductivity of all nanocomposite samples, tends to increase
with increasing of GnPs concentrations especially up to 50 wt.% and it remains
substantially constant with the increase of layers. In fact, for example, such

increase of the AA*normalized Was of 758.8% and 752.9% for films with 3 and 10
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layers respectively at 50 wt.% of graphene nanoplatelets after 10 minutes of
thermal annealing at 150°C. On the contrary, normalized thermal effusivity and
diffusivity changes, after thermal annealing, show a modest increase, after the
addition of graphene nanoplatelets, of 238.0% and 167.6% respectively, for films
with 3 layers at GnPs concentration of 50 wt.% and their increase is almost
constant with the increasing graphene nanoplatelets content.

Increasing of thermal conductivity of the nanocomposite films after hot pressing,
can be explained by considering that nanocomposite films with higher GnPs
concentrations have a higher content of compacted and closer nanoparticles in the
polymer matrix resulting essentially in all graphene-based films. In fact, results in
Fig. 4, confirm that after thermal annealing the nanocomposite films show
smoothed edges of graphene nanoplatelets, so closer nanoparticles are more
evident, and it is clearly visible the reduction of the film thickness after hot
pressing leading to the formation of almost similar to the more compacted ‘all-
graphene’ film. For that reason, the thermal pathways increase, the total porosity
of the films decreases, the interfacial thermal resistance (ITR) between polymer
matrix and GnPs becomes lower and the thermal contact resistance at sensor-film
interface reduces as a result of a reduced surface roughness of the nanocomposite
films as shown in Fig. 3.

The thermal annealed nanocomposite films were placed into a condensation test
chamber, to assess their condensation heat transfer performances. Dropwise
condensation (DWC) was observed in all nanocomposite films and preliminary
heat transfer coefficient measurements showed a modest increase of the values,

respect to the case of the hydrophilic filmwise uncoated sample.

184



(@) (b)
G e Pre TA 14 e Pre TA
13 oPost TA 13 o Post TA

g12 %\12
?«11 s g @ ?’11 & ¥ % 4w

=< ] @ =
310 o i 0. «: ¢ 310 PRI T R

. 9

8 8

2 3 4 5 6 7 8 9 10 11
number of layers n

4 5 6 7 8 9 10 11
number of layers n

(c) (d)

L e Pre TA 1 e Pre TA
13 | o Post TA 13 o Post TA
o12 | ‘ & ¢
§12 d) ® ) (i’ [0 ¢ ¢ %12 ¢ ¢ ¢ + o) @
511 511
=< . =
M ErE e s I R
9 9

8 8

2 3 4 5 6 7 8 9 101
number of layers n

4 5 6 7 8 9 10 M1
number of layers n

(e) ()

L o Pre TA 14 o Pre TA
13+ 4 o Post TA 13 Post TA
c12 | $ % 4 o &0 o12

€ £
=1 =N TR E
= | = é 3 .
<10 ° + ¢ + ¢ @ + ’ <10 ! °
9 | 9

8 8

2 3 4 5 6 7 8 9 10 M1
number of layers n

4 5 6 7 8 9 10 1
number of layers n

Fig. 8. Thermal conductivity AA* variation values obtained for all nanocomposite
films with different amount of graphene nanoplatelets as a function of number of
layers of the films before and after 10 minutes of thermal annealing (TA) at
150°C: (a,b) filler content 10 and 20 wt.% respectively ;(c,d) filler content 30 and

40 wt.% respectively; (e,f) filler content 50 and 60 wt.% respectively.
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layers.

6.4 Conclusions

In conclusion, we developed multi-layered nanocomposite films by spray
coating the formulated graphene-based polymer conductive inks on textured
aluminum substrates, at different graphene nanoplatelets loadings. These films
were thermal annealed, resulting essentially in ‘all-graphene’ films, and their
morphological, topographic, hydrophobic and thermal responses were

investigated.

186



The fabricated nanocomposite surfaces exhibit a decrease of the roughness and
the water static contact angle after hot pressing: in particular we obtained mean
surface roughnesses lower than 1 um and SCA greater than 90°, showing that
thermal annealing does not affect the hydrophobic nature of all nanocomposite
surfaces on textured aluminum substrate. On the contrary, thermal annealing, does
not affect the surface features of the fabricated nanocomposite films: in fact, they
remain substantially nearly symmetric with S, close to 0.0 and nearly Gaussian
with Sy, close to 3.0.

Moreover, thermal properties of the developed nanocomposite films were
evaluated in terms of thermal conductivity, effusivity and diffusivity changes. We
detected that their thermal conductivity increases up to ~ 759% after hot pressing
and with increasing of graphene nanoplatelets especially up to 50 wt.%
concentration: in particular we obtained that, after thermal annealing, the through-
plane thermal conductivity of the nanocomposite films with 3 layers at GnPs
loading of 50 wt.% is around ~14.7 W/mK, with an increase of thermal effusivity

and diffusivity of 238.0% and 167.6% respectively.
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7.1 Conclusions

The main objective of my Ph.D. research was the design and manufacturing of
multifunctional nanocomposite films on different types of substrates, namely
Mylar membranes, carbon-fiber/reinforced epoxy composite laminates (CFRP)
and metal substrates, which are typically used in the aerospace field, with
controlled thermal, electrical, morphological and hydrophobic characteristics
while maintaining the features of the different substrates. Such multifunctional
coatings were fabricated on one side with the aim to protect and safeguard the
various spacecraft components, of different nature, from the surrounding hostile
space environment, especially from ultraviolet radiations in C band (UV-C) and
electrically charged particles coming from space-plasma, and on the other side to
achieve thermal performance of the unit increased over time, by increasing the
heat transfer coefficients, resulting in an ideal design of heat exchangers widely
used in the aerospace field to control, for example, the temperature of on-board
electronic components.

In this research, | focused on the development of nanocomposite films,
containing carbon nanoparticles, namely carbon nanotubes (SWNT and MWNT)
and graphene nanoplatelets (GnPs) with different geometrical features and
functionalizations, which have unique electrical, thermal and mechanical
properties, dispersed in different types of polymeric matrices, both aerospace-
grade thermosetting and thermoplastic ones.

Preliminarily, the dispersion of nanofillers in the polymer matrix was strongly
investigated as it is an important issue that greatly affects the quality of desired

multifunctional properties and the outcome of the manufacturing process of
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nanocomposites. The role of nanoparticles geometry, their interaction with the
polymeric matrix and the alignment of the nanofillers in the matrix and their
functionalization and concentration in the polymer blend were so assessed.
Different deposition processes of the fabricated nanocomposite films were
investigated, in order to expand upon the current research, and optimized as a
function of the nature of nanocomposite blends, the substrates used and of the

expected range (sufficiently large scale) to be useful for satellite applications.

In particular, the results from my PhD research can be summarized as follows:

1. Analysis of UV-C effects on the surface properties of epoxy/graphene

nanocomposite films on Mylar substrate

The main objective of this work is to investigate the effects of space-abundant
UV-C radiation on carbon-based nanocomposite films deposited on flexible Mylar
substrates, which are already widely used in spacecraft sub-systems as ML,
Gossamer structures etc. It’s well-known, in fact, that polymer-based materials in
space exhibit larger degradation effects due to the combination of energetic UV
radiations, vacuum, atomic oxygen, as well as large temperature gradients, which
degrade their electrical, optical and thermal properties. The possibility to apply
carbon-based nanocomposite coatings on such polymeric membranes is currently
investigated with the aim to protect the surfaces, by exploiting the excellent
properties of carbon nanomaterials, by space environmental exposure, including

UV radiations.
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Epoxy/graphene nanocomposite films were fabricated by spin-coating process
using Mylar as substrate and the effects of UV-C radiation on the surface
properties were investigated in terms of wettability and electrical properties.
Preliminary, the spin-coating process was investigated in order to set specific
parameters to prepare homogeneous and uniform polymeric films. In particular,
three different grades of xGnPs were used for the film fabrication at different
loadings by weight. It was observed that the wettability of the nanocomposite
films increases when adding the graphene nanoplatelets for all grades of xGnP.
After exposure to UV-C, the average water contact angle of the irradiated
nanocomposite films depends on the geometrical characteristics of the nano-
reinforcement. In the case of the thinner graphene nanoplatelets (xGnP-C750), the
WCA values remain almost constant even after 9 hours of UV-C exposure. On the
contrary, in case of the thicker graphene nanoplatelets (grades M5 and H5), it was
observed that the water contact angle at equilibrium increases after 9 hours of UV-
C exposure, and the difference becomes larger as the thickness of graphene flakes
increases. These results show that the hydrophobic nature, which is a relevant
parameter to assess the level of moisture absorption by the films, of the
epoxy/graphene nanocomposite films tends to increase after exposure to UV-C
radiation.

When looking at the electrical properties of the nanocomposite films, the surface
electrical resistivity decreases with the increasing of nanofiller loadings, as it
would be expected, and also during exposure to the UV-C radiation. This latter
effect is more significant for films with lower concentration of graphene

nanoplatelets, whereas films at 7 wt.% loading of xGnPs (all three types tested in
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this work) show the lowest variation of electrical resistance over the UV-C
exposure. This phenomenon can be related to the higher content of polymer, for
the nanocomposites at lower concentration of xGnPs, as the polymer matrix
erosion contributes to create a more conductive surface due to the exposure of
graphene nanoplatelets. Results from the electrical impedance spectroscopy
experiments showed that the surface resistivity decreases with the testing
frequency following a linear trend both before and after radiation exposure, and
that this behavior is common for all nanocomposite films. Further, the surface
resistivity of the films after UV-C irradiation is always smaller than that before
exposure regardless of the xGnP size, confirming that the dominant effect of the
UV-C radiation is a selective polymer matrix erosion that gives rise to an increase

of the electrical conductivity at the film surface.

2. Spray coating process of MWCNT/epoxy nanocomposite films on Mylar
membranes for aerospace applications: effects of process parameters on surface

electrical properties

The main objective of this research is to study the spray-coating deposition
process and to investigate the role of its working parameters in setting the
morphology and the electrical performance of MWCNT-based nanocomposite
films on flexible Mylar. The spray-coating technique, as opposed to the previous
used spin-coating one, allows to fabricate larger polymeric coatings in terms of
covered area on planar and not substrates, becoming an attractive method for large

scale production of coatings. The quality, in terms of uniformity and homogeneity
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properties, of the final coatings fabricated and its thicknesses are controlled by
varying the feeding rate, the applied pressure, the spraying distance, the spraying
time, the direction of the spraying, the nozzle diameter of the aerograph as well as
the composition and so the viscosity of the sprayed mixture. In particular, the
fabrication of uniformly electrically-conductive coatings on Mylar substrate can
allow the mitigation of plasma-induced charging that is a problem related to the
dielectric nature of MLI, including Mylar, which are a serious risk for the
spacecraft operation and integrity.

In this work, carbon nanocomposite films were fabricated by spray coating
blends of MWCNTSs dispersed in thermosetting epoxy resin onto a Mylar
substrate. The nanocomposite films were fabricated using two different nozzle
diameters, and the role of the process parameters and filler concentration on the
thickness and electrical properties of the spray -coated films were investigated.
We observed that larger covered areas were obtained using the nozzle with
diameter of 1.5 mm at lower viscosity values of the nanocomposite blends
(MWCNT concentration of 0.5 wt.% and 1 wt.%) and at lower nozzle-to-target
distance of 10 cm. The surface electrical properties of the nano-reinforced epoxy
films on Mylar were determined at different locations in order to investigate their
uniform distribution. Results showed that a uniform surface conductivity can be
achieved in nanocomposite films processed with the larger nozzle, at intermediate
concentrations of MWCNT (1 wt%), and at target distance of 15 cm. In general, at
higher concentrations of carbon nanotubes, the increase in blend viscosity, which
is due to entanglement and surface interactions of the nanofillers, strongly limits

the use of the spray coating process. This study gives insight into the
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manufacturing process of electrically-conductive nanocomposite films on Mylar
substrate using spray coating and highlights the most favorable conditions and
bottlenecks at the level of process parameters and blend composition, namely the
loading of MWCNTSs. The analysis of the electrical properties of the processed
films at different locations of the spray-covered area revealed what parameters are
most relevant and need to be considered in the manufacturing process of these
films, in order to optimize their properties for aerospace applications.

Electrical results show that the fabricated coatings on Mylar membranes respect
NASA requirements for thin material to control and minimize ESC charging for

which the electrical resistivity ps<10*% Q/square is needed.

3. Design of nanocomposite coatings by bar-coating process on CFRP

structures for electrostatic charging mitigation for spacecraft!

The main purpose of this study was to exploit the well-known superior electrical
properties of the carbon nanoparticles to fabricate nanocomposite coatings with
improved performance, with the aim to mitigate the degradative effects caused by
space plasma that can induce surfaces charging and so cause permanently physical
damages and biasing of instruments to the on-board structural and electronic
components respectively of the spacecraft. NASA plasma environment effects
design guidelines are, in fact, that it should make all external surfaces at least
partially conductive to minimize ESC buid-up and ground all conductive elements

to a common ground to minimize potential differences on spacecraft as well.

! Work in collaboration with Thales Alenia Space, Domain Exploration & Science —
Engineering and Advanced Studies, Turin, Italy
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In this study, | investigated the thermal and electrical properties of different
carbon-based nanocomposite films, hybrid and not, deposited on carbon
fiber/epoxy resin composite laminates (CFRP), typically employed in the
aerospace structures, by bar-coating process. In this work, bar-coating technique
was used to fabricate larger polymeric coatings due to the high viscosity nature of
the aerospace-grade structural adhesives used as matrices becoming an attractive
method for industrial production of coatings. The effects of carbon nanoparticles
on the cure reaction, glass transition temperature and thermal stability of the
nanocomposite films fabricated were investigated with DSC and TGA. DSC
analysis shows that the introduction of nanoparticles in the polymer matrix leads
to an increasing of enthalpies of reaction, cure peak temperature and of glass
transition temperature. Moreover, the addition of carbon nanoparticles decreases
the thermal stability of the epoxy polymer matrix for all classes of
nanocomposites fabricated as shown in TGA results.

These films were exposed to UV-C radiation, humidity and thermal cycles and
their electrical response, in terms of surface and volume conductivity, was
investigated. Comparing the volume conductivity values obtained at the lower
frequencies up to 100 MHz, we detected that only the nanocomposite film, at
higher concentration of nanoparticles (namely hybrid C2 sample: Epoxy
EA9396/3wt.% of SWNTSs + 1 wt.% of GnPs), exhibits a modest increasing of the
volume conductivity upon high level of humidity of 75% due to the fact that water
molecules allow to the SWNTs to become n-type semiconductors. On the
contrary, after UV-C irradiation and after thermal cycle, any changes of volume

conductivities were detected at those lower frequencies. For the others
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nanocomposite films, with a lower content of nanoparticles, | didn’t detect any
changes in the volume conductivity after UV-C irradiation and after thermal and
humidity tests. At higher frequencies, no relevant changes in the volume
conductive values, for all nanocomposite films, were detected after all tests except
for the nanocomposite sample C2, which shows an electrical volume conductivity
increased of one order of magnitude upon UV-C irradiation due to the erosion of
the resin induced by UC-C rays, making the nanocomposite surfaces more
conductive.

On the other hand, no significant changes in the surface resistivity and
conductivity, are detected after all aging tests on all nanocomposite films
fabricated.

It was found that, the fabricated coatings respect NASA requirements for thin
material to control and minimize ESC charging for which the electrical resistivity

ps<10*% Q/square is needed.

Moreover, the nanocomposite films of type C1 (Epoxy EA9396/0.9 of SWNT)
were deposited by bar coating process with eight different geometrical
configurations on carbon epoxy composite laminate panel (CFRP), typically
employed in satellite structures, to assess their use as potential innovative
grounding system for spacecrafts, to replace, for example, the heavy and bulky
common employed grounding rails in aluminum for satellite telecommunications.
The choice of C1 is due for its lower absolute viscosity, due to the its lowest
content of nanoparticles in the epoxy matrix, respect to the other types of
nanocomposite blends allowing for easier deposition process and in the same time

providing good electrical properties. Preliminary DC electrical measurements on
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all nanocomposite film configurations realized on ground plane CFRP, to assess
their use as potential and innovative weight-volume saving grounding system for
spacecrafts to mitigate space plasma-induced charging, showed that in particular,
the fourth configuration of nanocomposite coatings fabricated on CFRP structure,
represents the most promising one with the lowest DC electrical resistance Rpc of

100 £5 Q.

4. Direct effects of UV irradiation on the developed graphene-based
nanocomposite coating sensors on CFRP structures revealed by electrical

resistance tomography (ERT)

The main goal of this research was to develop a carbon-based nanocomposite
coating sensor to monitor and quantify the space abundant UV-C radiation
absorbed by the composite structures or for example by the astronauts during their
extra vehicular activities (EVA) in the space, by exploiting the here investigated
great potential of electrical resistance tomography (ERT) technique for the in situ
health monitoring of aerospace structures.

Electrical resistance tomography was used to investigate the changes of the
surface electrical properties of UV-sensitive nanocomposite films upon exposure
to UV-C radiation. The nanocomposite coatings were fabricated by integration of
DNA-functionalized graphene nanoplatelets into a conductive polymer matrix
made of PEDOT:PSS. The ERT technique was optimized in terms of current
patterns and injection values in order to detect damage induced by UV irradiation,

with the opposite injection pattern and currents of the order of 20-30 mA giving
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the most reliable outcome. Maps of conductivity changes for the irradiated films
were reconstructed, with the developed code using open-source MATLAB-based
software suite Electrical Impedance Tomography and Diffuse Optical
Tomography Reconstruction Software (EIDORS), from the acquired differential
voltage changes with respect to a baseline sample. The nanocomposite area
exposed and affected by the UV-C radiation was localized in the ERT maps with
good agreement. Different levels of conductivity changes were detected by the
technique when exposing the surfaces to different intensities of UV-C radiation.
These conductivity changes were verified using 2-electrode impedance
spectroscopy. The results were supported by SEM morphology and Raman
spectroscopy analyses. In particular, the GNP/DNA/PEDOT:PSS nanocomposite
films face different stages of conductivity changes upon irradiation with UV-C
light, with an initial drop of the electrical conductivity due to degradation of the
conducting polymer matrix, and a subsequent increase related to DNA
denaturation and progressive exposure of the GNP.

Both situations were captured in the reconstructed conductivity maps,
highlighting ERT, applied on the designed nanocomposite sensor, as an effective
technique and a potential real-time health monitoring method of materials and

structures subject to degradation by UV-C radiation.
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5. Hydrophobic multi-layered graphene-based nanocomposite coatings spray-
coated on textured aluminum substrate with high thermal conductivity to

improve the efficiency of thermal power generation?

The main idea of this research, is to fabricate hydrophobic and, in the same time,
thermal conductive nanocomposite coatings applied on aluminum substrate that
can reduce the filmwise (FWC) condensation phenomenon encouraging the
dropwise (DWC) one, leading to much higher heat transfer coefficients and
improving so the energy efficiency of heat pipes used in the aerospace sector, for
example to control the temperature of on-board electronic components. Aluminum
was chosen as substrate for the nanocomposite films as it is a metal largely used
in aerospace sector, especially in the heat exchangers.

| developed multi-layered nanocomposite films by spray coating the formulated
graphene-based polymer conductive inks on textured aluminum substrates, at
different graphene nanoplatelets loadings. The fabricated nanocomposite surfaces
exhibit a decrease of the roughness and the water static contact angle after hot
pressing: in particular we obtained mean surface roughnesses lower than 1 pm
and SCA greater than 90°, showing that thermal annealing does not affect the
hydrophobic nature of all nanocomposite surfaces on textured aluminum
substrate. On the contrary, thermal annealing, does not affect the surface features
of the fabricated nanocomposite films: in fact, they remain substantially nearly

symmetric with Sg, close to 0.0 and nearly Gaussian with S, close to 3.0.

2 Work in collaboration with Italian Institute of Technology (11T) under the supervision of Dr.
llker S. Bayer. This work is part of a European project partnership [H2020 project (HARMoNIC —
HierARchical Multiscale Nanolnterfaces for enhanced Condensation processes; EU project Grant
Agreement 801229)]
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Moreover, thermal properties of the developed nanocomposite films were
evaluated in terms of thermal conductivity, effusivity and diffusivity changes. We
detected that their thermal conductivity increases up to ~ 759% after hot pressing
and with increasing of graphene nanoplatelets especially up to 50 wt.%
concentration: in particular we obtained that, after thermal annealing, the through-
plane thermal conductivity of the nanocomposite films with 3 layers at GnPs
loading of 50 wt.% is around ~14.7 W/mK, with an increase of thermal effusivity
and diffusivity of 238.0% and 167.6% respectively.

The thermal annealed nanocomposite films were placed into a condensation test
chamber, to assess their condensation heat transfer performances. Dropwise
condensation was observed in all nanocomposite films and preliminary heat
transfer coefficient measurements showed a modest increase of the values, respect

to the case of the hydrophilic filmwise uncoated sample.

205



206



