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Abstract
University of Trento

Department or Industrial Engineering

Doctor of Philosophy

Effect of contribution of graphene-based filler in cataphoretic organic
protective coatings

by Massimo CALOVI

The thesis aims to illustrate and highlight the potential of graphene-based
fillers in reinforcing organic coatings deposited by cataphoresis. Thanks
to particular surface modification processes of the graphene flakes, these
have been properly distributed within the polymer matrix, providing the
composite coating with remarkable protective performance. The optimiza-
tion of the deposition process parameters, as well as the amount of filler,
also allowed to improve the mechanical and conductivity properties of the
cataphoretic matrix, suggesting the possibility of realizing multifunctional
coatings. Finally, these ’smart’ coatings were made by combining two de-
position techniques, creating two layers with distinct purposes, contain-
ing different types of graphene-based fillers. The cataphoretic primer pro-
vided the substrate with high corrosion protection, while the spray top
coat possessed high properties of electrical conductivity and resistance to
abrasion phenomena. Ultimately, graphene has proven to be an excellent
resource as a reinforcing filler in multifunctional organic coatings.
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Chapter 1

The aim of the thesis

Graphene is a recent and innovative material, carbon allotrope
with a particular 2D honeycomb lattice[1–4]. Thanks to this hexagonal
structure made of sp2-bonded carbon atoms, graphene exhibits excel-
lent properties: the high electrical and thermal conductivity, equal to
2.5× 105 cm2 V−1 s−1[5–11] and above 3000 W m−1 K−1[12–15], respectively,
combined with a considerable mechanical strength (Young’s modulus of
1 TPa and intrinsic strength of 130 GPa)[16–18], make this type of material
functional for different industrial applications. Graphene is very interest-
ing also for other fundamental properties, such as the acid-base chemi-
cal resistance[19,20], the high thermal stability[21,22], the impermeability to
gases[23], the high specific surface area[24] and the eco-friendliness[25].

Following its discovery, attributed to the works of Konstantin
Novoselov in 2004 at the University of Manchester[2], graphene quickly
found use in various industrial fields, from the aerospace[26–28] and
electronics[29–33] sectors to the bioengineering[34,35] and recently in com-
posite materials fields. It is precisely in the world of composite materials
that graphene is experiencing a notable success in recent years: the differ-
ent multi-functions possessed by graphene[36–41], in fact, make this mate-
rial very attractive in its use as nanofiller for the production of composites
with innovative properties[42,43].

In this sense, graphene is widely exploited in polymeric matrices and
in the production of organic coatings[44–48]. Indeed, thanks to its excellent
barrier effect, graphene can significantly improve the protection against
corrosion provided by an organic coating, avoiding or slowing the passage
of aggressive ions within the polymer matrix[49–52]. The very low perme-
ability to aggressive ions combined with the other graphene’s excellent
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properties make this material suitable to obtain smart or multifunctional
coatings, very appreciated in the fields of sensors and electronics[53–55].

The difficulties encountered in the addition of graphene in polymeric
coatings reside in the homogeneous dispersion of the flakes into the
matrix: these, in fact, tend to agglomerate, due to the van der Waals
forces[56,57], reducing their protective effect and introducing defects in the
composite layer[58]. To overcome this problem, graphene flakes are often
subjected to partial oxidation, using a modified Hummer’s process[59–61],
to obtain graphene oxide (GO).

Despite the partial oxidation allows to get a stable colloidal suspen-
sion in aqueous solution, the functional groups introduced on the surface
of the flakes, together with the hydrogen bonds, involve difficulties in the
exfoliation of the flakes in polymeric matrix[39,58]. It is therefore necessary
to exploit these epoxide, carbonyl and hydroxyl functional groups for a
functionalization of the GO flakes, in order to improve their homogeneous
dispersion and consequently increase their protective effect. Recently, sev-
eral studies have been carried out on the functionalization of these pow-
ders, with very different technologies: covalent bonding processes[62–64]

or non-covalent techniques[65,66] can be used; often these flakes are doped
with nanopowders[67,68] or special polymers that provide additional prop-
erties to graphene oxide[69]. One of the most widely used techniques in
this sense involves the use of organosilanes, which bind easily to the GO
flakes, distancing them from each other and facilitating their dispersion,
as well as reacting with the matrix itself, improving the polymer-powder
compatibility[54,57,62,70,71].

Being a subject of great scientific and industrial interest, organic coat-
ings containing functionalized graphene oxide (fGO) flakes with different
manufacturing techniques and several polymeric matrices have recently
been produced[44–47,51]. However, no one has yet investigated the effect
that can be obtained from the addition of graphene-based material in a cat-
aphoretic bath. Cataphoresis is an electro-deposition process that allows
to obtain coatings with excellent adhesion, with controlled and homoge-
neous thickness (normally in the range between 5 and 40 µm) even in the
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presence of very complex substrate geometries. It is also a simple, cost-
effective, and eco-friendly process, as it does not require the use of partic-
ular solvents. Finally, the coatings obtained with this deposition technique
generally have excellent resistance to corrosion[72–76]. Therefore, all these
features make cataphoresis a process that can exploit the use of fGO flakes
to obtain ’smart’ or multi-functional composite coatings.

In this PhD thesis it was therefore decided to combine the excellent
characteristics of the cataphoretic electro-deposition process with the ex-
cellent properties of graphene-based flakes, in order to realize multifunc-
tional coatings.

The basis of this work was the preparation of the filler, which involved
the study of an alternative oxidation process to the Hummers’ method,
as well as the optimization of the graphene oxide flakes functionalization
using different types of organosilanes.

The different types of powders have therefore been added to an acrylic
cataphoretic bath, for the realization of the coatings. The parameters of
the electro-deposition process were studied and optimized, such as the
optimal fillers amount for the acrylic matrix properties improvement. In
addition to the excellent barrier properties exerted by the fGO flakes, the
effect related to the addition of these powders on further properties of the
composite layer, such as conductivity and abrasion resistance, was also
studied. Finally, the realization of double-deposition steps has been con-
sidered, evaluating the possibility of obtaining multilayer coatings with
different properties.
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Chapter 2

Graphene

Graphene (Figure 2.1) is a recent material of enormous academic and
industrial interest, as it shows a combination of physical and mechanical
properties that make it unique, suitable for specific applications that re-
quire considerable technological development.

This chapter briefly presents a classification of the carbon allotropes,
followed by an overview of the historical events that led to the discovery of
graphene, as we know it today. The physical characteristics of the structure
of this material, its innovative properties and the graphene derivatives are
then described. Finally, after the presentation of the several production
techniques adopted today, some examples of industrial applications where
graphene plays a fundamental role are shown.

Figure 2.1: transmission electron microscopy (TEM) image of graphene
flake[77].
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2.1 Carbon allotropes

Carbon is one of the most important element of the periodic table: among
the first chemical elements discovered by man, it is used in many applica-
tions thanks to a great variety of structure and properties. Before talking
about graphene it is therefore necessary to briefly describe also the other
carbon allotropes.

Diamond has a three-dimensional shape, whose hybridized sp3 car-
bon atoms are arranged in a lattice which is a variable of the face-centered
cubic (fcc) crystal structure[78]. Its superlative properties derive precisely
from the strong covalent bond between the carbon atoms. Graphite, in-
stead, consists of planar lamellar structures (sp2 hybridization), separated
at 0.335 nm, in which the carbon atoms are arranged in a hexagonal struc-
ture with a distance equal to 0.142 nm[2].

Graphitic carbon materials are a group of materials defined by their
structure with sp2 hybridized carbon atoms arranged in a hexagonal net-
work. The differences between the components of this group reside in the
different dimensions and geometry of this structure, but they have many
features in common. Graphene is the basic structural element of these
materials[79], including graphite, fullerene[80], carbon nanotube (CNT)[81],
graphyne[82] and other materials such as carbon fibres (CF) and amor-
phous carbon (AC).

Fullerenes, whose structure is composed of carbon atoms arranged to
form an empty sphere, known as buckminsterfullerene, or an ellipsoid[80],
experienced great development in the 1990s thanks to their unique chem-
istry. Several forms of fullerenes have been discovered over the years, with
sizes ranging from 30 to 3000 carbon atoms.

The structure of the CNTs is comparable to a rolled graphene sheet
forming a cylinder, whose properties of mechanical strength and conduc-
tivity are extraordinary[83]. The CNTs can be shown as single-walled car-
bon nanotubes (SWNTs) or multiwalled carbon nanotubes (MWNTs), with
diameters that can vary between 0.8-2 nm and 5-20 nm, respectively.

Graphyne can be described as a sequence of benzene rings connected
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by acetylene bonds, to form a monoatomic thickness sheet of sp and sp2

carbon atoms[82]. This material has just been theorized, and it is thought
to exist in different forms, depending on the multiple arrangements of sp
and sp2 hybridized carbon.

In CFs, on the other hand, carbon atoms are arranged to form micro-
scopic crystals that align parallel to the fiber axis[84], whose diameter is
typically in the 5-10 µm range. The incredible ratio between the mechani-
cal strength and the dimensions of these fibres allows CFs to be often used
as fillers in composite materials.

Finally, unlike other allotropes, the term AC refers to non-crystalline
carbon-based structures, whose properties depend mainly on the ratio be-
tween the sp2 and sp3 hybridized bonds. Figure 2.2 shows the geometry
of these allotropes, where their particular and different structures can be
appreciated.

Figure 2.2: carbon allotropes[85].
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2.2 Graphene history

The discovery of graphene is attributed to Novoselov’s work carried out
in 2004 at the University of Manchester, but the study of this material
dates back to the 1940s, when the possibility of obtaining graphene from
graphite was already predicted.

Already in 1947 Philip Wallace[86], and later, in 1956, JW McClure[87]

investigated the electronic structure of a graphite layer. The studies on this
material continued in 1962 with Ulrich Hofmann and Hanns-Peter Boehm,
who looked for the thinnest possible fragments of reduced graphite oxide
and identified some of them as monolayers[88]. But it was only in 1987 that
the term ’graphene’ was first used, coined by Boehm[89] and S. Mouras[90],
deriving it from the combination of the word ‘graphite’ and the suffix that
refers to polycyclic aromatic hydrocarbons. The expectations on graphene
by physicists and material scientists were immediately high, and over the
years there have been several attempts to isolate this monoatomic carbon
layer.

Professor Rodney Rouff attempted to obtain graphene at the Univer-
sity of Texas, in Austin, by rubbing graphite on silicon wafer, but no analy-
sis was ever carried out on the thickness of the material obtained[91]. Philip
Kim from Columbia University, on the other hand, wrote with a ’nano-
pencil’ on a particular surface obtaining about a dozen graphene layers[92].

But the true discovery of graphene is attributed to Prof. Andre Geim
and his former student Konstantin Novoselov: in 2004 they published
a very first article on journal Science about the synthesis of graphene,
obtained thanks to a mechanical exfoliation method[2]. The technique
adopted is actually really simple: the surface layer of highly oriented py-
rolytic graphite (HOPG) was removed with a normal tape. It is incredible
how among the different techniques and methodologies tested by the two
scientists it was just the simplest that led to the desired result.

At the moment this mechanical exfoliation technique allows to achieve
graphene flakes of 1 mm size, but small graphene pieces can be obtained
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by rubbing two graphites together[93]. Figure 2.3 shows the schematic pro-
cedure by which Novoselov and Geim synthesized graphene by mechani-
cal exfoliation with tape.

Thanks to this discovery, in 2010 Geim won the Nobel Prize in Physics.

Figure 2.3: schematic procedure of mechanical exfoliation of graphene[85].



12 Chapter 2. Graphene

2.3 The structure of graphene

Graphene is defined as a 2D carbon allotrope, whose atoms represent
the sp2 hybridization vertex of a hexagonal lattice, forming a honey-
comb structure of monoatomic thickness with carbon-carbon bond dis-
tance equal to 0.142 nm, as shown in Figure 2.4.

Figure 2.4: honey-comb structure of graphene[85].

Each lattice is made of 3 strong σ bonds, constituted of a combination
of orbitals s, px, and py, which provide high stability to the graphene struc-
ture. The pz electron makes up the π-bonds, which form the π-band and
π*-bands, responsible for most of graphene’s notable electronic proper-
ties. This structure causes graphene to be considered the unit structure of
graphite (a single atomic layer), CNT and fullerene, as already discussed
in Section 2.1.

Although the thickness of graphene is only 0.335 nm[2], this material
shows a very stable structure: the carbon atoms connection, in fact, is
so strong to endure external forces and avoid the atoms reconfiguration.
Graphene, in a limited structure, can be considered as a nanoribbon, for
which an energy barrier is formed near the central point caused by a lat-
eral charge movement; the barrier increases as the length of the nanorib-
bon decreases[94]. This property ensures that the energy barrier can be con-
trolled at will, simply by acting on the width of the graphene nanoribbon:



2.3. The structure of graphene 13

in this sense, this feature is very interesting in the realization of electronic
devices.

The edges of graphene also play an important role in the conductivity
behaviour of the structure itself: depending on the different carbon chains,
these edges are defined as zigzags and armchair, as shown in Figure 2.5.
A graphene nanoribbon with zigzag edges can indeed conduct electric-
ity like a metal, while armchair edges can exhibit conductivity like either
metal or a semiconductor.

It is therefore clear that the particularity of the structure of this mate-
rial has caused the graphene to be considered ’futuristic’, with properties
unimaginable until its discovery.

Figure 2.5: graphene nanoribbon edges[85].
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2.4 Graphene properties

Graphene is considered as an innovative material of remarkable scientific
and industrial interest, thanks to the special combination of properties it
possesses, which makes it suitable for use in fields of full technological
development, such as aerospace and electronic engineering.

The main features of this material are therefore presented below, in-
cluding optical, electronic, thermal and mechanical properties.

2.4.1 Optical properties

As previously described in section 2.3, graphene consists of a monoatomic
layer of carbon atoms, whose structure gives it excellent ultralight charac-
teristics. Thanks to its honeycomb lattice, graphene shows a very high
transparency of 97.7%, absorbing only 2.3% of visible light[95]. Figure 2.6
shows, in fact, that the difference in transparency between single and dou-
ble layer of graphene is equal to 2.3%.

Figure 2.6: transparency difference between single and bilayer
graphene structure[95].
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A simulation using non-interacting Dirac fermion theory (see Fig-
ure 2.7) demonstrates the evolution of transparency levels with increasing
the number of graphene layers: colour and contrast are therefore useful
properties in determining the number of layers that compose a graphene-
based matrix[96]. For 2-nm thick films, for example, the transmittance can
be higher than 95% and remains above 70% for 10-nm thick layers[97,98].
The optical characteristics of graphene can therefore be manipulated by
exploiting the number of layers of which it is composed: this character-
istic makes graphene an excellent transparent conductive membrane that
can be used in dye-sensitized solar cells and LEDs as windows barriers,
replacing the standard indium tin oxide (ITO) membranes. Furthermore,
the graphene optical spectrum shows absorption below 400 nm, with the
maximum absorption peak detected at around 270 nm[99], while it is quite
flat between 500 and 3000 nm[100].

Figure 2.7: theoretical transparency of graphene[96].
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2.4.2 Electronic properties

Graphene shows a very high electron mobility at room temperature,
higher than 2000 cm2/V*s, allowing it to reach conductivity values of 106

S/m and a sheet resistance of 31 Ω/sq[101], opening up new perspectives
with regard to the quantum Hall effect (QHE)[93,102]. The classic inte-
ger quantum Hall effect is shown typically at 4e2/h, where e is the elec-
tron charge and h represents the Planck’s constant, but in graphene it can
be observed at only half integers, probably due to the unique graphene
band structure. Therefore, this material represents a promising alterna-
tive to carbon nanotubes in the creation of field-effect transistors devices,
thanks to the excellent combination of high sensitivity to field effect, mo-
bility and large lateral extension[2,103]. Graphene mobility turns out to be
temperature-independent between 10 and 100 K[95,104], but through spe-
cial preparation and post-fabrication processes it is now possible to obtain
electron mobility values even higher than 25.000 cm2/V*s. As example, in
annealed graphene devices, the mobility has been shown to exceed 200,000
cm2/V*s[105–107], the highest reported value for a semiconductor material.
Moreover, experiments on the graphene conductance demonstrated that
the value of the mobility for holes and electrons is nearly the same[108].
Finally, this material has shown several quantum electrodynamic proper-
ties, such as the room temperature QHE[109], 1/3 fractional QHE[110,111]

and the Klein tunneling paradox[112–114].

2.4.3 Thermal properties

The intrinsic graphene thermal conductivity, dominated by diffusive and
ballistic conduction at high and low temperatures, respectively[115], is
about 2000-6000 W/mK[12,116]. This range of values is mainly due to the
degree of defectiveness of the flakes[117–119], which can cause phonon scat-
tering. Balandin et al., for examples, measured the thermal conductivity
of a single graphene flake at room temperature, which settled on 5x103

W/mK, higher than that of natural diamond and 10 times higher than
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that possessed by copper[15]. Thanks to these excellent thermal proper-
ties, graphene can be considered as a promising material in the realization
of devices such as thermal sensors and composites with excellent thermal
conductivity.

2.4.4 Mechanical properties

Among the most innovative features of graphene, its remarkable proper-
ties of mechanical strength, combined with high lightness, make this mate-
rial appreciated in various industrial applications. Using nanoindentation
AFM, for example, it was possible to measure the intrinsic strength of a
defect-free sheet (Figure 2.8), which showed stiffness values of the order of
300-400 N/m and breaking strength equal to 42 N/m[16]. Graphene pos-
sesses also tensile strength and elastic modulus values equal to 125 GPa
and 1.1 TPa[16], respectively. This material therefore shows, for the same
thickness, a resistance 100 times greater compared to steel. These charac-
teristics make graphene an ideal candidate for reinforcement in composite
materials[120–123].

Finally, another important property possessed by graphene is the high
specific surface area, equal to 2630 m2/g[124], which can be exploited in
devices for gas molecules, simply by measuring the resistance variation
due to the absorption or not of the gas molecules[125,126].

Figure 2.8: a) AFM nanoindentation on suspended graphene and b) load-
ing/unloading curve for device in (a) with modelling comparison (red line)[16].
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2.5 Graphene derivatives

Graphene is widely used in various industrial applications thanks to its
several derivatives, which are able to satisfy increasingly advanced tech-
nical requests[127]. The evolution of synthesis processes has led in recent
years to the development of alternative forms of graphene, with different
properties depending on their chemical structure.

Among these variants of graphene, the graphene oxide (GO), reduced
graphene oxide (rGO) and functionalized graphene oxide (fGO) are the most
interesting derivatives from a technological point of view.

2.5.1 Graphene oxide

Graphene oxide can be described as a monolayer made of randomly dis-
tributed aromatic regions (sp2 carbon atoms) and oxygenated aliphatic
domains (sp3 carbon atoms) which contain hydroxyl, carbonyl, carboxyl
and epoxy functional groups[128]. Figure 2.9 shows the GO structures pro-
posed by different academics over the years[129].

The oxygen- containing functionalities provide the GO flakes with a
hydrophilic nature, making their dispersion in aqueous solutions possi-
ble through a simple ultrasonification process[130,131]. Graphene oxide can
also be dispersed in organic solvents, but only by reaction with particular
compounds that transform the functional hydroxyl and carboxyl groups
into amide and carbamate groups[132]. Indeed, it has been observed that
GO flakes show unstable behavior if dispersed in polar organic solvents
such as dimethylformamide[133], Nmethyl-2-pyrrolidone, ethylene glycol
and tetrahydrofuran, aggregating to form graphite oxide particles of con-
siderable size[128,130]. On the other hand, however, the oxygen functional
groups allow GO flakes to interact with polymeric and ceramic matrices
in the production of biomedical products[128].

The conductivity properties of the GO strongly depend on the degree
of structural disorder arising from the presence of a sp3 carbon fraction.
GO films can exhibit insulating behaviour, as a function of the amount
of sp3 C-O bonding, with sheet resistance (Rs) values higher than 1012
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Figure 2.9: GO proposed structures[129].

Ω/sq[134]. The GO flakes also exhibit particular optical properties, such
as photoluminescence observed from the near-UV-to-blue visible (vis) to
near-infrared (IR) wavelength range[135]: these characteristics are very
useful in photoelectron applications[136–139]. Moreover, this material pos-
sesses two nonlinear optical (NLO) regimes (sp2 and sp3 domains) with
different ultrafast optical dynamics[140]. The combination of properties
such as the monoatomic thickness, the high specific surface area and the re-
markable electron mobility, allow the GO to facilitate the electron transfer
(ET) of active species on electrode surfaces[141–143]. Finally, graphene oxide
exhibits enhanced chemical activity compared with pristine graphene[144],
thanks to the oxygen-containing functional groups and structural defects
located on the surface of GO’s flakes. Two of the most important reactions
of graphene oxide are reduction and functionalization, exploited in the in-
dustry, to obtain reduced and functionalized graphene oxide, respectively.
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2.5.2 Reduced graphene oxide

The rGO flakes are similar to those of graphene, but show defects and
remaining oxygen containing groups (-OH, -COOH, etc.) on the sheet sur-
face, with a C/O ratio ranged from 10:1 to 5:1[145].

Initially, graphene oxide was considered as the easiest derivative of
graphene to be produced in large quantities. However, the market needed
products with properties similar to those of pristine graphene, so it was
sought to convert GO flakes, trying to restore the peculiar graphene char-
acteristics. Soon various methods of GO flakes reduction have been stud-
ied, varying between physical (thermal) and chemical methods. In ther-
mal processes the GO is directly heated or irradiated (microwave, infrared
visible, or ultraviolet radiations) in different possible atmospheres, and
through a very wide temperature range. Kumar et al.[146], for example,
carried out the reduction at the lowest temperature ever recorded, equal to
50 ◦C, but requiring several days to complete the process; Dong et al.[147],
on the other hand, managed to achieve a complete reduction in less than
1 minute, by means of direct Joule heating at temperatures exceeding 2400
◦C.

The chemical reduction instead requires different reagents, among
which the most used are hydrazine hydrate, Fe powder, sodium borohy-
dride, hydroquinone, hexamethylenetetramine, hydroiodic acid, sodium,
and potassium alkaline solutions, applicable at high temperature but also
at room temperature[148]. Finally, organic acids, sugars, and even microor-
ganisms can be used in environmental friendly soft reductions[149]. How-
ever, thermal processes have shown to lead to better results, in terms of
residual oxygen content and conductivity properties of the sheets[150].

The incremental reduction of oxygen groups due to the GO re-
duction can results in a decrease of the sheet resistance, transforming
the material into a semiconductor and ultimately into a graphene-like
semimetal[151–153], with measured conductivity values which may be less
than 1000 S/m[154,155]. In recent years, so many studies have been car-
ried out about the structure and properties of GO and rGO, to the point
that multitude of new technologies[156] have been developed in the field
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of ultrathin materials. However, to obtain further properties and achieve
forefront devices, scientists soon focused on the exploitation of functional
groups present on the surface of GO and rGO flakes, through several dif-
ferent functionalization processes.

2.5.3 Functionalized graphene oxide

GO and rGO flakes are often subjected to surface conversion treatments,
to provide the graphene-based material with additional unique properties.
Specifically, functionalization processes have been studied and optimized
over the years to stabilize the flakes dispersion in different types of matrix
and favor their compatibility with polymeric and ceramic materials. Func-
tionalization processes can be categorized as covalent and non-covalent
processes.

Covalent modification

The covalent functionalization reaction is due to a rehybridization of sp2

carbon atoms in a sp3 configuration, with consequent loss of electronic
conjugation[157]. There are four ways to obtain a covalent functionaliza-
tion: via nucleophilic substitution, via electrophilic addition, condensation or
addition.

Nucleophilic substitution reaction This type of reaction occurs very
easily, also at room temperature and in an aqueous medium, and exploits
the high activity of the amine (-NH2) functionality, which reacts with the
GO epoxy groups. It is considered as the simplest and most effective
method in the large-scale functionalization of GO flakes. Several stud-
ies have been carried out, confirming the possibility of using aliphatic and
aromatic amines, amino acids, ionic liquids, small molecular weight poly-
mers, and silane compounds in these functionalization processes[158–174].
In recent years this technique has been widely used in the field of com-
posite materials: the application of organosilanes in the functionaliza-
tion of GO flakes has proved to be an innovative and effective strategy
for obtaining organic composite coatings with high corrosion resistance
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properties[45,48,70,71,168,175–179]. Figure 2.10 shows an example of function-
alization of GO flakes with 3-aminopropyltriethoxysilane (APTS)[168].

Figure 2.10: GO functionalization with APTS[168].

Electrophilic substitution reaction Unlike the nucleophilic substitu-
tion reaction, the processes of electrophilic substitution involve the dis-
placement of a hydrogen atom by an electrophile. Aryl diazonium salt
is one of the most used compounds in these reactions[180–182], along with
ferrocene[183] and polystyrene[184].

Condensation reaction In the condensation reaction, two GO func-
tional groups combine together, forming one single molecule. Such re-
actions can occur by isocyanate[120,185], as shown in Figure 2.11[185],
diisocyanate[186], and amine[187–191] compounds through the formation of
amides and carbamate ester linkages.
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Figure 2.11: isocyanate condensation reaction on GO flakes[185].

Addition reaction Also in this case, several studies have
been performed on graphene materials, based on the use of
azidotrimethylsilane[192], various alkylazides[193] and nitrene[194,195].

Noncovalent functionalization

Noncovalent interactions occur through the absorption of molecules on
the surface of graphene flakes, thanks to hydrophobic, van der Waals, and
electrostatic forces. The reaction usually involved are the polymer wrap-
ping, the surfactants adsorption and interaction with biomolecules.

This technique has been used over the years for the surface conver-
sion of carbon-based nanomaterial, such as the modification of the sp2

network of carbon nanotubes[196–198]. Today, however, scientists are fo-
cusing on the proper functionalization of GO flakes, using poly (sodium
4-styrenesulfonate) (PSS)[198], exploiting sulfonated polyaniline (SPANI)
as a surface modifier[199], or thanks to amine-terminated polymers[200–203].

These were the main techniques for the functionalization of GO’s
flakes. Covalent functionalization processes are the most performed, as
allow to obtain the desired material on a large scale, but at the expense
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of a decrease in the electrical conductivity properties of the sheets. In the
future, in-depth studies will therefore be needed to improve the conduc-
tivity of fGO flakes and their dispersibility, so as to obtain multifunctional
materials
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2.6 Production technologies of graphene and its
derivatives

The production of graphene today represents a great challenge, as it seeks
to improve ever more the processes’ yield, in terms of economic sustain-
ability on a large scale.

Graphene synthesis occurs through two alternative approaches: top-
down methods and bottom-up methods, as shown in Figure 2.12.

The top-down methods are often referred as destructive methods, be-
cause involve the destruction of large precursor, such as graphite, to form
the graphene nano-material. These techniques allow the production of
large quantities of material, but with non-exceptional properties, with a
process yield that could be improved in the future. Among the top-down
methods, the most used are the mechanical exfoliation[2], the arc discharge
process[204], the oxidative exfoliation-reduction techniques[205,206], the
liquid-phase exfoliation (LPE)[207,208] and the CNT unzipping method[209].

Bottom-up methods, on the other hand, do not exploit the graphite as
carbon source, synthesizing graphene starting from atomic-scale precur-
sors. Chemical vapor deposition (CVD)[210,211], epitaxial growth[212,213],
substrate-free gas-phase synthesis (SFGP)[214], template route[215] and to-
tal organic synthesis[145] represent the most common bottom-up methods.
These processes make it possible to obtain almost defect-free and large
surface area graphene flakes, but with very high costs and complex equip-
ment.

Mechanical exfoliation In this category are grouped those tech-
niques characterized by the application of shear forces, such as ball milling
and fluid dynamic methods[217], or normal forces, among which the most
used is the graphite peeling by means of ultra-sharp single crystal dia-
mond wedge[218,219]. The problems associated with these processes are
the long time required to obtain the material: therefore, in-depth studies
are required for the optimization of these techniques.
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Figure 2.12: synthesis methods of graphene[216].

Arc discharge This method involves the use of a reaction chamber
made of an anode, as carbon precursor, and a graphite rod cathode, which
are submerged either in a gas or liquid medium. The medium is there-
fore dissociated by an electrical current application, with the consequent
high temperature plasma generation, that sublimes the precursor[204,220].
The graphene synthesis is often carried out using expensive vacuum
equipment[221], but alternative low-cost approaches have been studied,
which exploit air[222] or water[221] media, improving the graphene scal-
ability production.

Oxidative exfoliation-reduction This category relates to the tech-
niques used to obtain GO, which can then undergo reduction processes,
to form rGO. In Figure 2.13 the four main processes optimized over the
years are briefly described: as can be seen, these techniques involve
different chemical reagents, with the development of toxic gases[223,224].
The graphite oxidation leads to a compounds intercalation between the
flakes[225], leading to a distance increase, from 0.335 to 0.625 nm, or greater.
In this way, it is easier to carry out the GO sheets exfoliation in solvents by
simple sonication process. Today the Hummer method is the most used,
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as it is the simplest and fastest. Over the years, however, several modifica-
tions of this process have been studied, to make it more sustainable, green,
and safe[226,227].

Figure 2.13: graphite oxidation route schemes[155,228].

As already described in subsection 2.5.2, GO flakes are often sub-
jected to a reduction process, to partially restore the properties of
pristine graphene, by means of thermal[229,230], chemical[231–234] and
electrochemical[235,236] approaches.

The oxidative exfoliation-reduction processes are high-yield and low-
cost techniques. However, the rGO flakes present relatively low surface
area, poor electronic conductibility, low solubility[237]. Also in this case,
therefore, scientists and industries are studying alternatives or optimiza-
tions of the processes that are currently used.

Liquid-phase exfoliation (LPE) LPE methods consist of three stages:
the solvent graphite dispersion, the exfoliation and the final product
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purification[238]. The choice of solvent is a critical aspect of these tech-
niques, as it is necessary to evaluate different characteristics of the liq-
uid, such as the surface energy, surface tension, Hildebrand solubil-
ity and Hansen solubility parameters[216,217]. LPE was first introduced
in 2008[100], but in recent years different types of solvents have been
studied[239]. This is a very promising process, despite having some dis-
advantages, such as producing defects in the flakes during the sonication,
which must therefore be improved by optimizing process parameters such
as sonication time, temperature and intensity.

Unzipping of carbon nanotube (CNT) In these process the cylindri-
cal single-walled CNT (SWCNT) and multi-walled CNT (MWCNT) struc-
tures are cut in order to get flat single, bi- or few- layer graphene, by
means of high strain rate[240]. To obtain graphene from CNTs it is pos-
sible to carry out chemical attack[241], plasma etching[242], intercalation
and exfoliation[243] and metal-catalyzed cutting[244], as shown in Fig-
ure 2.14. As can be expected, these techniques involve the use of expensive
reagents, with low process yields; therefore, CNT unzipping methods are
not employed in the industrial world, but only in the academic sphere.

Figure 2.14: CNT unzipping methods[244].
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Chemical vapor deposition (CVD) CVD techniques involve the de-
composition of hydrocarbon at high temperature (650-1000 ◦C) which
lead to graphene flakes growth on metallic catalysts (such as Cu and Ni
films)[245,246] upon reaching the carbon solubility limit[247,248]. With this
method it is possible to get high quality graphene with low defects and
large surface area[246], but at the expense of costs that are often unsustain-
able by industries.

Epitaxial growth Epitaxial growth is an innovative method by
which a hexagonal silicon carbide (SiC) structure is thermally decom-
posed (1200-1600 ◦C), resulting in aggregation of carbon atoms to form
an sp2 hybridized network which induces graphene growth[249], as
shown in Figure 2.15. This technique ensures homogeneous growth of
graphene[250], where the layers’ number can be modulated with the heat-
ing temperature[250]. This technique is still being studied, as the mecha-
nism of graphene intercalation and growth is still not completely clear[251].

Figure 2.15: epitaxial growth of graphene on SiC substrate[252].

Substrate-free gas-phase (SFGP) SFGP involves a mixture of Ar gas
and liquid ethanol, which is vaporized and dissociated by means of a
microwave-generated plasma[214,253], leading to the production of high
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quality graphene with 2 mg/min rate[254]. It is a promising technique,
fast and that requires economic precursors, but further research is needed
on the processes of sublimation and formation of graphene.

Template route This category presents techniques using one-
dimensional metal, oxide or polymeric templates, producing good quality
graphene structure[255]. The first study of this technique involved ZnS rib-
bon template for a CVD graphene growth[256], but over the years several
papers have been published on the use of lamellar meso-structured silica
template[254] or soft-hard silica template[215]. These methods have not yet
been commercialized, as they require numerous washing step and often
present difficulties in removing the templates.

Total organic synthesis Graphene can be also fabricated from poly-
cyclic aromatic hydrocarbons (PAHs), a particular 2D structure made of
sp2 carbon atoms[257]. However, the limited size range of PAHs could af-
fects the graphene quality, decreasing its solubility[258]. Despite the great
progress made by these techniques over the years, the total organic synthe-
sis still show serious limitations, such as the development of side reactions,
for which they are not yet exploited at an industrial level.
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2.7 Applications

Graphene, from its first synthesis in 2004, immediately aroused strong in-
terest from the scientific and industrial world. This is demonstrated by
the graph in Figure 2.16, which shows the sudden increase in scientific
publications on the study of this material in recent years[259]. The various
studies carried out on graphene are due to the innumerable applications
in which this material could be used. The main types of industrial field
involving graphene and its derivatives are then briefly listed.

Figure 2.16: publications on graphene from 2007 to 2017 (up to August)[259].

Sensors Thanks to its particular properties, graphene can be used in
the development of sensor advices for the analysis of magnetic fields or
the study of DNA sequencing, as in the creation of strain gauges.

Energy and electronics The renewable energy field can exploit
graphene as the active medium or as a transparent/distributed electrode
material in the solar cell technologies. This material is also involved in the
formulation of supercapacitors, with the specific capacitance of 135 F/g in
aqueous electrolytes[124], or the realization of stretchable electrode[260]. Fi-
nally, graphene-based batteries are realized to improve the energy density,
thanks to the carbon allotrope material high conductivity[261].
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Biomedical engineering and bio-based applications Thanks to the
graphene’s remarkable properties, such as the large surface area and
chemical stability, this material can find promising applications in tissue
engineering, drug delivery and DNA sequencing. On the other side, re-
generative medicine application can be supported thanks to the high me-
chanical properties of graphene. Chemically functionalized graphene is
also used in biological molecules detection, such as glucose, haemoglobin,
cholesterol, and DNA[262]. For example, a DNA–graphene bio interface,
allowed the reversible detection of complementary DNA using a field-
effect transistor (FET), as shown in Figure 2.17. Furthermore, the graphene
thinness and conductivity can be exploit in transmission electron mi-
croscopy (TEM) biomolecules imaging.

Figure 2.17: biological platforms built from the functionalised graphene
biosystems[262].

Membranes Graphene membranes find several applications in envi-
ronmental field, thanks to the graphene nanoporous structure and feasi-
bility, which are exploited to improve the permeate flux, selectivity and
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stability of the membranes themselves. Graphene monolayer has been
studied as ion separation membranes for desalination and energy stor-
age applications[263,264] and as gas separator[265]. Figure 2.18 presents the
three major graphene membranes types used in the industry.

Figure 2.18: the three major types of graphene based membranes[266].

Optical applications Graphene has been involved in LED thermal
management devices, reducing the air voids present in reduced graphene
and therefore increasing the thermal conductivity of the apparatus. More-
over, high thermal dissipation and better durability LED lamp are also
fabricated, thanks to graphene high thermal conductivity[267].

Environmental applications Today great attention is paid to environ-
mental problems, in which nanomaterials are widely used in the resolution
of issues in water treatment, energy production, and contaminant sensing
fields[268]. Graphene-based nanomaterials are used as adsorbents to re-
move metal ions, organic compounds and gases such as carbon dioxide
mainly from the aquatic environment, but are also involved in photocat-
alytic applications, such as disinfection of water, reduction of heavy metals
and degradation of organic compounds. Finally, graphene-based devices
have been studied as reactive sites with lipid membranes of microbes, ef-
fecting the antimicrobial activity[268].

Composite applications The combination of its micrometric struc-
ture and its excellent properties, allow graphene to be used as a filler in
different types of matrices, to make composite materials. These materi-
als are used in fields of great industrial and technological interest, such as
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electronics and aerospace, thanks to the multi-functionality of graphene,
GO and fGO flakes. In recent years, graphene and its derivatives have
been very successful as additives for corrosion protection coatings. Thanks
to the very low permeability to aggressive ions exerted by the flakes, it was
in fact observed that graphene-based materials are excellent in increasing
the corrosion resistance of a normal organic coating[49–52,269]. Since this is
a fundamental theme of this thesis, the use of graphene in organic coatings
will be described in detail later, in chapter 4.

But before talking about these applications, it is necessary to talk about
what composite materials represent, what their peculiar properties are and
how they can be exploited in the industrial world. Therefore, in the next
chapter the composite materials will be described, in order to be able to
subsequently treat the graphene-based composite materials.
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Chapter 3

Polymer composites for corrosion
protection

In the constant search for new materials for the production of elements
with advanced technology, the field of composite materials is consider-
ably growing. Composites have replaced many conventional materials,
such as metals, ceramics, woods, and polymers, thanks to the advantages
deriving from the combination of their particular properties. Nowadays,
they are widely used in the industrial world, but also in everyday common
life.

Corrosion is a worldwide phenomenon, whose effects represent a de-
termining factor in the global economy. By definition, this electrochemi-
cal phenomenon cannot be eliminated, but only fought and slowed down
by appropriate measures. Among these, the use of polymeric materials
as protective coatings has always been the most functional and econom-
ical technique. But in order to further improve the protective guarantees
provided by these coatings, in recent years, with the development of com-
posite materials, the application and addition of reinforcing particles in
typical polymeric matrices has been studied.

Before focusing on the use of graphene as additive in protective coat-
ings in the next chapter, a discussion will now be introduced on the impact
of corrosion on everyday life, with the related countermeasures adopted
by the society. Polymer-based composite materials will therefore be pre-
sented as coatings for corrosion protection and, finally, the protective
mechanisms that make these materials widely used in these applications
will be described.
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3.1 The corrosion issue

Corrosive processes in metals can develop into different categories and
forms classified as uniform or general, pitting, crevice, galvanic, inter-
granular, selective leaching or parting, stress, and erosion corrosion[270],
as a function of the nature of metal and corroding medium[271]. Determin-
ing factors in the development of these phenomena are in fact the chemical
nature of the metal and its surface, the solubility and volatility of the corro-
sion products, as well as the temperature, pH and nature of the electrolyte.

Despite the corrosive processes have been studied for decades, to-
gether with effective countermeasures, even today this issue is of particu-
lar interest, as the protection of metal components leads to high repercus-
sions on the global economy.

3.1.1 Costs and impact of corrosion phenomena

Corrosive phenomena are often underestimated, but they cause a huge
negative impact on the world finances. It is estimated that currently the
annual cost linked to corrosion stands at USD $ 2.5 trillion, which is equiv-
alent to 3.4% of the world’s gross domestic product[272].

These values take into account direct costs, related to the maintenance
or replacement of corroded artefacts[273,274], and indirect events, which
includes plant shutdowns, loss of products and reduction in materials’
efficiency[275,276]. The most developed nations have carried out studies
over time of the costs’ evolution linked to corrosive phenomena, as they
were really burdensome. For example, in 1949 the USA costs related to
corrosion reached $ 5.5 billion, equal to 12.1% of the gross domestic prod-
uct (GDP) of the time[273], but these values grew exponentially over time,
up to values of $ 70 billion in 1978[277], $ 276 billion in 1998[278], and fi-
nally over $ 1.1 trillion in 2016[279]. After all, the same phenomena have
been observed in other countries around the world, such as Japan[280,281],
Australia[282,283], as well as China[272] and Saudi Arabia[284], and these
costs are expected to increase.
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Corrosion in general does not entail a simple cost for society, but can
also represent a real damage to people’s health. The incident that occurred
in Japan in 2013 is an objective example: the corrosion around faulty seals
of a storage tank caused the leakage of 300 metric tons of contaminated
water[285]; a disaster considered as serious as the earthquake and tsunami
in Fukushima in 2011 that caused the melting of nuclear reactors[286]. Simi-
larly, in 2013 an oil pipeline explosion occurred in China, causing the death
of 62 people and injuring another 136[287,288]. This event was also linked
to corrosion phenomena: in particular, vapours originated from oil leaked
from corroded under-ground pipeline generated the explosion that caused
the disaster[289].

It is therefore clear that the processes related to corrosion do not sim-
ply cause an enormous cost to society, but also a real risk for the health
of citizens. This is why over the years’ scientists and industrial compa-
nies have always tried to study functional alternatives for the limitation of
these aggressive phenomena.

3.1.2 Methods of corrosion protection

Some studies report that specific protection measures for metal products
could guarantee savings of 15-35% of the cost deriving from corrosive
phenomena[279]. The strategies adopted in limiting these phenomena are
mainly 5:

• in-depth study of product design, to avoid for example crevices or
localized corrosion[271];

• the choice of the type of material according to the specific applica-
tion, as there are metals that offer better guarantees in certain envi-
ronments;

• the use of sacrificial anodes for the protection of the product or, al-
ternatively, to bring the object to be protected in a condition of pas-
sivity by anodic protection[290,291];



38 Chapter 3. Polymer composites for corrosion protection

• modifying the environment by using corrosion inhibitors, reducing
the rate of corrosion[271];

• the application of special coatings that protect the metal surface of
the component providing a barrier effect against corrosive species.

The use of coatings is certainly one of the most common and functional
strategies, as it often represents the simplest and most economical choice,
and can also provide the product with aesthetic as well as protective char-
acteristics. Such coatings can be metallic, but often the use of polymeric
materials is preferred, since they possess several features that make them
excellent candidates for protection against aggressive agents, such as good
availability, eco-friendliness, cost effectiveness and inherent stability[271].
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3.2 Introduction to composite materials

3.2.1 History of composite materials

Despite being considered a class of innovative materials, composites have
been known and used for centuries, since the Palaeolithic age (also known
as Old Stone age).

In the city of Babylon, for example, a 300 ft. height ziggurat was built
using fine mixed clay with chopped straw. At the time of the pharaohs,
on the other hand, in Egypt it was customary to use composite bricks,
reinforced with straw[292]. The Egyptians themselves used fibres obtained
from the papyrus tree to make laminated material for writing[293], but even
on the other side of the world, in Japan, the samurai used composite ma-
terials to make their precious swords[293], while Eskimos applied moss to
strengthen ice in forming igloos.

Nowadays, materials can be classified into four broad categories: met-
als, polymers, composites, and ceramics. These materials have been used
by man in different historical eras, leading to the evolution of society as we
know it today. Ashby[294] has thoroughly investigated the effect these indi-
vidual material categories have had on human development over the cen-
turies, since 10,000 BC; Figure 3.1 partially reproduces the works of Ashby,
and highlights the enormous growth in importance shown by composite
materials since 1960.

It is not a coincidence that the growth of composite materials was lo-
calized around the 1960s: the space race of those years, in fact, pushed
research and industries to use structural materials with advanced prop-
erties, obtainable only by combining several materials, i.e. the synthesis
of new composites. The same effect occurred with the introduction of the
Strategic Defense Initiative (SDI) program in the 1980s, which needed new
materials and production techniques.

Today the use of composite materials is so intense that it is estimated,
for example, that only in 2015 67,000 metric tons (147,400,000 lbs) of car-
bon fibers were used in the production of composites[295]. These materials
are nowadays used mainly in structural applications, as they possess high
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Figure 3.1: relative importance of material development through
history[294].

strength to weight ratios, allowing to reach new performances, beyond the
capabilities of simple metal products.

Despite the enormous studies carried out on this class of materials, sci-
entists still today try to improve the use of additives, in terms of geometry,
materials and distribution in the matrix, to find matrix-filler alternatives,
to obtain further progress in the scientific field and comply with the de-
mands of the industries.

3.2.2 The concept of composite materials

Among the innumerable definitions of composite material, the widest and
most complete is the following: composites are materials composed of a solid
matrix that surrounds and retains the reinforcement phase[296]. Following the
definition, Figure 3.2 shows the morphology of a composite, consisting of
a continuous and generally less rigid phase, called matrix, and a generally
more rigid so-called reinforcing phase.

Although most of people always think of composite materials as a hu-
man invention, it must consider that the concept of composite is often
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Figure 3.2: phases of a composite material[296].

found in nature. A striking example is wood, which can be considered
as a matrix of lignin reinforced by cellulose fibres, but also in man himself
it is possible find examples of composites, such as bones and teeth.

As can be guessed, the properties of a composite material strongly de-
pend on the intrinsic properties of its constituents, but also on the geome-
try and distribution of the phases themselves. The volume fraction of the
reinforcing phase plays a key role in the final properties of the composite,
as well as the distribution of this additive in the matrix, which is decisive
for the homogeneity of the material: a non-uniform distribution of the re-
inforcement in fact causes heterogeneity in the material, with consequent
decreases in the mechanical strength of the composite. Finally, the additive
geometry and orientation affect the material anisotropy.

Functions of matrix and reinforcement

As described above, composite materials consist predominantly of two
phases: the matrix and the reinforcement phase. It is therefore necessary
to discuss their relative functions to understand how one phase affects the
other.

The main function of the matrix is to shape the structure: as continu-
ous phase, the matrix surrounds the reinforcement and sustain any force
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imposed on the composite, being directly exposed to the environment. It
is generally less durable and rigid respect to the reinforcement phase, to
which transfer the loads applied to the component. The load transfer ef-
fectiveness is crucial for the composite performances, such as ductility and
impact resistance, which are also influenced by the material selected for
the matrix. A ductile matrix, for example, increases the toughness of the
structure.

The reinforcement phase, on the other hand, has the main task of pro-
viding the composite with mechanical resistance properties, such as rigid-
ity and strength. For example, Figure 3.3 shows a stress-strain graph that
emphasizes the effect of adding fibres in increasing the stiffness of a poly-
mer matrix.

Figure 3.3: polymer matrix stiffness increase due to
fiber addition[297].

Whiskers, particles or fibres can be used as reinforcement phase:
the latter may be continuous, long or short, and preferentially or ran-
domly oriented. If these are unidirectional oriented, composites exhibit
anisotropic behaviour, otherwise the material can show isotropic proper-
ties. Finally, one of the most important functions of the additive is to pre-
vent or slow the propagation of failures, as described in Figure 3.4.
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Figure 3.4: representation of the failure propagation being
stopped: (a) composite with short fibers and (b) composite

with long fibers[298].

Classification of composites

Composites can be classified in different ways: the diagram in Figure 3.5
shows how these materials can be defined according to their matrix, rein-
forcement phase or geometry, and architecture.

Figure 3.5: classification of composite materials[297].

Depending on the matrix they are made of, composite materials can be
classified as follows:
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• Metal Matrix Composites (MMC), composed of a metallic matrix such
as aluminum, magnesium, steel, cobalt, copper, and metal/oxides
reinforcement. They are highly appreciated for their high thermal
resistance and used in the automotive industry.

• Ceramic Matrix Composites (CMC), made of a ceramic matrix and car-
bon, ceramic, metal, and glass additives. They are mainly used in
aggressive environments with high temperatures.

• Polymer matrix composites (PMC), commonly composed of glass, car-
bon, poliamide, or steel fibers surrounded by a thermoset polymer
(epoxy, vinyl ester, polyester), elastomers or thermoplastic (polycar-
bonate (PC), polyvinyl chloride (PVC), nylon, PS). They are the most
common, and least expensive, type of composites and generally of-
fer good mechanical properties.

On the basis of the choice of the type of reinforcement, instead, the
following classification can be drawn:

• Particulate composites, in which the dispersed phase are particles,
randomly or preferentially distributed.

• Fiber composites, in which the dispersed phase are fibres, short or
long, randomly or preferentially distributed.

• Structural composites, composed of homogeneous materials and
composites, simultaneously, with properties that depend on the ge-
ometric design of the various structural elements. This category can
be divided between the laminated composites and sandwich panels.

Figure 3.6 summarizes the structures of composite materials classified
according to the reinforcement phase.

For a more detailed description of polymer matrix composites, please
refer to Appendix B, which introduces a discussion on the types of matri-
ces, fillers and related reinforcing contributions, illustrates the main pro-
duction processes and describes the principal applications of polymeric
composites.
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Figure 3.6: schematic of composites reinforced with particles (a) and flakes (b), compos-
ites reinforced with short fibers oriented preferentially (c) and randomly oriented (d),
composites reinforced with long fibers oriented in a unidirectional (e) and 3D fashion (f),

laminated composites (g) and sandwich panels (h) structural composites[297].

3.3 Polymer composites for corrosion protection

As previously described, in recent years composite materials have under-
gone a strong development, as the academic and industrial world have
sought to further improve the properties of metallic, ceramic and poly-
meric matrices. Even in the field of corrosion, therefore, these mate-
rials soon found wide use, as they proved to be able to provide addi-
tional protective guarantees to metal products. The same potentialities
of polymeric materials can in fact be increased by adding reinforcing ad-
ditives, which show improvements from the points of view of corrosion
protection[299,300].

Over the years, protective coatings have been developed us-
ing different types of polymers[301–304], including epoxy resins[305–308],
polyesters[309,310] and polyurethanes[311,312]. These matrices, in fact,
possess good levels of adhesion and flexibility, but low mechanical
properties[313]. To increase their performance as protective coatings, in-
organic reinforcing phases have often been added to these polymers[314].
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Different methods can be used in the synthesis of polymer-based
composite coatings, including chemical reduction[315], sonochemical[316],
microemulsion[317], photochemical reduction[318], laser-mediated[319],
hydrothermal[320], microwaveassisted[321], as well as biogenic
method[322,323]. These techniques are divided into two categories:
ex-situ methods, through which micro-nano additives are synthesized
outside the polymeric matrix and subsequently incorporated[324], and
in-situ methods, in which the particles are synthesized directly inside
the polymer[299,325]. The ex-situ techniques allow to control the size and
geometry of the additives, but they must face possible difficulties in the
homogeneous distribution of these particles in the matrix[299,325]. The
growth of the filler directly inside the polymer by in-situ techniques, on
the other hand, prevents aggregation phenomena that would limit the
protective properties of the composite coating.

SiO2
[313,326–328], TiO2

[221,329–332], graphene oxide[333–336], Zn
particles[337], clay[338], and Al2O3

[339,340] represent the most common
inorganic filler used in increasing the protective properties provided by a
polymeric coating.

SiO2 nanoparticles, for examples, have been studied as filler[341,342] and
inhibitor reservoir[343–346] in protective epoxy coatings, as these powders
show high chemical resistance, good adhesion, and curability at ordinary
temperature in addition to excellent corrosion resistance[347].

TiO2 nanoparticles, on the other hand, have been shown to improve
the corrosion resistance of conventional polymers[348,349], resins[350], and
conducting polymers[351–359], decreasing the porosity of the coating matrix
and consequently reducing the diffusion of aggressive ions.

In literature it is possible to find several works that show that the addi-
tion of ZnO nanoparticles in polymeric matrices can improve the physical,
electrochemical and anticorrosive properties of nanocomposites[360–367],
since Zn has the ability to offer cathodic sacrificial protection to metals
in aggressive environments[368].
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Clay nanostructures are often used in improving the strength of poly-
mer composites as they possess excellent barrier properties with outstand-
ingly reduced permeability of gases, water, and hydrocarbons; these fea-
tures make it possible for the clay/polymer nanocomposites materials
to be used in applications such as packaging[369], coatings[370,371] and
dehumidification[372].

Al2O3 instead shows high resistance to corrosion and wear, which
makes this material excellent for protective coatings[373–380]; like TiO2,
these nanoparticles can fill coatings pores, increasing hardness and
resistance against hydrolytic degradation and corrosive electrolyte
diffusion[376,379].

Over the years, studies have also been carried out on the protec-
tive effect guaranteed by nanoparticles of CeO2

[381–385], Fe2O3
[386,387] and

ZrO2
[388–390], but these materials are not as functional as those previously

listed.
Finally, the use of graphene as a filler is one of the most interesting pro-

tective methods, which will be described exhaustively in the next chapter,
concerning the use of graphene in organic coatings.
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3.4 Mechanisms of corrosion protection by poly-
mer composites

As previously explained, the application of coatings is today the most ef-
fective technique for protecting metal components from their deteriora-
tion. However, in order for a coating to be effectively protective, it must
be able to offer a specific barrier effect that limits the absorption of ag-
gressive substances at the metal interface[391]. Furthermore, such coatings
must possess intrinsic durability, good adhesion to substrate, sufficient
flexibility and toughness to withstand impacts and cracking while main-
taining its appearance when subjected to stress, swell, mechanical abuse
or weathering[392].

The corrosion protection coatings can be classified according to the
protection mechanism they provide: these mechanisms are defined as bar-
rier protection, cathodic protection, anodic passivation, electrolytic inhibi-
tion and active corrosion inhibition[393–396], as described in Figure 3.7[397].

Regardless of the type of mechanism adopted, the coating has the
main task of limiting or inhibiting the electrochemical processes involved
in corrosion phenomena[397]. These reactions are defined as redox pro-
cesses, which lead to the corrosion of the metallic component. Usually,
steel is used as the typical example, whose redox reaction between iron
and oxygen in the presence of water are schematically summarized in Fig-
ure 3.8[392].

The anodic and cathodic reactions can be respectively expressed as:

Fe(s)→ Fe2+(aq) + 2e−

O2(g) + 2H2O(l) + 4e− → 4OH−(aq)

The main protective mechanism of any coating is the barrier effect[392]:
the coating, by definition, in fact, protects the metal substrate from the
contact with aggressive external substances. However, this mechanism
can fail in the presence of defects such as pinholes, air bubble inclusions,
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Figure 3.7: coatings protective mechanisms[397].

poor adhesion between pigments or due to mechanical damages in the
protective layer[398].

Furthermore, the coating is unsuccessful where delamination
occurs[392]: a continuous transport of the reactants of the redox reactions
from and towards the substrate is observed, as shown in Figure 3.9, which
describes the overall corrosion process of steel in the presence of water,
oxygen and electrolytes[398].

Positively charged ions penetrates the coating in order to balance out
the negative charged hydroxyl ions, diffusing along the coating-substrate
interface[392]. It is therefore evident that the barrier protection mechanism
depends on the ionic impermeability of the coatings.
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Figure 3.8: corrosion process of steel in the presence of electrolytes, oxygen and
water[392].

The addition of reinforcing additives previously listed in polymeric
matrices has precisely this task: the increase of the protective barrier ef-
fect is a necessary prerequisite of every composite coating, whose rein-
forcing phase must demonstrate great impermeability, be homogeneously
distributed and possess high surface area to increase the path length of
aggressive ions, limiting their absorption.

These are properties possessed by graphene, as will be described later,
which justify its wide use in organic coatings for protection against corro-
sion.
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Figure 3.9: degradation model of coating on steel in a neutral NaCl solution[398].
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Chapter 4

Graphene in composite materials

Graphene is considered an innovative material, as it possesses a com-
bination of remarkable features that make it unique in its kind. The contin-
uous scientific research in obtaining composite materials that show multi-
functions led graphene to be often object of interest in the scientific and
industrial world. Specifically, graphene has been shown to provide a func-
tional and positive barrier effect against the absorption of different sub-
stances. This behaviour, together with other excellent properties such as
high electrical conductivity and mechanical resistance, make graphene a
valid element as a reinforcing phase in protective coatings.

This chapter will therefore introduce composite materials containing
graphene, after which one of the fundamental issue related to the use of
this material, i.e. agglomeration phenomena, will be discussed, describ-
ing the possible manoeuvres to avoid this inconvenience. Subsequently,
the chapter will focus on the use of graphene in protective coatings, de-
scribing the corrosion protection properties of these composite layers. Fi-
nally, the main deposition methods of these graphene-based coatings will
be described, introducing the cataphoresis, the electrochemical deposition
technique applied in this thesis.
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4.1 Graphene-based composites

In the previous chapters the themes of graphene, composite materials and
protective composite coatings have been introduced. Now the attention
will be focused on joining these three topics, describing in detail the use of
graphene in corrosion protection composite coatings.

To do this, however, it is necessary to briefly present the graphene-
based composite materials, whose matrices can be either polymeric, metal-
lic or ceramic.

4.1.1 Traditional polymer-graphene composites

Graphene can be added in polymeric matrices in the form of functional-
ized nanosheets, simple fillers or as intercalated films, increasing the elec-
trical, thermal and mechanical properties of the polymeric matrix.

Extensive studies have been carried out that catalog the various
graphene-based polymer nanocomposites, depending on the type of filler
added to the matrix[47].

One of the main reasons for using graphene in composite materials is
to increase the mechanical properties of the polymer. In fact, in chapter 2 it
was described that the remarkable mechanical properties of graphene make
this material useful in different types of applications. From this point of
view, graphene is therefore a perfect reinforcing phase of a polymeric ma-
trix. As an example, Table 4.1 describes a series of graphene/polymer
composite materials, with the relative measured ultimate tensile strength
values.

Another important property possessed by graphene is the very high
electrical conductivity along the flake’s plane. This feature is often exploited
to improve the electrical conductivity of polymeric materials, in order to
obtain multi-functional composites[120,185], suitable in electronic applica-
tions, such as in the production of electronic transistors[413]. Also in this
case, several studies were carried out on the electrical characteristics of
graphene/polymer composites, summarized in Table 4.2.
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Table 4.1: literature review on tensile strength of nanocomposites based on dif-
ferent polymers and graphene derivatives.

Nanocomposites Filler loading
Ultimate tensile strength

[MPa]
Reference

Epoxy/Graphene 0.1 wt.% 80 [399]

PS/Graphene 1 wt.% 42.5 [184]

PP/Graphene 10 wt.% 24 [400]

PVDF/Graphene 5 wt.% 100 [401]

PVA/Graphene 2 wt.% 42 [402]

PAH/GO 1 wt.% 145 [403]

PVA/Graphene e 0.7 wt.% 85 [404]

PVA/Graphene 3 wt.% 43 [405]

Epoxy/rGO 0.2 wt.% 55 [406]

PBS/Graphene 2 wt.% 37.2 [407]

PVA/Graphene 3.5 wt.% 38 [408]

Epoxy/fGO 0.5 wt.% 55 [409]

PP/Graphene 3 wt.% 63 [410]

PMMA/fGO 1 wt.% 54 [411]

PU/GO 4 wt.% 13 [412]

Finally, the high thermal conductivity of graphene makes it possible to
obtain polymer-based composite materials that are very promising in sen-
sor and electronic applications, but also for structural functions. Thanks to
the use of graphene and derivatives as fillers in polymeric matrices, com-
posite materials with many different thermal properties have been made
over the years, as described in Table 4.3.

It is interesting to note that in order to increase the conductivity prop-
erties it is often employed a great quantity of filler: it is in fact necessary
to obtain a threshold level to influence and modify the characteristics of
electrical and thermal conductivity of the polymer matrix.

However, these three tables want to highlight that composite materials
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Table 4.2: literature review on electrical conductivity of nanocomposites based
on different polymers and graphene derivatives.

Nanocomposites Filler loading
Electrical conductivity

[S*cm-1]
Reference

PET/Graphene 3 vol.% 0.1 [414]

PS/Graphene 2.5 vol.% 0.1 [120]

PS/Graphene 5 vol.% 1 [415]

PPy/Graphene 20 vol.% 7.93 [416]

PVDF/Graphene e 15 vol.% 0.01 [122]

SAN/rGO 12 vol.% 0.0012 [417]

PP/Graphene 12 vol.% 0.001 [418]

Graphene/Nano-cellulose 10 vol.% 80 [419]

PVC/Graphene 5 vol.% 0.001 [420]

PS/Graphene 1.5 vol.% 1 [421]

Table 4.3: literature review on thermal conductivity of nanocomposites based
on different polymers and graphene derivatives.

Nanocomposites Filler loading
Thermal conductivity

[W*K-1*m-1]
Reference

Epoxy/Graphene 4 wt.% 1.6 [422]

Stearyl alcohol/Graphene 0.92 wt.% 42.5 [423]

Epoxy/fGO 8 wt.% 1.5 [424]

Epoxy/Graphene 10 vol.% 5.1 [425]

Epoxy/Graphene 5 wt.% 0.46 [426]

Paraffin/GO 51.7 wt.% 0.985 [427]

PVDF/Graphene e 10 wt.% 0.58 [428]

PET/Graphene 1.5 vol.% 0.55 [421]

are often made using graphene in its various forms (such as graphene ox-
ide GO, reduced graphene oxide rGO and functionalized graphene oxide
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fGO), as reinforcing additive for several types of polymer, such as epoxy
resins, polystyrene, PVC, PET, etc.

4.1.2 Graphene-metal/ceramic composites

Although the polymeric matrix composite materials are the most
widespread in the industrial field, the use of graphene as a reinforcement
in metallic or ceramic materials must also be mentioned.

In fact, various works have been carried out on increasing the me-
chanical properties of copper-based materials thanks to the addition of
graphene, studying the effect of the filler quantity and the affinity be-
tween copper and carbon[429]. In a similar way, some studies have tried
to achieve anisotropic electrical thermal and mechanical properties of ce-
ramic matrices exploiting graphene flakes addition[430], while the opti-
cal properties of zinc oxide have been modified with this nanofiller[431],
whose structure is shown in Figure 4.1.

Figure 4.1: ZnO nanowire arrays/graphene composites[431].

Over the years these studies have confirmed that it is possible to im-
prove the compatibility between graphene and metal/ceramic matrices,
obtaining a good dispersion of the nanofiller, with the consequent increase
in the properties of the composite material.
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4.1.3 Graphene-based hybrid multicomponent composites

Industrial development in recent decades has led companies and the aca-
demic field to seek increasingly advanced features that meet the demands
of innovative technological applications. To do this, scientists were no
longer satisfied with using a single type of filler, but they tried to exploit
the combination of properties of very different materials. Thus, hybrid
composite materials were born, among which multifunctional composites
containing graphene were developed.

In literature it is easy to come across studies that combine the char-
acteristics of graphene with those of conductive polymers, in hybridis-
ation process which has enhanced the electrical and mechanical proper-
ties of polypropylene (PP), polymethylmethacrylate (PMMA) and poly-
oxymethylene (POM) matrices[432,433]. On the other side, modified
graphene and zinc chloride (ZnCl2) have been used as reinforcement of
complex butadiene-styrene-vinyl pyridine rubber (VPR), increasing the
fracture energy and tensile strength/modulus of the composite[434]. Fi-
nally, graphene is often coupled to metal nanopowders, improving the
polymeric filler-matrix interface and consequently increasing the compos-
ite thermal properties. Figure 4.2 shows an application example, in which
alumina and graphene particles are hybridized in epoxy matrix[435].

Figure 4.2: a) hybrid alumina-graphene filler and b) hybrid alumina-graphene filled
epoxy[435].
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Regardless of the type of matrix employed, in order to obtain a real in-
crease in the properties of the composite, it is necessary that the reinforcing
phase is homogeneously distributed inside it. This is a remarkable detail,
which often requires special filler treatments or alternative composite pro-
duction techniques. In the next paragraph, this issue related to the use of
graphene, which often appears critical, will therefore be introduced.
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4.2 Problem of agglomeration

To ensure that graphene can improve the properties of the composite coat-
ing, especially in terms of the barrier effect against the absorption of ag-
gressive ions, the flakes must be homogeneously distributed inside the
polymeric matrix. The dispersion of graphene therefore plays a funda-
mental role in the features of the composite material: for this reason,
several methods of dispersion have been studied, as summarized in Fig-
ure 4.3[269].

Figure 4.3: the dispersion methods of graphene[269].

4.2.1 Dispersion of graphene and graphene oxide

The dispersion of graphene and graphene oxide flakes is very complex:
graphene sheets, in fact, tend to agglomerate, due to the van der Waals
forces[56,57], while the functional groups introduced on the surface of the
flakes, together with the hydrogen bonds, involve difficulties in the exfoli-
ation of graphene oxide in polymeric matrix[39,58]. The dispersion of these
types of flakes requires severe mechanical action, by means of stirring or
ultrasound processes, to achieve satisfactory results. Such mechanisms
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can offer good results exclusively with the use of graphene oxide, whose
flakes possess functional groups, such as epoxy or carboxyl, which show a
certain compatibility with resins that contain the same functional groups,
according to the principle of similarity and intermiscibility. Depending
on the chosen polymeric matrix, vigorous mechanical procedures may be
necessary, up to using mechanical agitation at 3000 rpm and intense soni-
cation at frequency of 20 kHz[436].

An alternative method to these mechanical processes is represented
by the wet transfer dispersion technique. In this case, the flakes are first
dispersed in water and then transferred to resin by extraction and evap-
oration. Also in this case, it is necessary to use graphene oxide flakes,
which allow to get a stable colloidal suspension in aqueous solution. This
is certainly an economical and eco-friendly process, as it does not require
special organic solvents. Wet transfer method improves the dispersion sta-
bility, but is more complicated than simple mechanical dispersion, as it has
to face the issue of treatment of the aqueous phase waste liquid. However,
several studies report that it is possible to obtain a good distribution of GO
in epoxy matrices thanks to this process[59,437,438].

4.2.2 Covalent and non-covalent modification

As introduced previously in subsection 2.5.3, GO flakes can be subject to
functionalization process, a surface modification that can improve the dis-
persion efficiency. These methods are usually divided into covalent bond-
ing and non-covalent physical adsorption, as already described.

The chemical covalent modification processes involve the creation of
covalent bonds between the functional groups present on the surface of
the flakes and organic small molecules[439,440], organic polymers[49,441–446],
and inorganic nano-oxides[334,447–451], according to the type of modifying
groups. In literature it is possible to find several studies related to func-
tionalization processes of graphene using organosilanes, which not only
intercalate between the flakes, distancing them from each other, but also
performing the task of anchoring the graphene sheets to the polymeric ma-
trix, preventing the agglomeration[51,311,452–455]. Figure 4.4[456] shows an
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example of this process of surface modification, where the high reactivity
of amino groups is often exploited in ring opening reaction with epoxy
group on the flakes surface[71,451].

Figure 4.4: synthetic process of silane (3-aminopropyltriethoxysilane,
APTES) functionalization[456].

The chemical covalent modification methods lead to the covalent
bonds cleavage or ring opening reactions, introducing structural damage
in the graphene flakes. This detail is very important, as it can cause a
decrease in the performance of graphene as a protective barrier, when
corrosive molecules of water, oxygen and chloride ions pass through
the damaged region of the flake. In contrast, in non-covalent function-
alization processes, such as electrostatic adsorption[457–459], electron or-
bital conjugation[460,461], or hydrogen bonding[462,463], the structure of
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graphene is kept intact, guaranteeing the remarkable properties of the
nanofiller.

Nowadays, covalent functionalization processes are often preferred,
as different procedures can be used to modify GO flakes. These processes,
however, involve defectiveness in the flakes, with a consequent decrease
in the performance of graphene. For this reason, several studies of GO
flakes reduction have been carried out, in an attempt to partially restore
the characteristics of pure graphene. However, a complete restore of the
structural damage is impossible, so the properties shown by rGO flakes
cannot be as high as those possessed by graphene. In choosing the type of
graphene-based filler it is therefore necessary first of all to focus on the var-
ious processes of synthesis and surface modification, considering to accept
compromises, in terms of production costs or final properties.
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4.3 Graphene based protective coatings: applica-
tions and recent progress

In the previous chapters the remarkable properties of graphene have been
widely discussed. Furthermore, it was explained how these features make
graphene a truly desirable material as a reinforcement phase in composite
materials. This section therefore focuses on applications where graphene
acts as a reinforcing filler in protective coatings.

4.3.1 Graphene for flame retardant coatings

The ability of graphene to withstand high temperatures for a long time,
maintaining good mechanical stability, makes this material perfect to im-
prove the flame retardants properties of protective coatings, reducing the
use of the typical additives materials based on halogens and phosphorous,
which turned out to be toxic to humans and the environment.

Graphene has been shown to possess incredible thermal stability
even at an elevated temperature of ≈ 2126 ◦C[21]: this characteristic,
together with the high thermal conductivity (2000 to 5000 Wm−1K−1),
heat dissipating capability, impermeability to gases and superb mechan-
ical strength, makes graphene-based materials ideal for high tempera-
ture applications[12,16,23]. This nanofiller is therefore nowadays incorpo-
rated in polymeric coatings to improve the retardant properties such as
thermal stability[464], smoke suppression[465], limiting oxygen index (LOI)
value[466], melt viscosity (MFI)[467], increase in char yield[468], and anti-
dripping properties[467].

GO flakes have been studied as nanofiller for polyurethane acrylate
composite, increasing both glass transition temperature and degradation
temperature of the matrix[464], while expanded graphite[469] and carbon
nanotubes[470] were used as thermal absorbers for polymeric matrix. Fi-
nally, graphene and carbon nanotubes can easily improve smoke suppres-
sion properties of polymer-based composites via the so-called “tortuous
path” effect, improving the suppression of volatile degradation products
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Figure 4.5: tortuous path effect[466].

generated during the combustion of the epoxy polymer[465,466], as shown
in Figure 4.5[466].

4.3.2 Graphene for wear, scratch and fatigue resistant coat-
ings

Graphene can be considered a promising candidate for wear and scratch
resistant coatings because it represents the thinnest[3,471], lightest[471] and
strongest[16] known nanomaterial. This nanofiller can effectively pre-
vent or reduce mechanical failure of polymeric coatings by strengthening
and toughening the loaded surface as well as by transferring the stress
throughout the structure[472,473]. For example, it has been observed that
the presence of graphene flakes can improve crack propagation resistance
in fragile materials, through crack branching, bridging and deflection, as
show in Figure 4.6[474].

Graphene-based composite coatings can reduce the wear/mechanical
failure of sliding surfaces: for example, reduced graphene oxide has
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Figure 4.6: crack branching (a) and crack bridging (b) effects[474].

been studied as anti-friction and anti-wear filler[475], while graphene
has proved to increase the tensile strength and the Young’s modulus
of PTFE coatings[476], as well as to improve the wear resistance of
polyamide composites[477]. Finally, graphene and graphene oxide have
been reported to be effective as solid lubricants[478,479] and as additives
for base lubricants[480–482], decreasing the friction coefficients in several
environments[483,484].

4.3.3 Graphene-based enhanced antifouling coatings

Graphene represents a good candidate for use as an antisticking coating
agent, as superhydrophobic and superhydrophilic graphene-based coat-
ings have been proposed to prevent particulate fouling[485,486]. On the
other hand, the inclusion of carbon materials has already been extensively
studied because of their known antibacterial, anti-settlement and salt re-
jection properties[487–492].

Graphene derivatives have been used in the fabrication of superoleo-
phobic foulant resistant coatings[493], while graphene oxide has provided
a good antibacterial effect in alkyd resin[494], as well as proved to reduce
the formation of bio-film on polysulfone membranes, as demonstrated in
Figure 4.7[495]. Currently, boron doped-graphene electrodes[496], graphene
or GO/polypyrrole[497], and polyethersulfone/GO[498] have been shown



4.3. Graphene based protective coatings: applications and recent
progress

67

to reduce bio-fouling significantly. Furthermore, graphene derivatives are
often used in desalination systems, as they reduce the deposition of salt in
polymeric membranes, showing high Na2SO4 rejection[499].

Figure 4.7: biofilm formed on the surface of the membrane
containing various graphene oxide contents[495].

4.3.4 Graphene-based coatings for pollutant adsorption

Graphene-based coatings are nowadays applied in tracing the presence of
specific substances, thanks to the controlled surface chemistry of graphene
that allow it to show affinities for different surface functional groups[500].
Graphene and derivative materials, for example, are studied for the ad-
sorption of heavy metal ions (i.e. Cr, Co, As, Pb, Cd), dyes and organic
pollutants dissolved in water[501,502].
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Moreover, graphene can be exploited in changing the absorption ca-
pability, compressive strength and active surface area of porous sponge,
which possess high selectivity, good recyclability, and excellent absorption
capacities, as shown in Figure 4.8[503].

Figure 4.8: water droplets as quasi-spheres and motor oil
trace on the surface of the graphene coated sponge[503].

4.3.5 Antiseptic coatings incorporating graphene

Graphene is considered a biocompatible and antibacterial material, which
has not shown significant toxic effects on many human cells lines or the
eco-system[136,188,504]. Several studies confirmed that the graphene an-
tibacterial mechanism is connected to the physical disruption of the cell
membrane by direct contact with the sharp edged of the flakes[505,506], with
consequent performance greater than the standard drugs used against bac-
terial proliferation[505]. These biocompatible and antibacterial characteris-
tics motivate the graphene use in clinical application, such as in the for-
mulation of graphene coated bendages, which are reported to be beneficial
for wound healing in mouse and rabbit, as highlighted in Figure 4.9[507].
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Furthermore, graphene-based porous coatings have also been used in ap-
plications involving the blood and vascular system[508], inhibiting blood
coagulation.

Figure 4.9: images of mice wound healing under: (1) pure
chitosan–PVA nanofibers, (2) chitosan–PVA nanofibers

containing graphene, and (3) control[507].

A last important application that exploits graphene as the main addi-
tive in protective layers is that of corrosion barrier coatings. However,
being a key theme of this thesis, the entire next paragraph is reserved
to the corrosion protection applications of polymer-graphene composite
coatings, in which the corrosion protection mechanism of these materials
will be introduced.
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4.4 Corrosion protection properties of graphene
based polymer nanocomposites

In chapter 3, when discussing the corrosion protection mechanism of or-
ganic coatings, the importance of the barrier effect and impermeability of
the polymer matrix was underlined. However, each type of polymer resin
has a certain level of permeability and internal porosity. Graphene and
its derivatives, on the other hand, have been shown to provide high bar-
rier effect against the diffusion of aggressive species such as H2O, O2 and
Cl− when incorporated in organic coatings. This is one of the reasons why
graphene appears an excellent reinforcing additive to increase the corro-
sion protection properties of protective polymeric layers. In this section,
therefore, the theme of the mechanism of barrier protection that can be
provided by graphene-based polymer nanocomposites will be presented
in more detail.

Over the years various studies have been carried out on the character-
istics of graphene, which have confirmed that this material possesses high
impermeability against molecules as discrete as helium[509,510]. If added
in a polymeric matrix, graphene derivatives could theoretically lead to the
“tortuous path effect” and “nano-barrier wall effect” for the diffusing ag-
gressive molecules. The tortuosity of this diffusion path is influenced by
the fillers exfoliation and dispersion in the polymer matrix, the graphene
high aspect ratio, sheets orientation, the graphene-polymer matrix inter-
face and the crystallinity of polymer itself[511,512].

It has been theorized that the permeation of molecules into the com-
posite matrix depends on the diffusion solubility mechanism, induced by
the presence of pressure gradient across the nanocomposite layer[513]. The
kinetics of the reaction is described by the diffusion coefficient “D”, while
the solubility coefficient “S” takes into account the thermodynamic prop-
erties of the process. This diffusion solubility mechanism can be mathe-
matically described as:

P = D ∗ S
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where P, D and S are defined as the coefficients of permeability, diffu-
sivity and solubility of penetrant, respectively[514]. The penetrant trans-
port properties of composite materials made of nonofiller-reinforced poly-
mer matrix are commonly described by this equation. Picard et al.[513]

defined the model for the prediction of penetrants solubility in composite
coatings:

S = S0(1− φ)

where S0 represents the penetrant solubility of the polymer matrix,
while φ considers the filler volume fraction into the matrix. The graphene
nanofiller could introduce a tortuous path in the polymer, remarkably de-
grading the diffusion coefficient. The diffusivity parameter can therefore
be expressed as:

D =
D0
τ

where D0 is the diffusivity of the pure polymer matrix and τ represents
the tortuosity parameter, defined as:

τ =
l
l′

= 1 +
L

2W
φ

where l’ is the distance between tortuous pathways through the mem-
brane, l is the membrane thickness that has the shortest pathways for pen-
etrants and L/W is the flakes aspect ratio.

Combining the previous relations it is possible to get the equation:

P
P0

=
1− φ

τ

where P0 is defined as the polymer matrix permeability. As the
graphene flakes orientation and agglomeration leads to an increase of the
composite penetrant permeability, the last equation can be modified, intro-
ducing the parameter S’, which takes in account the filler orientation[515]:

P
P0

=
1− φ

1 + φ 2
3 (S
′ + 1

2 )
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Where S’ represents the flakes orientation into the matrix, as shown in
Figure 4.10.

Figure 4.10: different orientation of graphene layers in the
nanocomposite film[516].

The tortuosity is considered as the main factor in improving the poly-
mer composites barrier effect. It can be maximized in the case of a hor-
izontally stacked structure (S’=1) and randomly stacked structure (S’=0),
improving the barrier effect of the polymeric matrix. However, several
studies confirmed that the best orientation of graphene flakes that ensures
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Figure 4.11: schematic illustration of the coating contain-
ing fGO nanosheets exposed to 3.5 wt.% NaCl solution at

pH=11[51].

the increase of tortuosity of penetration paths is the alignment perpendicu-
lar to the diffusion direction[511,513,517–520]. Graphene flakes have shown to
be able to enhance the corrosion protection properties of the composites by
three factors: increasing the diffusion pathway, improving the adherence
with the polymeric matrix (by means of particular functionalization pro-
cesses) and providing the electrons an alternative path preventing them
from the cathodic site[520]. Moreover, diamine functionalization has been
exploited, in order to create a negative charge on the graphene nanosheets
surface when exposed to alkaline and neutral environment, preventing
the coating delamination and hydrolytic degradation as illustrated in Fig-
ure 4.11[49,51].
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Finally, Table 4.4 summarizes the recent applications of graphene-
based polymer nanocomposites as corrosion protection coatings[516],
which confirms the great interest of the academic and industrial world
towards graphene and its barrier performances.

Table 4.4: graphene-based polymer nanocomposites applied for corrosion protection.

Polymer matrix Filler Substrate Test Environment Effect Ref

Epoxy Poly(2-
butylaniline)
fGO

Q235 steel 3.5 wt.% NaCl so-
lution

Improved anticorrosion perfor-
mance and wear resistance due to
high mechanical and barrier prop-
erties of well-dispersed graphene

[46]

Waterborne
acrylic modified
alkyd resin

PPS functional-
ized rGO (PG)

Carbon
steel

Simulated body
fluid (SBF)

The well-dispersed and high aspect
ratio of PG enhances the gas and
water barriers of AMAR

[333]

Epoxy SiO2 -GO hybrid Mild steel 3.5 wt.% NaCl so-
lution

Hydrolysis reactions of silane
agents managed to increase the
pathway of electrolyte diffusion

[521]

Epoxy 4-nitri aniline
functionalized
Graphene Oxide

Steel 3.5 wt.% NaCl so-
lution

fGO increased the ionic resistance of
the coating

[522]

Epoxy Poly(urea-
formaldehyde)
modified
graphene oxide

Steel 3.5 wt.% NaCl so-
lution

Urea-formaldehyde bonded chemi-
cally with -COOH and GO surface
prevents GO from restacking dur-
ing grinding which leads to highly

[523]

Epoxy Bio-inspired func-
tionalization of
GOFe3 O4 by DA
and KH550

Steel 3.5 wt.% NaCl so-
lution

Interfacial adhesion between
nanofiller and epoxy is enhanced
through chemical cross-linking
reaction

[524]

Polyvinyl alcohol
(PVA)

Graphene
nanosheets

Aluminium-
2219 alloy

3.5 wt.% NaCl so-
lution

Pores are reduced with the incorpo-
ration of Graphene in PVA

[525]

Zinc-rich Epoxy Graphene
nanosheets

Carbon
steel

3.5 wt.% NaCl so-
lution

The presence of graphene allows a
more uniform activation of zinc par-
ticles and superior percolation

[526]

Polystyrene p-
phenylenediamine/4-
vinylbenzoic
acid-modified GO

Steel 3.5 wt.% NaCl so-
lution

Exfoliated dispersion of graphene
derivatives increases the lengths of
the gas diffusion pathways

[455]

Epoxy Amino functional-
ized graphene ox-
ide

Mild steel 3.5 wt.% NaCl so-
lution

The ionic resistance of coating was
improved with the presence of f-
GO in epoxy coating

[59]

Epoxy Graphene oxide-
alumina

Steel 1M HCl solution The hybrids achieved a homoge-
neous dispersion and compatibility
with epoxy resin

[527]

PEDOT GO Magnesium
substrate

SBF The coating facilitated continued
corrosion resistance through an in-
crease in the negative charge on the
film and the formation of a magne-
sium phosphate layer

[528]

Oleic grafted Chi-
tosan

GO Carbon
steel

3.5 wt.% NaCl so-
lution

Neat chitosan showed good corro-
sion inhibition compared to that of
carbon steel as CS layer almost cov-
ered the steel surface and created
a physical barrier that impedes the
diffusion of the ions from the salt so-
lution

[529]
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Polymer Filler Substrate Test Environment Effect Ref

Polyaniline fGO Carbon
steel

3.5 wt.% NaCl so-
lution

fGO homogeneously dispersed in
the acidic system and provided
copolymerization reaction sites
with PANI

[530]

Waterborne
Polyurethane

rGO, GO,
functionalized
graphene

Galvanized
steel

3.5 wt.% NaCl so-
lution

The graphene layers were
nanoscopicly well dispersed
because GO was highly hydrophilic
and compatible with waterborne
PU

[531]

Polymethyl-
methacrylate
(PMMA)

GO Copper 3.5 wt.% NaCl so-
lution

The addition of GO can effectively
block charge transfer at the metal-
electrolyte interface

[532]

Epoxy Polyvinylpyrrolidone
(PVP)-rGO

Zinc 3.5 wt.% NaCl so-
lution

The well dispersed graphene
nanosheets embedded in epoxy
matrix could prevent corrosion
owing to its relatively higher aspect
ratio than clay platelets

[[441]

Polyurethane (PU) Thermally ex-
panded graphene
and MWCNT (1:1)

Cold rolled
steel

3.5 wt.% NaCl so-
lution

Graphene prolonged the diffusion
pathways of corrosive ions

[43]

PMMA Carboxyl-
graphene

Pure iron 3.5 wt.% NaCl so-
lution

The hydrophobic property and the
well-dispersed Graphene in PMMA
contributes to corrosion enhance-
ment

[533]

Polystyrene Vinyl-grafted GO Steel 3.5 wt.% NaCl so-
lution

Exfoliated dispersion of the
graphene derivatives increases
the length of the gas pathways

[455]

PVB Fluorographene Copper 3.5 wt.% NaCl so-
lution

Insulating nature of flourographene
inhibits the formation of metal filler
galvanic corrosion cell

[534]

Polyaniline Graphene
nanosheets

310 stain-
less steel

3.5 wt.% NaCl so-
lution

Polyaniline can passivate steel sur-
face and graphene to improve bar-
rier properties of the polymer coat-
ing

[535]

Zinc-rich epoxy GO, GO-PANI Steel 3.5 wt.% NaCl so-
lution

Coating barrier properties were en-
hanced due to the high specific sur-
face area of GO sheets. GO-PANI
provided additional effect by im-
proving the electrical contact of zinc
particles and steel substrate

[536]

4.5 Graphene-polymer coatings deposition tech-
niques

Over the years, various methods of deposition of organic coatings have
been adopted, which are functional even in the case of composite lay-
ers containing graphene. As previously described, the distribution of the
flakes is fundamental for the corrosion protection properties of the coat-
ing: these simple deposition methods must therefore also consider this
significant aspect.

The advantages and limitations of these techniques will now be de-
scribed, focusing on the realization of graphene-based composite coatings.
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Dip coating This coating method allows to deposit thin film in a con-
venient way, but the quality of the layer is often inconsistent: this is the
reason why dip coating processes are studied for research purposes, but
not used in industrial applications. The dip coating process consists of
five steps[537]:

1. following pretreatment processes, the substrate is dipped in the so-
lution of the coating at a controlled and constant speed;

2. the substrate is kept immersed for the duration established by the
process;

3. the layer starts to deposit on the substrate while it is pulled up.
The thickness of the coating depends mainly on the ascent rate: the
slower the ascent, the greater the thickness obtainable;

4. excess liquid on the substrate surface is drained;

5. the coating is formed with the evaporation of the solvents, which
can starts already in step 3.

Figure 4.12 shows the schematic representation of dip-coating
process[538].

Figure 4.12: schematic representation of dip-coating
process[538].
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This method is very simple, as it does not require any sophisticated
equipment. However, the process simplicity involves, as already de-
scribed, a coating of non-optimal quality. This approach is suitable for
the production of graphene-based composite coatings, thanks to the high
viscosity of the solution adopted, which can develop a good interfacial ad-
hesion toward the substrate and a uniform coating layer. The dip coating
method can be a potential large scale coating process, where the applica-
tions need low standard requirements with a competitive price.

Spin coating In this process the polymeric coatings are applied onto flat
substrates in the form of solution, with volatile solvents. The spin rotator
spinner applies a continuous centrifugal force, which represents the driv-
ing force that drives the solution rapidly of the substrate, until the desired
film thickness is achieved[537,539].

The final coating thickness can be affected by several factors, such as
the kinematic viscosity, coefficient of solvent diffusion, the radius of the
substrate, but above all by the rotational speed and the coating solution
concentration[537,539,540].

The spin coating process consists of four steps[540,541]:

1. the polymer solution is deposited, completely covering the sub-
strate;

2. the substrate rapidly spins in order to displace the polymer solution;

3. laminar radial flow of the liquid layer of uniform thickness remains
on the substrate;

4. the solvent is removed by evaporation and the coating completely
dries.

Figure 4.13 shows the schematic representation of spin coating
process[542].

Compared to dip coating method, the layer produced by this approach
is denser and more uniform. The limits of this method lie in the size of
the substrate, defined by the deposition apparatus. Furthermore, only flat
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Figure 4.13: schematic representation of spin coating
process[542].

surfaces can be covered with this process. Sometimes special process assis-
tance treatments, such as the use of N2 gas, are also required to accelerate
the evaporation of water during the process of spin coating[543].

Casting method This is probably the simplest deposition method, as the
mixture is directly coated on a substrate by casting and subjected to curing
under ambient conditions. However, the interfacial bonding between coat-
ing and substrate can be weak, due to lack of treatments or post-processes.

The positive aspect of this technique is that the substrate has no limita-
tions of shape and size and coating can be directly applied onto the compo-
nent. This method is considered suitable for the application of graphene-
based composite costings.

Spray coating This is one of the most used technique in industrial coat-
ing and painting[544], as it is able to deposit a broad range of materials on
various substrate types with several morphologies and it is usually used
in in-line production or roll-to-roll manufacturing. Thanks to the possibil-
ity of using liquid substances with different characteristics and substrates
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with complex geometries, this process allows to obtain films with several
desired performances[544,545].

The apparatus needs compressed gas (airbrush gun) or plasma torch
(plasma spray coating) to fulfil the product requirements. Graphene based
composites coatings can be processed by this method, but the different
apparatuses must be carefully selected. For example, Figure 4.14 shows
the schematic diagram of the spray-coating apparatus of an electro spray
coater[546].

Figure 4.14: schematic diagram of the spray-coating ap-
paratus of an electro spray coater[546].

Electrophoretic deposition (EPD) This electrodeposition process is very
versatile, as it allows to coat different types of substrates with a simple
equipment. EPD can be classified as a colloidal process and shows several
advantages such as the short deposition time, simple apparatus, low coast,
little restriction of the shape of substrate and easy control of deposited
layer thickness and surface morphology. Moreover, the coating usually
exhibits good microstructure homogeneity and high packing density.



80 Chapter 4. Graphene in composite materials

The EPD process involves the charging of particles under the applica-
tion of an electric field. These particles create the coating moving toward
the substrate with opposite charge and coagulating on its surface[547,548].

This technique can be classified in two different processes: cathodic
and anodic electrodeposition. In the first case, the particles are positively
charged and attracted towards the negative electrode (cathode), while in
anodic EPD the particles are negatively charged. The substrate, in both
cases, must be conductive[549]. The driving force of the process is due to
the particles charge and the particles electrophoretic mobility in the sol-
vent during the voltage application.

Particle size, dielectric constant of liquid, conductivity and viscosity of
suspension, zeta potential and stability of suspension are the most influ-
encing parameters related to the liquid medium. On the other hand, the
most important process parameters include deposition time, applied volt-
age, concentration of solid suspension and conductivity of substrate[547].

EPD process has been used in fabrication of carbon nanotubes
coating[550] for biomedical, structural and functional applications[548,550],
but this method has been also adopted in depositing graphene based ma-
terials on different substrates[551].

This process seems to be very promising to produce high quality
graphene based coatings, but it is not always easy to find out the suit-
able conditions for different coating applications. The composite coat-
ings that are the protagonists of this thesis have been realized using this
electrophoretic technique; in detail, a cathodic electrodeposition method,
called cataphoresis, was employed. Therefore, in the next paragraph this
process will be described in detail, introducing its advantages in the pro-
duction of high-performance anticorrosive coatings.
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4.6 Cataphoresis

The cataphoretic deposition process was born in the twentieth century,
during which it established itself as one of the best methods for making
protective organic coatings. Not surprisingly, this process has found enor-
mous success and use in the automotive field, where it is still employed in
car painting[76,552], as shown in Figure 4.15[553].

Figure 4.15: cataphoretic bath in a car painting
plant[553].

In industrial plants the electrodeposition bath usually consists of
deionized water (80-90%), pigments (1-10%) and resin (10-15%). These
systems also contain pumps, to ensure the mixing and uniformity of the
paint precursors, heat exchangers, necessary to control the bath tempera-
ture, and filters to remove dirt traces and at the same time recover possible
solid particles of paint.
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This process offers countless advantages. First of all, very high yields
can be obtained (theoretically up to 100% of the resin used can be de-
posited), which represent a fundamental detail in a historical period in
which great care is taken to avoid waste of material and to protect the en-
vironment. Furthermore, with regard to the environment, cataphoresis is
considered an eco-friendly process, as it does not require the use of partic-
ular solvents. Thanks to this deposition technique it is possible to obtain
coatings with high aesthetic qualities, which possess uniform thickness
(normally in the range between 5 and 40 µm) even on complex geometries
of the product. The thickness can in fact be controlled by varying process
parameters such as the duration of the electrodeposition and the applied
voltage values. For the study of this thesis, however, the most important
factor of cataphoresis is that it allows to realize coatings with excellent ad-
hesion and high corrosion resistance properties[72–76].

To clarify how the electrodeposition process takes place, the principles
of cataphoretic deposition are then described in detail[76]. The resin, ini-
tially insoluble in water, becomes soluble due to its neutralization by weak
organic acids, such as acetic acid:

During the electrodeposition process, the voltage application causes
the water reduction near the cathode with the formation of hydroxyl ions
and the evolution of H2:

2H20 + 2e− → 2OH− + H2

The positive resin particles are then attracted to the cathode, and the
resulting increase in pH causes them to coagulate, giving rise to the cat-
aphoretic coating:
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The formation of OH− species is the responsible for the electrodepo-
sition, without other side reactions occurring. At the anode, on the other
hand, the hydrolysis of the water leads to a decrease in pH and an acid-
ification of the bath which must be kept under control. It is clear that
this process, as well as being economic, is also very simple in the reac-
tions involved and in the deposition setup. Figure 4.16 schematizes the
cataphoretic electrodeposition process just described.

Figure 4.16: schematic representation of the cataphoretic electrode-
position process.

In recent years, several studies have been carried out relating to this
deposition technique. Scientists, for example, sought to optimize process
parameters, such as deposition voltage[554] or curing temperatures[555].
The behaviour of cataphoretic coatings on different types of substrate[556],
such as aluminum alloys[557–561] and Zn-Mn alloys[562], has been studied,
also through the application of particular pre-treatments[563]. All these
studies have confirmed the excellent corrosion resistance properties of cat-
aphoretic coatings, even in the presence of complex geometry substrates,
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such as metal foams[72]. Finally, several fillers and additives, such as ceria-
titania nanoparticles, were also added to cataphoretic baths to further im-
prove the protective properties of the polymeric coatings[564].

However, no one has ever studied the effect caused by the addition of
graphene flakes in cataphoretic coatings. As described above, graphene
offers excellent barrier effect, which makes it ideal as a reinforcing filler
for polymeric matrices. In this thesis it was therefore decided to combine
a simple and functional process such as cataphoresis with the remarkable
performances offered by graphene as additive to obtain multifunctional
coatings.

In the next chapter the materials used in this thesis will be introduced,
such as the cataphoretic baths and the graphene flakes, in addition to the
organosilanes exploited for the filler functionalization.
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Chapter 5

Materials

This thesis is focused on the creation of multifunctional coatings, us-
ing a cataphoretic electroplating technique with the addition of graphene
derivatives. The cataphoresis process was previously described, underlin-
ing the various advantages and the excellent properties of the layers ob-
tainable with this electrodeposition method. Similarly, it has been repeat-
edly pointed out that graphene-based materials are ideal fillers in poly-
meric matrices, especially for protective purposes.

This chapter will therefore introduce the materials employed in the for-
mulation of the coatings, such as the graphene powders (Figure 5.1) and
cataphoretic baths. Finally, the types of organosilane materials adopted
in the functionalization of graphene-based nanofillers will also be briefly
presented.

Figure 5.1: SEM observation of graphene powders.
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5.1 Graphene powder

The graphene powder was provided by COMETOX s.r.l. (Milan, Italy).
The sheets have an average thickness of 6 nm and a typical surface area
ranging from 120 to 150 m2/g. The average particle diameter is equal to
25 µm. Table 5.1 lists the properties of these powders, described by the
supplier, in line with the average values that can be found in the literature
concerning the graphene features.

Table 5.1: properties of Cometox graphene nanoplatelets.

Property Typical value
parallel to surface

Typical value
perpendicular to

surface

Measure
Unit

Density 2.2 2.2 g/cm2

Carbon content > 99.5 > 99.5 %

Thermal conductivity 3000 6 W/m*K

Tensile modulus 1000 na GPa

Tensile strength 5 na GPa

Electrical conductivity 107 102 S/m

Figure 5.2 shows the graphene flakes observed by electron microscope
analysis. The nanoplateles appear agglomerated due to the strong van der
Waals interactions, a phenomenon that represents a fundamental limit to
the use of graphene as a filler, as previously described in section 4.2.

The COMETOX powders represent the starting point of the study ad-
dressed in this thesis. In fact, after a careful characterization, these mate-
rials have been subjected to different treatments, as will be described in
the next chapters, to be used as the main reinforcing additive in the cat-
aphoretic coating.
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Figure 5.2: SEM observation of the COMETOX graphene powder.

5.2 Graphenea solution

Before studying the effect of graphene flakes addition in cataphoretic bath,
a commercial solution of graphene oxide was used to carry out prelimi-
nary tests on the feasibility of the electrodeposition process for the realiza-
tion of composite coatings. Furthermore, the GO flakes obtained from this
aqueous solution, possessing a high degree of oxidation, were also used in
the first functionalization studies and as a reference for the GO powders
subsequently produced.

The aqueous solution of GO was supplied by Graphenea (Donostia,
Gipuzkoa, Spain). The slurry shows a pH value equal to 1.8-2.0 and con-
tains 0.4% of GO flakes, whose dimensions are defined by the supplier as:
D90 = 29-33 µm, D50 = 14-17 µm and D10 = 6-7 µm.

Figure 5.3 shows some of the GO flakes observed by transmission elec-
tron microscopy (TEM) analysis.
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Figure 5.3: TEM observation of the Graphenea GO flakes.

5.3 Cataphoretic bath typologies

At the end of chapter 4 the cataphoretic electrodeposition process was in-
troduced, describing its advantages and explaining the reasons why ex-
ploiting this method to realize the smart coatings containing graphene.

In the development of this thesis two different cataphoretic baths have
been used. The two baths possess different properties and offer different
performances, depending on the matrix they are made of. In fact, the first
is acrylic-based, while the other is made of an epoxy matrix.

5.3.1 Acrylic cataphoretic bath

The main cataphoretic bath chosen for this study is the Arsonkote 202 Acy
Cata W202X30, provided by Arsonsisi (Milan, Italy)[565].

The formulation of the cataphoretic bath takes place by mixing the
acrylic resin and distilled water in ratio equal to 1:2. The diluted prod-
uct contains a dry residue of 6-10%, shows a pH value of around 4.2-4.5,
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a conductivity of 600-800 µS/cm and a solvent content of glycols equal to
1.2-1.9%.

This acrylic bath is normally not used as a primer, i.e. the first layer
deposited on the metal substrate, with good adhesion and corrosion pro-
tection roles. However, it is employed in the industrial field to make su-
perficial layers, with aesthetic functions and resistance to external agents,
defined as top-coat coatings. The choice to use this type of cataphoretic
bath resides in two simple reasons.

Industrial cataphoretic baths often contain many additives and corro-
sion inhibitors. Their presence could in some way influence the effect in-
troduced by the addition of graphene flakes in the bath, making it difficult
to define the contribution provided by the sheets on the final properties of
the coating. The Arsonkote acrylic bath, on the other hand, contains only
a minimal percentage of glycols, which is not considered sufficient to in-
fluence and mask the performance of graphene-based flakes. In this way it
is easier to observe and define the real contribution made by the graphene
nanofiller.

The second reason behind the choice of this type of bath is due to its ap-
pearance. The Arsonkote acrylic product does not contain any type of pig-
ment, and the coating obtained is transparent. This aesthetic property pro-
vides significant advantages linked to the possibility of visually observing
the presence and distribution of flakes within the acrylic matrix. As previ-
ously described, the agglomeration phenomena of graphene-based flakes
are a critical and fundamental aspect for the final properties of the pro-
tective composite layer. The possibility of defining the distribution of the
nanosheets in the acrylic matrix is therefore an enormous advantage, also
in perceiving the protective performances provided by the coating.

It is evident that this type of bath is not the best, concerning the corro-
sion resistance properties, as it is usually used as a top-coat and not as a
primer. The acrylic matrix does not possess the excellent adhesion prop-
erties of an epoxy matrix, for example, even if the cataphoretic process
provides good guarantees from the point of view of the compactness and
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adhesion of the coating. After all, the aim of this thesis is not the realiza-
tion of the best performing protective coatings, but the study of the effect
that can be obtained using graphene-based fillers in the creation of multi-
functional layers.

5.3.2 Epoxy cataphoretic bath

At the same time, it was decided to study also the effect of the graphene-
based nanofiller in a cataphoretic bath nowadays used in the automotive
field, which already possesses intrinsically excellent corrosion protection
properties.

Therefore, the Arsonkote 212 2K Cata Tin Free Blue Epoxy X35-A17
product was employed as the second cataphoretic bath. This product is
also supplied by Arsonsisi (Milan, Italy)[565] and, as described by its com-
mercial name, is epoxy based.

The main differences with the previous bath, besides the nature of the
polymeric matrix, reside in the presence of additives and solvents, such
as butylglycol and glycol ethers, but above all in the addition of pigments
based on titanium dioxide, organic blue and aluminum silicates.

The diluted product is obtained by mixing 60% of distilled water, 34%
of resin and 6% of pigmented paste, and contains a dry residue of 12-16%,
showing a pH value of around 5.0-5.8, a conductivity of 1000-2000 µS/cm
and a pigment/resin ratio equal to 0.2-0.3.

The coating obtainable with this type of product possesses a strong
blue color, therefore it does not facilitate the observation of the flakes dis-
tribution inside the bulk of the composite layer. However, it is useful to
investigate whether it is possible to further improve the already excel-
lent performance of industrial protective coatings by exploiting graphene-
based nanofillers.
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5.4 Spray-deposition paint

The latest series of coatings studied in this thesis was created through
the synergy between the cataphoretic process and the spray deposition
method. During the spray deposition process, the acrylic-based paint
Smalto Acrilico 2K Lucido was used, provided by Palini Vernici s.r.l.
(Pisogne, Italy)[566].

This product is often used in the industrial field for the deposition of
top-coatings: Palini paint was therefore chosen to create surface films in
multilayer coatings. Furthermore, this product possesses many character-
istics similar to the acrylic cataphoretic bath. First of all, from a chemical
point of view, the same polymeric matrix allows a good synergy between
cataphoretic primer and spray top-coat. In addition, the spray coating ap-
pears transparent, as the paint is ’clear’, free from special additives and
pigments.

This paint has the same advantages of the acrylic cataphoretic bath pre-
viously described, which indicate it as a suitable product for co-deposition
with graphene-based reinforcing fillers.
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5.5 Organosilanes

As previously described, it is often necessary to subject the graphene-
based nanofiller to surface modification and functionalization processes,
which ensure a better distribution of the flakes inside the polymer matrix.
In chapter 2 and chapter 4 it was introduced that one of the most effective
surface conversion methods for these types of applications involves the
use of organosilane materials.

The most common structure of employed organosilanes shows three
inorganic-reactive alkoxy groups, methoxy or ethoxy, and one organic
group:

RxSi(OR′)y x + y = 4

where R represents alkyl, aryl, or organofunctional groups, while OR’
is the methoxy or ethoxy group.

The alkoxysilanes are effective in the functionalization of fillers for
polymeric matrices as they act as bonding or bridging agents to improve
the adhesion between the two dissimilar materials[567,568], acting on their
interface, as shown in Figure 5.4[569].

Figure 5.4: silane coupling agents - dual reactivity[569].

The alkoxy groups on silicon can hydrolyze to silanols, which react
with hydroxyl groups on the filler surface to form an oxane bond with
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elimination of water. Finally, the silanols condense together at the inter-
face, giving a multimolecular structure of crosslinked siloxane on the filler
surface. On the other hand, the organic group of silane plays a fundamen-
tal role in reactivity and compatibility with the polymer matrix.

Thanks to their excellent performance, the silanes have been chosen
for the functionalization of the graphene-based flakes of this thesis. As
described, the silane organic function is fundamental for the compatibil-
ity with the polymeric matrix, and consequently for the distribution of
the flakes in the composite coating. It was therefore decided to study
the behavior of three different organosilanes in the functionalization of
the nanofillers, keeping constant the inorganic-reactive alkoxy groups, but
changing the silane organic group, destined to interact with the coating
matrix.

The three organosilanes employed in turn in the functionalization pro-
cess are:

• (3-aminopropyl)trimethoxysilane (APTMS), chosen since the amino
group improves the reactivity towards condensation of the alkoxysi-
lane;

• (3-mercaptopropyl)trimethoxysilane (MPTMS), as a comparison
with the previous silane, since it presents weak condensation ability;

• (3-(methacryloyloxy)propyl)trimethoxysilane (McPTMS), as it pos-
sesses acrylic functionality, which should be consistent with the ma-
trix of the acrylic cataphoretic bath used in the realization of the
main samples of the thesis.

The chemical structure of the three organosilanes is exhibited in Fig-
ure 5.5.

The choice of these three categories of organosilanes allows to carry
out a study that highlights the importance of both the reactivity of the
functional group and its compatibility with the polymeric matrix. These
materials were provided by Sigma-Aldrich and were used as received.
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Figure 5.5: APTMS, MPTMS and McPTMS organosilanes.

The next chapter will describe the preparation and surface modifica-
tion processes of the nanofillers used in the thesis, will show the produc-
tion method of the composite coatings and will introduce the techniques
employed in the samples characterization.
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Chapter 6

Methods

The importance of the functionalization process was previously em-
phasized. It is necessary to avoid nanofiller agglomeration phenomena,
which could negatively alter the performance of composite coatings, in-
troducing a non-negligible defectiveness. This chapter will therefore de-
scribe the procedures studied for the surface modification of graphene
flakes, the nanofiller protagonist of the thesis.

Furthermore, the steps necessary for the coatings preparation will be
introduced, highlighting the importance of pre-treatment processes of the
metal substrate, describing the setup and deposition parameters used in
the formulation of the samples.

Finally, the techniques used in the characterization of fillers and coat-
ings will be summarized, to study the properties and performance of the
samples, in terms of resistance to corrosion and beyond.
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6.1 Filler preparation

This section describes the processes to which graphene powders have been
subjected, in order to be used as a reinforcing nanofiller in the polymer
matrix coating. As already underlined, it is necessary that graphene flakes
are first oxidized and subsequently functionalized to avoid agglomeration
phenomena and improve their distribution inside the coating.

Therefore, employing the Cometox graphene flakes as raw materials,
alternative flakes oxidation processes were studied. Once the obtained
graphene oxide flakes were characterized, the GO sheets functionalization
processes were performed using the three types of silanes previously de-
scribed.

6.1.1 Graphene oxidation

The literature offers several studies about the oxidation of graphene-based
material using the Hummer’s process, already described in chapter 2. This
method has been optimized over the years, through studies that have in-
creased its process yield. This is actually the best and most widely used
method for achieving high levels of flakes oxidation[44,59–61]. However, the
Hummer process still remains a technique that takes a long time to get the
final product, consisting of several chemical reactions. Furthermore, the
employ of different chemical reagents makes this method highly complex
to be managed, expensive and often dangerous for humans and environ-
ment. Since the Hummer’s process involves a high degree of oxidation,
a partial reduction must often be made to have rGO and partially recover
the conductivity of graphene. However, this process should be avoided in
the combined presence of silanes.

To overcome these issues, two different oxidation processes have been
studied, alternative to the standard Hummer’s method. Graphene oxide
was obtained through simple, cheap and fast processes, which allowed to
perform the subsequent functionalization with organosilane materials.

During the first procedure, 2 g of Cometox graphene flakes were dis-
persed in a 60 mL nitric acid solution (2.6 M) in a round-bottom flask, as
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shown in Figure 6.1. After a 10 h refluxing step under magnetic stirring,
the suspension was cooled down to room temperature, keeping it in stir-
ring for other 10 h. The graphene oxide powders were therefore filtered,
washed with distilled water, and finally dried in air at room temperature.

Figure 6.1: graphene oxidation through nitric acid solu-
tion reaction.

This procedure was defined on the basis of some literature papers
demonstrating the effectiveness of nitric acid solutions in the oxidation
of carbon-based materials[570–573].

The second alternative method employed a piranha solution, com-
posed of hydrogen peroxide (50 vol.%) and sulfuric acid (volume ratio
of 1:3). 2 g of Cometox graphene powder was slowly added to a 60 ml
of freshly prepared piranha solution. The graphene addition led to strong
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exothermal reaction with gas evolution, but the temperature of the mix-
ture was kept constant at 25 ◦C. After 4 h, the graphene powder oxidized
with piranha solution was filtered, washed with distilled water, and finally
dried.

The graphene oxide powders obtained with the two treatments were
then characterized, to define the degree of oxidation, and to understand if
they could be used in the subsequent process of functionalization.

6.1.2 Graphene oxide functionalization

In the following chapter, when the results obtained in this thesis will be
presented, it will be shown that the oxidation process with piranha solu-
tion has proved to be less effective. For this reason, only the graphene
oxide powder realized by reacting with the nitric acid solution was sub-
sequently subjected to functionalization to be used as a nanofiller in cat-
aphoretic coatings.

As previously described, GO powders were reacted with three differ-
ent trialkoxysilanes: APTMS, MPTMS, and McPTMS with amino, thiol,
and acrylic functional groups, respectively. The molar ratio of the GO and
silane was maintained at 1:0.1 for each organosilane.

The procedure adopted for the functionalization of GO’s flakes con-
sists in the addition of 50 mL toluene into a round-bottom flask, mixing
it with the stoichiometric amount of organosilane: 1.05 g APTMS, 1.14 g
MPTMS or 1.44 g McPTMS. 0.7 g of GO flakes were slowly added to the
solution after 30 min of stirring, when the silane is completely mixed in
toluene. Afterwards, the mixture was heated to 110 ◦C and refluxed for 4
h, and subsequently magnetically stirred at room temperature for 24 h. Fi-
nally, the functionalised powders were filtered, washed with ethanol, and
dried at 50 ◦C for 24 h.

The powder obtained via reactions with APTMS, MPTMS, and
McPTMS are labelled as ‘GO-N’, ‘GO-S’, and ‘GO-M’, respectively.
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6.1.3 Graphenea flakes functionalization

Graphenea aqueous solution contains sheets of GO with a high degree of
oxidation. These flakes, labelled ‘Ga’, were therefore separated from the
pristine Graphenea solution, in order to use them as a reference for the
powders oxidized with nitric acid, and to carry out preliminary studies on
the silane functionalization processes. Through a simple drying treatment
at 60 ◦C for 24 h it was possible to obtain and study the flakes contained
within the Graphenea solution.

These powders have therefore been subjected to the same previously
described functionalization process with trialkoxysilanes. Being very oxi-
dized, Graphenea powders have a high concentration of functional groups
on their surface, which can be exploited in functionalization. This mate-
rial therefore represents an excellent reference concerning the feasibility
or not of the functionalization with silane materials. Initially, as a pre-
liminary study, Ga flakes were functionalized with APTMS, keeping the
molar ratio between Ga and silane equal to 1:1. The powders obtained
with this procedure were labelled as ‘Ga-N1’ After the first characteriza-
tion tests, however, it was decided to decrease the amount of silane used
in the functionalization process, maintaining the Ga/silane ratio at 1:0.1
for each type of trialkoxisilane. The powder obtained via reactions with
APTMS, MPTMS, and McPTMS are labelled as ‘Ga-N’, ‘Ga-S’, and ‘Ga-
M’, respectively.

The use of Graphenea sheets was fundamental to define the correct
amount of silane that can be employed in the functionalization process, as
well as to carry out in-depth studies on the trialcoxysilane grafting mech-
anism on the surface of graphene oxide flakes.
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6.2 Samples preparation

The first step is necessarily the choice of the substrate that will be coated,
whose geometry must also comply with the deposition setup. Finally, the
electrodeposition process must be optimized to obtain coatings which can
guarantee the best performances.

6.2.1 Substrate pre-treatments

This thesis aims to study the effect of adding graphene-based fillers in cat-
aphoretic coatings. The substrate to be coated must not therefore influence
the properties of the protective layer. The choice falls on a simple, common
metal substrate, which is notoriously subjected to corrosion phenomena
and therefore needs to be coated to guarantee its protection. The surface
geometry of the substrate must also be simple, to facilitate the coating de-
position.

Laminate flat sheets of common carbon steel where therefore chosen
as substrate for the coatings. The carbon steel material (Q-panel type R (C
= 0.15% – Fe bal.) - 40 mm x 70 mm x 2 mm dimensions) was supplied
by Q-lab, Westlake, OH, USA. Figure 6.2 represents an example of a steel
sample used as a substrate for the production of composite coatings.

Figure 6.2: carbon steel substrate.
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However, the substrate shown in Figure 6.2 cannot be directly coated.
The cataphoretic electrodeposition process is described as very effective,
but the goodness of the method depends, as in any attempt to coat a sur-
face, on the cleanliness and reactivity of the substrate. The surface of the
substrate must in fact be decontaminated, removing traces of oils and su-
perficial grease, as well as oxides, which could influence the deposition
process, reducing adhesion with the resin of the protective layer. The sur-
face decontamination of the substrate must be carried out before any treat-
ment or deposition of coatings: a highly reactive surface is thus obtained,
ready to interact with the coating to be deposited.

Surface preparation consists of two distinct processes:

• degreasing, for removing traces of oil and grease;

• pickling, for removing surface oxides.

Degreasing can be carried out in solvent, or in aqueous phase, classifying
the degreasers according to the chemical type, plant or based on the phys-
ical accelerator used.

Pickling can instead be carried out chemically, eliminating surface de-
fects and impurities, or by mechanical method, roughening the surface
of the sample. The two processes are not carried out simultaneously, but
pickling always follows the degreasing treatment.

Acetone, one of the most common laboratory solvents, was used to
degrease the carbon steel substrate. The sample was placed in a beaker
containing the degreasing substance and stirred by ultrasonic stirring for
only two minutes, as the Q-panel sheets already had a good level of clean-
liness. Before moving on to the pickling process it was necessary to care-
fully wash the surface of the sample in distilled water to remove traces of
the degreasing substance.

As for the pickling step the sandblasting process was employed. In
this technique, the sample was hit by a strong bundle of silica sand, gen-
erated by a special gun: the sand, at high speed, mechanically removed
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the oxides present on the substrate, increasing its surface roughness. Ad-
hesion with the coating was therefore improved since the reactive sur-
face area that can interact with the polymeric matrix was considerably
increased.

Finally, a second degreasing step was carried out, identical to the first
one, to remove possible traces of silica dust and contaminants introduced
by mechanical pickling.

Figure 6.3 shows the surface morphology of the substrate, observed
with the optical profilometer following the pre-treatment processes. It is
evident that the high average roughness introduced, equal to 1.89 µm, can
facilitate the adhesion with the composite coating.

Figure 6.3: optical profilometer measurement of the substrate sur-
face morphology after pre-treatment processes.

Following the pre-treatment processes, the substrate surface is highly
reactive, so the samples must be coated in a short time, to avoid the possi-
ble spontaneous formation of further traces of grease and oxides.

6.2.2 Deposition setup

Once pre-treated, the carbon steel samples were subjected to the electrode-
position process. Independently of the cataphoretic bath used, whether
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acrylic or epoxy based, it was always employed the same deposition setup,
in terms of cell geometry and bath volume.

The deposition system consisted of a 600 ml beaker in which the 200
ml cataphoretic bath was formulated, according to the recipes described in
section 5.3. The sample, immersed in the bath at a depth equal to 70-80%
of its height, acted as cathode. A sheet of stainless steel with dimensions
of 300 mm x 50 mm was instead used as anode. Cathode and anode were
therefore placed facing each other, at a distance of 60 mm. The sample
surface area involved in the electrodeposition processes was equal to about
20 cm2. To facilitate the migration process of the paint particles, the bath
was kept at a temperature of 25 ◦C and stirred by a heating plate with the
aid of a small magnetic stir bar. Figure 6.4 shows the typical deposition
setup, with the stainless steel anode and the sample, which is immersed in
the epoxy cataphoretic bath.

Figure 6.4: cell setup for the deposition of cataphoretic coatings.

Finally, it is emphasized that every single addition of nanofillers to
cataphoretic baths was followed by a one-hour stirring process performed
with the ultrasound probe. This process of strong mechanical agitation
has allowed to obtain a better dispersion of the graphene-based flakes in
the bath, with a consequent more homogeneous final distribution of the
nanofiller in the coating polymer bulk.
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A potential difference was then applied between the anode and the
cathode to make the reactions necessary for the deposition of the polymer
matrix occur. The voltage values were varied depending on the chemistry
of the bath employed and the typology of samples, as will be explained in
the next paragraph.

6.2.3 Electrodeposition process parameters

The performance of a coating can be greatly influenced by the deposition
process. In fact, it is possible to obtain layers of different thickness, more
or less compact, with the presence or absence of defects, depending on the
values of the process parameters used in the coating deposition.

The main parameters that determine the performances of the cat-
aphoretic process are:

• the duration of the electrodeposition process - t

• the voltage difference applied between anode and cathode - ∆V

• the duration and temperature of the curing phase - t2 and T

The values of these parameters have been recommended by the sup-
plier of the two cataphoretic baths, in more or less extended intervals.

The parameters of the curing process t2 and T, for example, are defined
in a limited range, so that they have always been kept constant, depend-
ing on the type of bath used. These parameters obviously influence the
curing process, which is fundamental for the performance of the coatings.
In fact, too low values would lead to an incomplete curing of the polymer
matrix, with consequent poor protective properties of the coating. At the
same time, too high t2 and T values could degrade the protective layer,
negatively affecting its behaviour.

The duration of the electrodeposition process t influences coating
properties such as thickness and compactness. Too short processes would
imply the realization of coatings of small thickness, not completely com-
pact, while longer electrodepositions would lead to the development of
eddy currents with the consequent growth of defects and bubbles in the
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composite layer. The duration of the process is also expressly indicated
by the supplier, in a very limited range, for both the cataphoretic baths.
All the samples were therefore made using a constant t value, in order to
make comparisons between their performances.

In this way, the only fundamental parameter that defined the proper-
ties of the coatings, as will be shown in the next chapters, is represented by
the applied voltage value ∆V. This is perhaps the most important process
parameter, as it provides the necessary driving force to make electrodepo-
sition happen. Also in this case, a value of ∆V that is too low would not
provide the resin with the energy needed to migrate to the sample and ad-
here to its surface. On the contrary, a too high applied potential difference
would not improve the properties of the coating, but would only lead to
the development of parasitic currents and defects in the polymeric matrix.

The constant values of the process parameters adopted for the realiza-
tion of the coatings are therefore presented in Table 6.1. The data relating
to ∆V on the other hand, will be subsequently described, for each type of
sample realized, justifying the specific chosen values.

Table 6.1: process parameters values.

Cataphoretic bath

Process parameters values

Electrodeposition time t

(min)

Curing time t2

(min)

Curing temperature T

(◦C)

Acrylic bath 2 45 140

Epoxy bath 2 20 160

As can be seen in Table 6.1, the duration of the process is the same for
both baths. The cataphoresis is in fact a very fast process, which requires
short times to obtain an adherent and compact layer on the surface of the
cathode. The curing times and temperatures, on the other hand, change
according to the type of bath employed, as they strongly depend on the
chemical nature of the polymer matrix.
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The main series of samples studied in this thesis are now introduced,
describing the values of ∆V applied for their deposition.

6.2.4 Samples series

This paragraph presents the main series of samples studied in this thesis,
according to a logical and temporal scheme, as a natural evolution of the
work carried out during the entire doctoral program. After preliminary
studies using the Graphenea product, the study has been concentrated on
the use of graphene-based nanofillers produced for the deposition of mul-
tifunctional composite coatings.

The conceptual development of the different series of samples is intro-
duced in the infographic in Figure 6.5.

Figure 6.5: infographic of the conceptual development of the different series of samples.

Graphenea double-step coatings

As described above, the Graphenea (Ga) aqueous solution was initially
used for preliminary feasibility studies of the deposition process. This
commercial product has been employed as it represents a stable graphene
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oxide flakes solution, therefore ready to be exploited in the produc-
tion of cataphoretic coatings. Furthermore, containing non-functionalized
graphene oxide flakes, the Graphenea solution could give indications on
the agglomeration phenomena expected in the case of using GO sheets
as nanofillers in polymeric matrices. Finally, the Graphenea solution, be-
ing aqueous-based, allows good compatibility with the aqueous-based cat-
aphoretic bath.

The blue epoxy bath was employed to make these samples, as it repre-
sents a product that already possesses excellent corrosion resistance prop-
erties, being used nowadays in the automotive industrial field. In addition
to the ’Blue’ bath, formulated according to the guidelines of the Arson-
sisi supplier, already described in chapter 5, a second bath was prepared,
called ’Black’, containing the Graphenea solution. This second bath was
fomulated by adding the aqueous Graphenea product in place of simple
distilled water. The Black bath contains a final 0.25 wt% concentration of
graphene oxide and shows a pH value of about 5.3.

In this case two different values of ∆V were studied for the samples de-
position, evaluating their effect on the performances of the coatings. The
different samples have been coated applying 200 and 250 V. The 250 V is
the maximum limit that can be used for depositions, as higher voltages
have led to a strong hydrogen evolution, especially in the Black bath. Un-
der 200 V instead, it was difficult to obtain coatings of thickness greater
than 10 µm, so the 200 V were taken as the lower limit.

The samples obtained with the Blue bath were used as a reference
for the Black coatings, to verify whether the addition of graphene oxide
nanofillers could improve the properties of the epoxy matrix. As the coat-
ings obtained with the Black bath immediately showed complex and non-
homogeneous surface morphology, probably not protective, an attempt
was made to create bi-layer coatings, through a double deposition step
with both epoxy baths. In this way, in addition to limiting the negative
effect introduced by the Graphenea solution, the possibility of realizing
double step depositions with cataphoretic process was verified.

In order to realize coatings with more homogeneous thickness, the
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Blue bath was employed in a first short 5 seconds step, followed by the
deposition with the bath containing GO for another 115 seconds, for a to-
tal duration of 120 seconds. In order to verify which influence could have
the curing of the first layer obtained with Blue bath, the samples were
coated with and without curing of 5 minutes, at 160 ◦C, between the two
deposition steps.

Finally, the order of the 2 baths was reverted, using first the Black bath
and then the Blue one, to study which combination could give the best
guarantees from the point of view of the substrate corrosion protection.

Table 6.2 describes all the different deposition combinations, with the
nomenclature chosen for this first series of samples.

Table 6.2: nomenclature of the samples, with different deposition combinations.

Sample Applied voltage ∆V Step 1
Curing 1

(160 ◦C)
Step 2

Curing 2

(160 ◦C)

A1 250 V 120 s - Blue - - 20 min

A2 200 V 120 s - Blue - - 20 min

B1 250 V 120 s - Black - - 20 min

B2 200 V 120 s - Black - - 20 min

C1 250 V 5 s - Blue - 115 s - Black 20 min

C2 250 V 5 s - Blue 5 min 115 s - Black 20 min

C3 200 V 5 s - Blue - 115 s - Black 20 min

C4 200 V 5 s - Blue 5 min 115 s - Black 20 min

D1 250 V 5 s - Black - 115 s - Blue 20 min

D2 250 V 5 s - Black 5 min 115 s - Blue 20 min

D3 200 V 5 s - Black - 115 s - Blue 20 min

D4 200 V 5 s - Black 5 min 115 s - Blue 20 min

Figure 6.6 shows a sample for each type of class characterized in this
preliminary study.
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(a) Sample A (b) Samples B

(c) Samples C

(d) Samples D

Figure 6.6: the four categories of samples made with Blue
and Black epoxy cataphoretic baths.
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Graphene, Graphenea and Graphenea-silane coatings

The Graphenea solution was also used to compare the behavior of
graphene and graphene oxide fillers. In fact, the samples of this series were
made by adding to the cataphoretic bath the Cometox graphene powder,
or the Graphenea solution, to obtain coatings that incorporated graphene
or graphene oxide as a reinforcing nanofiller, respectively.

The acrylic bath was used for the realization of these coatings, in order
to study the real effect of the addition of graphene-based nanofillers.

As regards the production of samples containing Ga powders, the
acrylic bath was formulated by adding the Graphenea solution in place of
the part of distilled water, obtaining a product with 0.27 wt.% of graphene
oxide filler. The coatings made with this type of bath were called C_Ga,
where the letter ‘C’ represents the acrylic Clear cataphoretic bath.

Cometox graphene powder was then added in another acrylic bath
cell, to make the samples called C_G. In this case, the powder was simply
mixed with the bath, once formulated as described by the supplier. In
order to make a real comparison between the samples containing graphene
and those containing Ga’s flakes, the same amount of filler, equal to 0.27
wt.%, was added in the acrylic bath for the production of samples G.

Finally, these coatings were compared with the samples in which the
functionalised Graphenea powder was added. The Ga flakes were func-
tionalized with APTMS, as described in subsection 6.1.3. Both fGO pow-
ders with a Ga:silane ratio of 1:1 and 1:0.1 were studied, adding them to
the acrylic bath to make the C_Ga-N1 and C_Ga-N coatings, respectively.
As in the previous cases, the amount of filler mixed in the bath was equal
to 0.27 wt.%.

In this way it was possible to compare the behavior of graphene,
graphene oxide and fGO powders in polymeric matrix, confirming the
need to carry out surface modification and functionalization treatments
of the flakes to obtain an improvement in the coating properties.

The supplier of the acrylic bath recommends to apply a voltage value
∆V within the range of 30-80 V during electrodeposition. Therefore, the
samples of this series were made by applying four voltage values, for each
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of the four classes, equal at 30, 45, 60 and 75 V. After the deposition, all the
samples were cured in oven at 140 ◦C for 45 minutes.

For greater clarity, the samples of this thesis are summarized in Ta-
ble 6.3, with relative nomenclature and ∆V values applied during their
deposition.

Table 6.3: sample labels with respective applied voltage.

Nanofiller addition Sample coating labels Applied voltage ∆V [V]

No filler C_30 30

C_45 45

C_60 60

C_75 75

Graphene powder G C_G_30 30

C_G_45 45

C_G_60 60

C_G_75 75

Graphenea solution C_Ga_30 30

C_Ga_45 45

C_Ga_60 60

C_Ga_75 75

Ga-N1 powder C_Ga-N1_30 30

C_Ga-N1_45 45

C_Ga-N1_60 60

C_Ga-N1_75 75

GO-silanes coatings

The study of the previous samples showed the need to subject graphene-
based fillers to a specific functionalization process in order to obtain a real
improvement in the properties of the acrylic-based coating.
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After the first two preliminary studies it was therefore time to test the
behavior as reinforcing nanofiller of the flakes oxidized and subsequently
functionalized as described in subsection 6.1.2. The samples of this series
have been fundamental in the optimization of the electrodeposition pro-
cess parameters, but also in selecting the best type of silane for a correct
functionalization of the GO flakes.

In this case, in fact, the fGO powders obtained by functionalization
with the three different alkoxysilanes introduced in chapter 5 were added
as nanofillers into the Clear ’C’ acrylic cataphoretic bath. Also this time,
in order to compare the behaviour of these samples with those of the pre-
vious series, the quantity of nanofiller added in the cataphoretic bath was
kept constant for all depositions, equal to 0.27 wt.%. The performances of
the coatings were evaluated, comparing not only the type of fGO flakes
introduced in the acrylic bath, but also the voltage value applied during
their deposition. As for the previous series, these samples were made by
applying the 4 different values of ∆V, in order to optimize the electrode-
position process.

Table 6.4 summarises the bath composition, ∆V values employed for
the coating and sample labels, where the last two numbers refer to the
applied voltage value during the electrodeposition.
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Table 6.4: sample labels with respective applied voltage.

Nanofiller addition Sample coating labels Applied voltage ∆V [V]

No filler C_30 30

C_45 45

C_60 60

C_75 75

GO-N C_GO-N_30 30

C_GO-N_45 45

C_GO-N_60 60

C_GO-N_75 75

GO-S C_GO-S_30 30

C_GO-S_45 45

C_GO-S_60 60

C_GO-S_75 75

GO-M C_GO-M_30 30

C_GO-M_45 45

C_GO-M_60 60

C_GO-M_75 75

GO-APTMS coatings – optimization of the filler concentration

The samples of the last series were used to determine the right type of
nanofiller and the value of ∆V that offered the best guarantees from the
coatings corrosion resistance point of view.

As will be extensively described in chapter 10, the samples obtained
by adding GO powders functionalized with APTMS showed a clear im-
provement in the properties of the acrylic matrix. Even the applied volt-
age value proved to be relevant in the final performance of the coatings:
among the four applied ∆V values, the highest, equal to 75 V, seemed to
offer better resistive properties, allowing to realize compact coatings with
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high thickness.
Thus, the coatings of this series were deposited applying 75 V, i.e. the

previously optimized ∆V value. Instead, the powder GO-N was used
as reinforcing filler for the acrylic matrix, as they represent the best fGO
flakes.

This study, therefore, focused on the next step, namely the optimiza-
tion of the nanofillers amount. While up to now the same amount of fGO
had been added to the cataphoretic bath, equal to 0.27 wt.%, the samples of
this series were obtained by varying the quantity of nanofiller added to the
acrylic matrix. The fGO powder was gradually added into the acrylic bath,
creating four classes of samples, with different concentrations of powder:
starting with 0.1 wt.%, the quantity was then increased to 0.2, 0.5 and fi-
nally 1 wt.%.

Table 6.5 shows the 5 classes of samples, with the relative nomencla-
ture.

Table 6.5: samples labelling, with the relative fGO concentration.

Bath GO-N concentration (wt.%) Sample

Clear coat 0.0 A

0.1 A_0.1

0.2 A_0.2

0.5 A_0.5

1.0 A_1
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Multifunctional double-layer coatings

After optimizing the fillers amount to obtain the best protective perfor-
mance from the cataphoretic acrylic coating, I ended my research work in
an attempt to deposit multifunctional multilayer products.

First of all, two different types of coatings were made with the cat-
aphoretic electrodeposition process. The first, called C, was deposited
with the simple acrylic bath. The second, called CfGO, was instead rein-
forced by adding 0.2 wt.% of fGO flakes to the cataphoretic resin. Samples
C and CfGO are the corresponding samples A and A_0.2, respectively, of
the previous chapter. The first acts as a simple reference, while sample
CfGO has been chosen as it showed to be able to provide excellent protec-
tive guarantees to the metal substrate.

Two types of coatings were also deposited by means of the spray tech-
nique. The renamed layer S was made with the acrylic paint, as specified
by the supplier[566]. The SG coating, on the other hand, was deposited by
adding 1 wt.% of graphene powder (G) to the acrylic commercial prod-
uct. The resin-filler mixture was subjected to 30 min of stirring with an
ultrasound probe, to effectively disperse the graphene flakes. The Sample
SG was realized in order to exploit the good conductivity properties of the
graphene flakes. Both the two spray layers were cured in oven at 60 ◦C for
60 minutes.

Finally, two more sets of samples were made, combining the previous
layers. The double-layer coatings called C-SG were realized by first de-
positing the cataphoretic coating C, with the subsequent spray deposition
of layer SG. In the coatings series called CfGO-SG, on the other hand, the
SG layer was sprayed over the cataphoretic coating CfGO, containing 0.2
wt.% of fGO flakes. The latter type of samples should combine the excel-
lent corrosion resistance properties of the CfGO layer with the features of
high conductivity and abrasion resistance of the SG coating.

Thus, the six samples series are summarized in Table 6.6, showing the
relative nomenclature.
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Table 6.6: samples labelling, with the relative number of layers, deposition techniques
and filler addition.

Sample Number of layers Deposition technique Filler addition

C 1 Cataphoresis none

CfGO 1 Cataphoresis fGO - 0.2 wt.%

S 1 Spray none

SG 1 Spray G - 1 wt.%

C-SG 2
Cataphoresis none

Spray G - 1 wt.%

CfGO-SG 2
Cataphoresis fGO - 0.2 wt.%

Spray G - 1 wt.%

6.3 Characterization techniques

This paragraph introduces the techniques employed in the characteriza-
tion of graphene-based nanofiller and composite coatings made with cat-
aphoresis. The choice of the methodologies adopted for the study of
the samples is therefore also justified, describing the equipment and test
setup used to carry out the samples analysis.

6.3.1 Filler characterization

This first section is dedicated to the techniques employed for the fillers
characterization. The different powder samples have been subjected
to studies concerning their degree of oxidation and functionalization,
analysing the interaction between graphene-based flakes and silanes. The
analysis employed include powder morphology observations, infrared
spectroscopy (IR) and X-ray diffraction (XRD) studies, nuclear magnetic
(NMR) and electron spin (ESR) resonance investigations.
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Morphology analysis

The first analysis that is usually carried out during the characterization of
powders and nanofiller materials is the study of their morphology. The
simple observation of the sample under examination can in fact provide
initial indications on its properties and give inspiration for the subsequent
analyses that should be carried out for a complete characterization.

An adequate morphological analysis can provide different informa-
tion, such as the size of the filler and its structure. In several cases, these
analyses make it possible to formulate various conclusions, without the
aid of further more complex studies. The scanning electron microscope
(SEM) and the transmission electron microscope (TEM) represent the two
instruments usually employed in the study of the morphology of micro-
and nanometer-sized samples, such as graphene-based nanofillers. When
implemented with the EDXS (Energy Dispersive X-ray Spectroscopy) tech-
nique, it is possible to obtain semi-quantitative information about the com-
positional analysis of the sample. In fact, the TEM-EDXS observations
were also useful to study the actual occurrence of the GO powder function-
alization process. The flakes surface morphology was investigated with a
low-vacuum SEM JEOL IT 300 (see Figure 6.7) and a S/TEM ThermoFisher
TALOS F200S.

Infrared Spectroscopy analysis

Infrared spectroscopy or IR spectroscopy is a spectroscopic absorption
technique normally used in the field of characterization of materials for
the study of the molecules functional groups.

The FTIR analysis was carried out to study the oxidation and func-
tionalisation processes of the graphene powders. The FTIR spectra were
recorded in the transmission mode on KBr pellets using a Varian Excalibur
4100 instrument at 4000–400 cm−1. In total, 64 scans with a resolution of 4
cm−1 were recorded.
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Figure 6.7: SEM microscope JEOL IT 300.

X-ray Diffraction analysis

X-ray diffraction (XRD) is a powerful non-destructive technique to char-
acterize crystalline materials.

This technique is often used in the study of functionalization processes,
as it provides information on the structural modification of the sample.
The XRD analyses were applied to the nanofiller samples following ox-
idation and functionalization, to determine the effect of these processes
on the chemical morphology of the powders and on the increase of their
interplanar distance.

The powder XRD spectra were recorded with a Rigaku D/Max III-
D powder diffractometer with Cu-Kα radiation (λ = 0.154056 nm) and a
graphite monochromator in the diffracted beam. A θ–2θ Bragg–Brentano
configuration was adopted with the following scan conditions: scan range:
5–80◦ (in 2θ); sampling interval: 0.05◦; counting time: 5 s.
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Solid State Nuclear Magnetic and Electron Spin resonance investiga-
tions

Solid State Nuclear Magnetic Resonance Spectroscopy (SS NMR) is a
very powerful analytical technique that allows to obtain detailed infor-
mation on the molecular structure of the materials.

The Electron Spin Resonance (ESR) or Electron Paramagnetic Reso-
nance (EPR), is a spectroscopic technique used to identify and analyze
chemical species containing one or more unpaired electrons (called para-
magnetic species).

In this thesis, NMR and ESR analyses have been carried out to study
the degree of functionalization, the preferential anchoring sites and the
type of interaction between alkoxisilanes and GO flakes.

Solid state NMR analyses were carried out with a Bruker 400WB spec-
trometer operating at a proton frequency of 400.13 MHz. NMR spectra
were acquired with cross polarization (CP) and noise dephasing single
pulse (SP) pulse sequences under the following conditions: 13C frequency:
100.48 MHz, π/2 pulse 3.5 µs, decoupling length 5.9 µs, 7k scans and re-
cycle delay 15 s; for CP: recycle delay 5 s and 20k scans, contact time 0.5
ms; proton decoupled pulse: π/4 pulse 2.5 µs, recycle delay 10, 128 scans.

29Si frequency: 79.49 MHz, π /2 pulse 4.1 µs, contact time 2 ms decou-
pling length 5.9 µs, 10k scans and recycle delay 10s. The samples, diluted
with KBr in order to avoid skin depth effect (RF penetration) and probe
tuning problems [14], were packed in 4 mm zirconia rotor and spun at 10
kHz under air flow. Adamantane and Q8M8 were used as external sec-
ondary references. The silicon sites are labeled according to the usual Tn

notation, where T represent the trifunctional SiCO3 unit and n (n = 0÷3)
is the number of bridging oxygen atoms. The lineshape analysis was per-
formed using Bruker TopSpin software and the fitting was considered ac-
ceptable with confidence level of 90%.

The ESR spectra were acquired at room temperature with a Bruker
EMX cw spectrometer equipped with a rectangular cavity working in the
X band at 9.77GHz microwave frequency with a modulation frequency
of 100 kHz. The intensity of the signal is normalized with respect to the
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weight of the powder sample. Magnetic field and g- value are calibrated
with the DPPH powder sample (diphenyl picrylhydrazyl free radical, g =
2.0036).

6.3.2 Coatings characterization

This second section instead has the task of introducing the characteriza-
tion techniques used for the investigation of the coatings and their perfor-
mances.

First of all, the different coatings have been studied by measuring their
thickness and observing the presence of possible defects and the distribu-
tion of the fillers in the polymeric matrix. The behavior of the samples in
an aggressive environment was analyzed, and finally the effect introduced
by the nanofiller on the conductivity and mechanical strength of the coat-
ing was evaluated.

The studies carried out include coatings microstructural analysis, ac-
celerated corrosion tests, electrochemical impedance spectroscopy (EIS)
measurements, conductivity analysis and wet abrasion resistance tests.

Microstructural analysis

As for the nanofillers, the first step in the analysis of the coatings is concen-
trated on the characterization of their surface morphology, focusing on the
study of defects, thickness dimensions and distribution of graphene-based
flakes.

First of all, the thicknesses of the coatings was measured with the
Phynix Surfix digital thickness gauge. This is the simplest and most im-
mediate method for measuring the dimensions of organic coatings. For
further confirmation of this analysis, the samples were also observed at
the low-vacuum scanning electron microscopy (SEM) JEOL IT 300, de-
termining the thicknesses of the composite layers more accurately. The
observations by electron microscope have also allowed to study the sur-
face morphology and the structure of the coatings. Furthermore, in some
cases it was possible to determine the distribution of nanofillers within the
polymeric matrix thanks to EDXS analysis.
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The presence of flakes and the defectiveness inside the coatings, were
also investigated with optical stereomicroscope Nikon SMZ25, shown in
Figure 6.8. This equipment has often been used for observations and de-
scriptions of corrosion products and defectiveness developed on the coat-
ings in aggressive environments.

Figure 6.8: optical stereomicroscope Nikon SMZ25.

These analyses provided crucial information for the optimization of
the deposition process, but were also useful in confirming the results ob-
tained with subsequent accelerated corrosion tests.

Accelerated corrosion tests

Nowadays the coated samples are often studied by means of accelerated
corrosion tests, to determine their useful life, or their resistance character-
istics.

A corrosion test can consist in a simulation of the product behaviour
in an aggressive environment, through exposure in the working environ-
ment, or in an acceleration of the corrosion phenomenon, exposing the
product in a more aggressive system. In the first case, the time required
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to obtain a representative data can be too long, and it is often not easy
to simulate a natural, variable environment. The same applies to product
exposures in natural aggressive environments.

A practical solution, increasingly used, is that provided by the acceler-
ated laboratory corrosion tests, which entail less logistical problems, and
at the same time are easily manageable, being able to act on the parameters
of aggressiveness of the tests.

In the case of steel substrate samples, such as those studied in this the-
sis, the most widespread accelerated test consists in inserting the samples
in a salt spray fog chamber, in which a 5 wt% NaCl solution is sprayed
in a continuous and controlled manner at a constant temperature of 35 ◦C,
following the ASTM B117 standard[574]. A 1000 µm width notch was real-
ized on each sample surface to enable the possible development of corro-
sive products at the coating–substrate interface. This way, the adhesion of
the protective layer could be evaluated to discover debonding or swelling
of the coating and blister development, following the UNI EN ISO 4628-2
standard[575].

The different regulations specify the type of equipment to be used,
how to place the samples in the salt spray fog chamber, and the differ-
ent test conditions. However, the duration of the test is not fixed, since it
varies according to the type of samples studied and the expected life of the
component, just as it is often not specified how to evaluate the results of
the analysis. Each type of material, with the relative type of coating, must
be evaluated differently, considering the possible historical data, exploited
as reference.

The samples were exposed in salt fog chamber for a total duration of
500 h. They were monitored every 24 h, for the first 100 h of exposure, with
subsequent checks every 100 h. In fact, it is essential to detect the evolu-
tion of eventual corrosive phenomena that can develop in the first hours
of testing, in case of coating possessing intrinsic defects. If, on the other
hand, these corrosion phenomena do not develop in a short time, then the
coating initially offers good corrosion resistance, and the development of
subsequent phenomena will be more gradual and slow, thus allowing the
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sample to be controlled at longer time intervals.
The first feature required to a coating is to provide high protection

to the metal substrate. In this thesis, the effect of the graphene-based
nanofillers on the protective performance of the polymeric matrix was
first taken into consideration. The accelerated corrosion measurements
were therefore fundamental in providing a first qualitative result of the
behaviour of the samples and of the consequences due to the addition of
the nanofillers in the protective layers.

Electrochemical Impedance Spectroscopy measurements

Electrochemical techniques are one of the most employed methods in the
characterization of organic coatings. Among these, the Electrochemical
Impedance Spectroscopy (EIS) stands out for its relevance, being very
useful for verifying the protective characteristics of the coating.

EIS measurements allow obtaining different information regarding the
properties of the layer, such as the presence of defects, interface reactivity,
adhesion and water barrier properties.

The complexity associated with these analyses consists in the data fit-
ting by means of realistic equivalent electrical circuit models that represent
the phenomena that actually occur in the sample. An appropriate fitting,
however, allows to obtain quantitative results relating to the resistive and
capacitive properties of the protective coating, but also about the phenom-
ena that occur at the substrate-coating interface. Furthermore, the data
obtained from the fitting can be exploited in specific mathematical pro-
cesses studied over the years to measure, for example, the permeability of
the protective layer to the absorption of solution.

The defectiveness and protection properties of the coatings were anal-
ysed via EIS measurements at 15 mV (peak-to peak) and 105–10−2 Hz with
the potentiostat Parstat 2273 and software PowerSuit ZSimpWin. The cell
setup was composed of a platinum counter electrode and an Ag/AgCl
reference electrode (+207 mV versus SHE) immersed in a 3.5 wt.% sodium
chloride solution. The testing area of each sample was approximately 5.7
cm2. The samples were maintained in contact with the test solution for
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different time durations, depending on the specific measure, up to a total
of 680 h.

This is the technique that best of all allowed to define the real effect
provided by the nanofillers on the protective properties of the polymeric
matrix of cataphoretic composite coatings.

Adhesion characterization methods

The coating adhesion to the metal substrate can be greatly influenced by
the type of filler added to the polymer matrix. Graphene-based flakes in
the bulk material can alter the adhesion properties of the composite layer,
decreasing the permeability of water and oxygen ions inside the coating,
reducing and slowing down cathodic delamination phenomena and con-
sequently improving the corrosion resistance properties of the coating it-
self.

The adhesion performance of the composite coatings was therefore
evaluated applying an accelerated AC-DC-AC method, whose cycles con-
sisted of three step, as shown in Figure 6.9:

I. an electrochemical impedance spectroscopy (EIS) measurement at
the open circuit potential (OCP);

II. the cathodic polarization application at -1V for 20 min, to favor the
cathodic reaction, with a consequent increase in pH which changes
the state of the interface;

III. an OCP measurement for 1 h to stabilize the polarized samples.

These electrochemical measurements were carried out as described in
the previous paragraph. The test cycles were performed several times,
observing the variation of Bode modulus at 10−2 Hz of the EIS spectra.
The AC-DC-AC method allowed to define which is the best coating in
terms of corrosion protection properties, but was unable to provide use-
ful data for studying the effect of nanofillers on the cathodic delamination
of the cataphoretic layers. To better analyse the contribution of the fGO
flakes, therefore, the samples were subjected to Scanning Kelvin Probe
(SKP) measurements.
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Figure 6.9: schematic of the AC-DC-AC test procedure,
adopted from[576].

The cathodic delamination of the coatings was evaluated with
Scanning Kelvin Probe measurements, using a height-regulated SKP
(Wicinski-Wicinski GbR), following a well-established procedure[577–580].
The SKP tip was calibrated against a Cu/CuSO4 electrode and the poten-
tials were collected and were reported with respect to the standard hydro-
gen electrode (SHE). The coated samples were exposed in humid air for 3
h to reduce electrostatic charging on the composite layers, while the rel-
ative humidity during the test was kept constantly above values of 95%.
A sample uncoated region was isolated on three sides by a silicone dam
and filled with a 3.5 wt.% sodium chloride solution, in order to favour the
cathodic delamination process. A line scan from the defect region over the
coating was performed and repeated every 4 h, for a total of 36 h sample
exposure in the SKP chamber. The results were confirmed by two mea-
surements per sample.

Both electrochemical characterization techniques, such as AC-DC-AC
cycles and SKP method, have demonstrated in different ways the impor-
tance of the contribution given by graphene-based fillers, whose flakes
improve the corrosion protection of the cataphoretic coating, reducing its
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permeability and increasing its resistance to cathodic delamination.

Conductivity measurements

As described in section 4.4, the barrier effect is one of the most effective
performances of graphene in improving the corrosion protection proper-
ties of a coating. In addition to being impermeable to aggressive species,
the arrangement of graphene-based flakes can cause an increase in the
path length of ions and electrons. Electrons are often not considered as
a critical aspect in corrosive phenomena, but they play a fundamental role
in the development of all electrochemical corrosion reactions. Providing
the electrons with an alternative path to reach the cathodic sites allows to
slow down the corrosion reactions and increase the life of the component.

This phenomenon has therefore been studied on selected samples, ver-
ifying how and if graphene-based flakes could actually hinder the passage
of electrons inside the coating matrix. The standard about conductivity
study of insulating materials[581] has been set as reference, contacting the
surface of the samples with two electrodes, and applying 10 V by means
of the potentiostat Parstat 2273.

The calculation of volume resistivity allowed to describe and con-
firm the positive behaviour of the nanofillers, offering a further explana-
tion to the decrease of corrosive phenomena occurring in the presence of
graphene-based materials.

Abrasion resistance tests

Graphene is often employed in the manufacture of protective coatings
with high abrasion resistance, both as a single monolayer[582] and as a
nanofiller for composite coatings[583–585]. In fact, strong mechanical re-
sistance and excellent lubricating properties are remarkable features pos-
sessed by graphene, and often required in coatings that have to resist cer-
tain stresses or maintain their integrity in particularly aggressive environ-
ments. The Atomic Force Microscopy (AFM) in scratching mode (Veeco
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Dimension 3000) represents an effective tool in the characterization of coat-
ings adhesion. This technique enables the evaluation of both the contribu-
tion of the pre-treatment carried out before the deposition[586,587], and the
degradation of the layer itself in environmental exposure[588]. The abra-
sion resistance of the composite coatings was assessed by AFM scratching
in contact mode with a diamond-coated Si tip (force constant, k = 40 N/m,
tip radius = 18 nm), highlighting the different behaviour between polymer
matrix and graphene-based filler. The experiments were performed over
different area scan, at 1 line/s and scan angle of 0◦.

These measurements highlighted and confirmed the high abrasion re-
sistance performance of graphene-based fillers on a microscopic scale.
However, the AFM technique in scratching mode does not offer indica-
tion on how flakes affect the wear behaviour of the composite coating
at the macroscopic level. The samples under examination were therefore
subjected to scrub test analysis, to study the real effect introduced by the
nanofiller on the abrasion resistance properties, and consequently on the
corrosion resistance behaviour, of the cataphoretic acrylic matrix. The El-
cometer 1720 Abrasion and Washability Tester was employed in the char-
acterization process, taking the BS EN ISO 11998 standard[589] as reference.
The coatings were subjected to abrasion steps of 200 cycles (37 cycles per
minute) each, interspersed with weight loss measurements, to evaluate the
resistance of the coatings to abrasion process in wet conditions.
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Part III

Results & Discussion
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This part describes the main results obtained during the study and
characterization of cataphoretic composite coatings.

First of all, the possibility of carrying out double-step deposition with
cataphoretic process was evaluated, analyzing the effect introduced by
graphene oxide solution on coatings properties.

Later, in order to employ graphene-based flakes as reinforcing
nanofiller, these materials were subjected to a thorough characterization
study in order to assess their degree of oxidation and functionalization.

Coatings containing different types of nanofillers have therefore been
deposited, to confirm that the functionalization processes that can provide
the composite layer with better protective guarantees.

Therefore, process parameter values and the type of nanofillers that
give the best performance for composite coatings have been defined. Sub-
sequently, the quantity of nanofillers was optimized to achieve highly
protective coatings.

Finally, double-layer coatings have been made, each containing dif-
ferent types of graphene-based nanofillers and consequently possessing
unique properties.
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Chapter 7

Cataphoretic double-step
deposition
A preliminary study

7.1 Abstract

Even before focusing on the synthesis and characterization of graphene-
based nanofillers, it was necessary to examine the actual possibility of em-
ploying a cataphoretic bath for the production of composite coatings.

As the cataphoresis is an electrochemical process, in fact, there were
several unknowns related to the behaviour of the nanofiller: in addition
to the flakes suspension in the polymer matrix, their attraction to the sub-
strate during deposition was a critical aspect. Furthermore, it was neces-
sary to understand if an electrodeposition process could be used to make
multilayer coatings, analysing deposition times and applied voltage val-
ues.

This preliminary study helped to deal with the synthesis of nanofillers
and subsequent depositions with very specific guidelines, about the pos-
sible problems to be addressed and the corrective measures to be applied.

The samples introduced in subsection 6.2.4 have been characterized
and analysed in this first work. The results obtained were reported in
a publication on Progress in Organic Coating journal[58], to demonstrate
the novelty and interest in the realization of composite coatings with cat-
aphoretic process.
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A preliminary study

7.2 Coatings morphology

For the sake of clarity, please consider Table 6.2 previously presented in
chapter 6. The Blue layers do not contain any type of nanofiller, simply
representing the epoxy matrix, while the Black films have been made by
adding the Graphenea solution into the cataphoretic bath.

The decision to attempt to realize double layer coating was taken fol-
lowing the characterization of the surface morphology of the samples
made with the Black bath, i.e. the B series.

Take, as example, the surface of the sample B2, observed by optical
microscope, shown in Figure 7.1a.

(a)

(b) (c)

Figure 7.1: sample B2, coated applying 200V a) observed at optical micro-
scope, b) by SEM while c) represents the iron EDS map.
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This sample, representative of the B series, possesses a complex surface
morphology, with craters and concavities of considerable size. The cat-
aphoresis process usually allows to obtain coatings with a constant and ho-
mogeneous thickness. Evidently, the introduction of the Graphenea solu-
tion in the formulation of the Black bath nullifies some of the performances
of the electrodeposition process. In fact, it appears that the graphene ox-
ide flakes Ga tend to agglomerate in the epoxy matrix, as described in
the previous chapters, leading to accumulations in the coating. This phe-
nomenon represents a source of high defectiveness in the composite layer.
In the lowest points of the concavity, in fact, the coating risks not to be
protective. To confirm, the same sample B2 was subjected to observations
with the scanning electron microscope, by means of which EDS maps were
performed. Figure 7.1b and Figure 7.1c represent the sample surface ob-
served by SEM and the relative iron EDS map, respectively. The iron EDS
map confirms that in some limited areas the protective layer is so thin that
it allows the detection of the iron substrate.

Therefore, coatings deposited with the Black bath could not offer guar-
antees from the corrosion protection point of view. For this reason, coat-
ings with double steps of deposition were produced, in which at least one
of the two layers contained Ga. In this way it was expected to limit the
’crater effect’ introduced by the Black bath depositions and observed in
the B series samples, by means of a further layer obtained with Blue bath,
without nanofiller.

The samples of the series C and D described in Table 6.2 were obtained
by varying the order of the cataphoretic baths in the electrodepositions,
in some cases applying an intermediate curing process between the two
steps. Figure 7.2 shows the sample C4, an example of coating obtained
with double-step deposition.

This image allows to easily determine the first layer, obtained with the
Blue bath, and the subsequent layer deposited using the Black one, con-
taining Ga. In fact, only a part of the sample already coated with the first
bath was immersed in the second one in order to measure the thickness of
the second layer by means of the difference between the size of the final
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Figure 7.2: sample C4, with double layers.

coating and that of the first layer.
The graph in Figure 7.3 represents the measured thicknesses of the

coatings of the four series, with the dimensions of the relative layers.
In the case of samples coated with a single deposition, i.e. those of

the series A and B, the thickness of the coatings increases with higher
voltage values applied during the electrodeposition. This phenomenon,
moreover, was predictable and in agreement with what is stated in
literature[73–76,556,562]. The real difference between the two series lies in
the thickness of the samples obtained by applying 250 V: the sample B1 in
fact possesses a coating with a lower thickness than the sample A1. The in-
fluence of the nanofiller is relevant. First of all, the low conductivity of the
graphene oxide flakes Ga decreases the bath’s conductivity from values of
1250 µS/cm in the Blue bath to 570 µS/cm in the Black one. Secondly, a
part of the electrons supplied to the system during electrodeposition are
involved in the partial reduction of the nanofiller’s flakes, decreasing the
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Figure 7.3: coatings thicknesses of the four series of samples.

process yield.
As for double-deposition coatings, the first layer possesses higher

thickness in case of higher applied ∆V values, both in the presence or ab-
sence of Ga’s flakes. However, the coating containing the nanofiller seems
to grow considerably more than the layer free of Ga: the comparison be-
tween samples C1 and D1 determines that the Black coating actually grows
very fast in the first few seconds of deposition (the first layer of sample D1
is comparable with the entire B1 coating). Then, it attests and grows slower
than the Blue one. This effect is not so obvious at 200 V. On the other side,
the samples C1 and C2 highlight the effect of the intermediate fast curing
process: if the first layer is subjected to the curing step, as in the case of
sample C2, the growth of the subsequent coating containing the nanofiller
is limited due to the Blue layer’s insulation effect. In sample C1, however,
the second layer growth is favoured, as the first layer, non-crosslinked,
shows less insulating effect. With regards to first Black layers (sample D1
and sample D2), on the other hand, the effect of the intermediate curing
is less apparent, as the coating grows immediately in the first deposition
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seconds and does not permit subsequent significant deposition with the
Blue bath. Again, at lower voltages of 200 V, (C3, C4, D3, D4), the effect of
intermediate curing is almost irrelevant, as the first layer is so thin that it
does not prevent subsequent deposition, despite intermediate curing.

Figure 7.4 represents the surface morphologies of the 16 samples ob-
served at the optical microscope. These images describe the effects just
introduced: the absence or presence of GO in the deposition bath (A1 and
B1 samples, respectively, for example) and the consequence of the interme-
diate curing between the two deposition steps (see samples C1 and C2).

(a) A1 (b) A2 (c) B1 (d) B2

(e) C1 (f) C2 (g) C3 (h) C4

(i) D1 (j) D2 (k) D3 (l) D4

Figure 7.4: optical microscope observations of samples surfaces.

While sample A1, whose coating was realized with the Blue bath, pos-
sesses a smooth and homogeneous surface, the coating of sample B1 looks
very irregular, similar to the morphology already shown in Figure 7.1. Un-
like sample C1, the intermediate curing of sample C2 prevents mixing of
the two layers, but also limits the subsequent growth of the coating with
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Ga flakes: the coating surface thus appears lighter, with some traces of
the Black layer agglomeration. Moreover, sample D2 shows the same be-
haviour, with small traces of the second Blue layer, as conceivable from the
thickness dimensions in Figure 7.3.

The surface morphology, together with EDS analysis and layer di-
mensions shown in Figure 7.3, allows to make the first assumptions re-
garding the performances of the studied coatings. Layers that possess
reduced thicknesses, with irregular morphology, probably show some
critical points, where the substrate is not properly protected. This phe-
nomenon, on the other hand, is confirmed by EDS analysis in Figure 7.1c.
From microscopy studies the samples with good resistive properties and
those which do not show a sufficiently protective layer that gives the right
guarantees could be distinguished. Obviously, these hints have subse-
quently been confirmed by specific accelerated corrosion analysis and elec-
trochemical impedance measurements. The fact that a coating possesses
an adequate thickness and linear morphology, without defects, does not
mean that it must necessarily show high corrosion resistance properties.
Table 7.1 schematizes these hypotheses, showing the relative justifications
for the differentiation of the samples.

To better understand the reasons that led to this selection of samples,
consider Figure 7.5.

This presents two EDS maps, where a) and b) are images related to
the sample A2, considered capable of providing excellent protective guar-
antees, while c) and d) represent the morphology of sample C3, defined
as non-protective. Figure 7.5d clearly shows some spots of the sample C3
surface that are not properly coated and protected, as a strong signal of the
iron element is detected. For this reason, this sample cannot be considered
protective, unlike the coating A2, which shows homogeneous morphology
and does not allow to observe iron by EDS analysis. The defectiveness
shown by the sample C3 is due to the deposition with Black bath. The
graphene oxide flakes promote the development of a crater morphology
of the coating, as already described. At the lowest points of these depres-
sions, the coating shows very small dimensions, in the order of 3-4 µm,
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Table 7.1: first assumptions about the protective properties of the coatings.

Sample
Expected good

protection

Expected limited

protection
Comments

A1 X homogeneous and constant
coating

A2 X homogeneous and constant
coating

B1 X high thickness coating

B2 X coating with too low thickness

C1 X coating with good smoothing
effect of the first deposition step

C2 X coating with good smoothing
effect of the first deposition step

C3 X coating with first deposition step
ineffective

C4 X coating with first deposition step
ineffective

D1 X high thickness coating

D2 X coating with a lower thickness,
similar to B2

D3 X low thickness coating

D4 X low thickness coating

which doesn’t guarantee protection for the substrate (Figure 7.5c and Fig-
ure 7.5d).

The agglomeration phenomena of graphene oxide flakes are therefore
a critical aspect in the realization of protective coatings. These first analy-
ses confirmed to me the need to carry out a functionalization process of the
GO sheets to limit this defectiveness in the layers, improving the disper-
sion of the nanofiller and consequently the performance of the coatings.
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(a) (b)

(c) (d)

Figure 7.5: image and respective EDS iron maps of a) and b) a protective
coating (sample A2) and c) and d) a non-protective coating (sample C3).

7.3 Coatings performances in aggressive envi-
ronment

In order to get qualitative data on the protective performances of the coat-
ings, the samples were exposed in salt spray chamber, according to the
procedure described in subsection 6.3.2. These analyses were first of all
used to confirm the previous assumptions regarding the properties of the
coatings, and consequently to evaluate which is the sample that can best
withstand in aggressive environments.

After the first 24 hours of exposure, the first blisters were observed on
sample C2, as expected, and sample B2. Between 48 and 72 hours in salt
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spray chamber, corrosive phenomena and blisters of the coating developed
in samples D2, D3 and D4. Moreover, at 100 hours, also samples A2, B1,
C3 and C4 showed the first traces of blisters in the layer, while C1 and
D1 samples exhibited these kind of defects at only 200 hours of testing.
Sample A1, on the other hand, being suitably coated with an industrially
used cataphoretic bath, did not exhibit blisters or defects even after 500
hours of exposure in salt spray chamber.

These results are actually in agreement with the forecasts made fol-
lowing observations of the thicknesses and morphology of the coatings
and by EDS analysis. However, sample B2, although initially considered
non-protective, was thought to offer better guarantees. Obviously, the ap-
plication of only 200 V does not allow to realize a single layer containing
GO flakes that can provide a sufficient protection to the metallic substrate.
Table 7.2 shows the exposure time at which the first blister appeared, for
each single sample. Moreover, the blister grade and rusting degree are also
collected, following the ISO 4628 standard.

At the end of the test, after 500 hours of exposure in salt spray cham-
ber, the samples generally show a large quantity of blisters, with diameter
smaller than 500 µm. However, the samples of the series B and D pos-
sess larger blisters. Referring to the graph in Figure 7.3, these two series
of samples are those that show Black layers of greater thickness, i.e. they
contain greater quantities of GO flakes. Thus, it appears evident that the
defectiveness induced by graphene oxide flakes in the Black layers allows
a greater solution permeation than the Blue one. The GO nanofillers, in ad-
dition to increasing the defectiveness of the epoxy-based coating, decrease
the efficiency of the deposition process, with a consequent reduction in
layer thickness, which offers less contrast to water and aggressive solution
absorption.

Observe, for example, Figure 7.6, which compares the surface of sam-
ples A1 and B1, near the artificial scratch, at the end of the accelerated
corrosion test. While sample A1, the best, has no defects and blisters, the
addition of the Graphenea solution caused a substantial decrease in the
performance of the cataphoretic coating in an aggressive environment. In
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Table 7.2: monitoring of the blister evolution, with blistering grade and rusting
degree.

Sample
blisters appearance in

saline chamber (hours)

ISO 4628-2

blistering grade

ISO 4628-3

degree of rusting

C2 24 4 Ri3

B2 24 4 Ri3

D2 48 3 Ri2

D3 72 3 Ri2

D4 72 3 Ri2

A2 100 1 Ri1

B1 100 2 Ri1

C3 100 1-2 Ri1

C4 100 1-2 Ri1

C1 200 0 Ri0

D1 200 0 Ri1

A1 > 500 0 Ri0

fact, beside an increase in the development of corrosion products, sample
B1 possesses blisters that exceed 1000 µm in diameter, as shown in Fig-
ure 7.7.

(a) sample A1 (b) sample B1

Figure 7.6: (a) samples A1 (b) and B1 at the end of the exposure in salt spray
chamber.
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Figure 7.7: blister of sample B1.

For a better understanding of the degradation of coatings in an aggres-
sive environment, Figure 7.8 shows the evolution of the sample B1 surface
during exposure in salt spray chamber. The first blisters develop homoge-
neously on the surface of the sample already after 100 hours of testing, as
previously described in Table 7.2. During exposure these blisters grow in
size, until they reach the diameters shown in Figure 7.7. The coating shows
a constant degradation, which becomes faster between 100 and 300 hours
of testing. The comparison with the sample A1, of pure epoxy matrix, al-
ready shown in Figure 7.6, is indecorous: while the coating coated with
a simple Blue bath does not present any defect, the sample B1 is covered
with blisters on its entire surface exposed to the test. It is symptomatic that
sample A1, after 500 hours of testing, shows a better behavior than sample
B1 after only 100 hours of exposure in salt spray chamber.

The corrosion products were therefore removed by the samples sur-
faces by means of a scalpel and citric acid treatment, in order to verify the
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(a) (b) (c)

(d) (e) (f)

Figure 7.8: evolution of sample B1 during exposure in salt spray chamber.

extent of the coatings detachment. All the specimens exhibit a good coat-
ing adhesion, as the size of the protective layer spacing from the scratch-
ing area is well below the minimum threshold of 1 mm indicated in the
standard[575]. The adhesion level is very similar for all the samples, as the
detachment distances vary between 500 and 900 µm. Therefore, the pres-
ence of GO flakes does not affect the adhesion properties of the polymer
matrix. After all, the cataphoretic process, together with the high rough-
ness of the substrate, allows to obtain excellent coating adhesion levels.
The exact values of the distance between the scratch and the detachment
of the coatings are shown in Table 7.3, measured by optical microscope.
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Table 7.3: coatings detachment distance [µm].

Sample Detachment Sample Detachment Sample Detachment

A1 714 ± 213 C1 574 ± 184 D1 612 ± 92

A2 741 ± 413 C2 734 ± 237 D2 860 ± 305

B1 740 ± 470 C3 726 ± 236 D3 794 ± 188

B2 749 ± 104 C4 573 ± 155 D4 711 ± 332

The results of this analysis confirm the previous assumptions: a sin-
gle layer of composite coating containing graphene oxide flakes cannot
provide adequate guarantees. The nanofillers, following agglomeration
phenomena in the polymeric matrix, determine a decrease in the perfor-
mances of cataphoretic coatings. In the case of double-step coatings made
with high voltages, such as samples C1 and D1, it seems however that this
negative effect introduced with Ga’s flakes can be somewhat limited by
the protective layer Blue. The samples obtained by applying 250 V in fact,
perhaps possessing coatings of greater thickness, showed a better behavior
in an aggressive environment.

These samples were therefore subjected to electrochemical impedance
measurements (EIS), which can provide quantitative values in terms of
corrosion resistance offered by the different electrodeposition sequences.
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7.4 Electrochemical Impedance Spectroscopy
measurements

Microscopy analyses and exposure in an aggressive environment have
highlighted that a high applied potential value ∆V, equal to 250 V, is essen-
tial to achieve a composite coating that offers the right protective guaran-
tees. This result is evident both for monolayer coatings and for those ob-
tained by double-step deposition. The six samples with coating deposited
at 250 V were therefore subjected to electrochemical impedance measure-
ments, to assess their real corrosion protection properties.

During the previous tests, sample A1, made with Blue bath, without
nanofillers, has proved to be the most promising protective coating: in
fact, it possesses a layer of high and homogeneous thickness, devoid of
apparent defects, which has shown excellent behaviour in an aggressive
environment. This sample, therefore, was used as a reference to study the
effect caused by the addition of graphene-based nanofillers in the epoxy
cataphoretic bath.

The impedance module |Z| at low frequencies (10−2 Hz) is represen-
tative of the resistive phenomena of the system under examination, at the
substrate-coating interface. The trend of |Z|0.01 during electrochemical
measurements provides significant information on the protective proper-
ties of the coating. For example, an organic coating is considered ’protec-
tive’ when the |Z|0.01 module is higher than 106 Ω*cm2[590–592]. First of all
the variation of the impedance module during the analysis was evaluated,
to verify whether the coatings under examination were actually protec-
tive. Figure 7.9 shows the variation of the |Z|0.01 during the 680 hours of
immersion in testing solution.

The first evidence from the graph is the bad result highlighted by sam-
ple B1: After 50 hours of test, the coating shows a value of |Z| below the
protection threshold. Such inefficient behavior was actually predictable
following the observation of the surface morphology of the coating. The
crater structure shown by the samples coated with the Black bath does
not offer protective guarantees. EIS is a very sensible technique: a single
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Figure 7.9: impedance modulus |Z|0.01 variation during the 680 h EIS mea-
surements.

defect can in fact significantly alter the measurement result. The lowest
points of the depressions in B1 coating can be subject to the development
of corrosive attacks, which cause the collapse of the |Z| value. This is fur-
ther evidence that graphene oxide flakes, as they tend to agglomerate in
a polymeric matrix, cannot be used in the effective realization of a protec-
tive coating. Indeed, the defectiveness introduced by this nanofiller causes
a real decrease in the protective properties of the matrix.

On the other hand, the 4 samples coated with a double-step show a
good behavior, even after hundreds of hours of testing. Samples D1 and
D2 give the first signs of failure only after 300 and 200 hours, respectively,
while samples C1 and C2 attests to values of |Z| equal to 1010 Ω*cm2 for
the whole duration of the tests. The excellent result shown by the coatings
of the C series is mainly due to the first layer made with the Blue bath.
Take as an example the sample C2, which although possessing a coating
with a total thickness equal to half of that of the samples D1 and D2, shows
much better behavior. The Blue layer, obtained from the first deposition,
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appears compact and free of defects, offering a high insulating capacity
to the system. Despite the subsequent deposition with Black bath, the 10
µm thick first epoxy layer provides adequate protection to the substrate.
This is a decisive result, as it shows that the defectiveness of a layer can be
balanced by a previous, or subsequent deposition step, paving the way for
the realization of multi-layer coatings.

At 680 hours of testing, samples C1 and C2 possess a value of |Z|0.01

an order of magnitude smaller respect to sample A1. A decrease in this
sense was predictable, but the value of |Z| of the samples C is still ex-
cellent. 1010 Ω*cm2 in fact, after such long measurements, represents a
remarkable value for an organic coating obtained by cataphoretic depo-
sition. Compared to a single deposition with Blue bath, the coatings re-
alized with double-step depositions inevitably lead to a reduction of the
protective properties, but they can still provide the metallic substrate with
adequate guarantees, even in aggressive environments.

Figure 7.10 shows the Bode diagrams of the three samples A1, B1 and
C1, the most representative, after 10 hours of immersion in testing solu-
tion.

Figure 7.10: Bode diagram of samples A1, B1 and C1 after 10 hours of im-
mersion in testing solution.
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Analyzing the phase trend as a function of frequency, samples A1 and
C1 possess very high phase values, between 80◦ and 90◦, up to the low
frequencies. Those values represent a strong capacitive contribution of the
coating, which can therefore be considered little defective. These two sam-
ples in fact provided the best results both with the EIS measurements and
during the salt spray chamber exposure. On the contrary, sample B1 phase
shows two time constants: the first at high frequencies (103-104 Hz), rep-
resentative of the dissipative phenomena of the coating, and the second
at low frequencies (101-102 Hz), relating to the substrate-coating interface
system. The presence of two time constants, with a collapse of the phase
values already at high frequencies, is a symptom of a non-negligible de-
fectiveness within the coating.

These data were therefore fitted with the typical two-time constants
model, described in Figure 7.11 representative of an organic coating with
the presence of defects[593].

Figure 7.11: the equivalent circuit model used in the EIS data fitting.

The high-frequency time constant, made by a resistance (the pore re-
sistance of the coating) in parallel with a constant phase element (CPE), is
related to the epoxy-GO layer. A CPE was used instead of a capacity in
the data fitting since the complex system does not allow to associate the
dissipative phenomena with a pure capacity. The second time constant,



7.4. Electrochemical Impedance Spectroscopy measurements 153

modelled in the same way, with a resistance and a CPE, is instead related
to the faradic reactions which occur on the surface of the metal substrate,
at the interface with the coating.

This model allowed to get a good fitting of the experimental data, with
negligible errors.

The pore resistance Rpore is the most interesting among the parameters
that make up the model used for EIS data fitting. In fact, this parameter
provides useful information about the level of defectiveness in the coat-
ings, which represents a fundamental aspect of this study. Figure 7.12 rep-
resents the trend of the pore resistance values of the three samples under
examination during the first 24 hours of EIS measurements. The first day
is in fact the most critical exposure period, as strong absorption of solution
can be observed in the event of a defective and permeable coating.

Figure 7.12: the evolution of pore resistance during the first 24 hours of
testing.

The graph shows a notable difference in the behaviour of samples A1
and C1, compared to sample B1, in perfect agreement with what was ob-
served in Figure 7.9. The coating B1, made with the Black bath, possesses
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Rpore values much lower than those of the other two samples. The value at
the beginning of the measurements is also lower, demonstrating the pres-
ence of significant defectiveness in the layer. Moreover, the pore resistance
tends to decrease during the first 24 hours, due to the permeation of wa-
ter in the porosity and defectiveness of the coating, causing the protec-
tive properties collapse. Once again, the ineffective behaviour of samples
coated with Black bath resides in the defectiveness introduced by the ag-
glomeration phenomena of graphene oxide flakes. As already extensively
explained in chapter 4, the distribution of nanofillers in the polymeric ma-
trix represents a delicate and fundamental aspect in the deposition of pro-
tective coatings.

On the contrary, samples A1 and C1 show a stable trend of Rpore, a
symptom of the efficiency of the coating to delay the absorption of aggres-
sive solution, as confirmed by the evolution of |Z|0.01 in Figure 7.9. The
coating obtained with a single Blue bath deposition step confirms to be the
best. However, the pore resistance values of sample C1 are considered to
be very high being an organic coating. The defectiveness introduced by
the second Black layer does not appear to be critical, since the first Blue
bath deposition has created a compact film that provide an excellent insu-
lating power that does not allow the absorption of aggressive substances.
A protective film, free of defects, even if with limited thickness, equal to
10 µm, can therefore make the difference in terms of system resistance,
offering good guarantees from the point of view of corrosion protection.
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7.5 Conclusions

This preliminary study focused on the characterization of composite cat-
aphoretic coatings. First of all, it was necessary to understand how the
graphene oxide flakes behave once added to the polymer matrix.

The Graphenea flakes, possessing a high degree of oxidation, show
high stability in aqueous solution, but also a strong tendency to form clus-
ters when added in a polymeric matrix. The literature has often described
this phenomenon linked to graphene oxide flakes, which has been con-
firmed by the preliminary study. The particular morphological structure
obtained with the Black bath has caused a significant decrease in the pro-
tective performance of cataphoretic coatings. A cataphoretic film contain-
ing GO flakes cannot provide the right protective guarantees to the metal
component.

Therefore, a cataphoretic electrodeposition process was employed in
attempt to deposit coatings consisting of two layers of different nature.
The ultimate goal of this thesis is in fact the creation of smart cataphoretic
coatings, taking advantage of graphene-based nanofillers. The deposi-
tion of double-layers possessing different properties could be an easy
way to obtain multi-functional coatings. For this purpose, several deposi-
tions were performed, alternating the order of the baths employed in the
double-step processes, also studying the effect of a short intermediate cur-
ing between the two electrodepositions. Finally, the role of the voltage
value applied during the deposition process and how it affects the perfor-
mance of the coatings was investigated.

First of all, a considerable increase in thickness and consequently in
the protective properties of the layer can be obtained by applying high
voltages during deposition. High values of ∆V lead to faster growth and
greater compactness of the layer. Clearly it is necessary not to exceed a
limit value of applied potential that would only involve the development
of bubbles and defects inside the coating.

The intermediate curing process limits the subsequent deposition, but
the determining factor in the realization of protective coatings is the choice
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of the layer order. Since the cataphoretic process requires a short time, after
a few seconds of deposition there is the formation of a first consistent and
insulating film, which will hinder the deposition of the next one. If the first
layer is made with a ’protective’ bath, then the final coating will probably
offer good performances. Otherwise, a first film rich in defects causes the
properties of the double-step coating to collapse.

Therefore, the defectiveness introduced by the graphene oxide-based
nanofillers can be slightly balanced by a first homogeneous layer, which
can provide protection to the substrate.

The choice to use graphene-based nanofillers in this thesis, however,
is due to their excellent performance as a barrier against the absorption of
aggressive substances and oxygen, improving the protection of the poly-
meric matrix. As a result, these nanofillers were exploited to actually
increase the protective performance of cataphoretic coatings. The distri-
bution of graphene-based flakes in the polymeric matrix were improved,
through appropriate surface modification processes, as will be described
in the following paragraphs.
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The oxidation and
functionalization processes
A combined spectroscopy study

8.1 Abstract

The filler preparation is a fundamental step of this thesis.
As it was well described in the previous paragraph, graphene-based

flakes, if not properly functionalized, cannot play a reinforcing role, but
rather cause defects in the polymeric matrix with consequent collapse of
the protective properties of the composite coating. The flakes in fact can
provide an excellent contribution in terms of protection of the substrate
through a strong barrier effect, but only if filler agglomeration phenomena
are avoided.

For these purposes, neither graphene flakes nor graphene oxide flakes
provide the right guarantees. As will be further confirmed in the next sec-
tion, it is possible to achieve an improvement in the protective properties
of the cataphoretic layer only through a correct functionalization of the
nanofiller.

As described in chapter 6, the graphene flakes were subjected to a very
simple oxidation process, which could be a valid alternative to the Hum-
mer’s method. Once ascertained the level of oxidation of the nanofiller,
the flakes functionalization was obtained by using three different trialkox-
isilanes. The characterization of the functionalized powders allowed to
understand how the interaction between silane and graphene oxide flakes
occurs, specifying the role of the functional group R of the three different
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organoalkoxysilanes. The way in which these silanes react and are grafted
onto the flakes involves in fact a different behavior of the nanofillers, with
consequent dissimilar performances of the composite coatings, as will be
shown in the next paragraphs.

The studies presented in this section have been partly published in
Progress in Organic Coatings[594], Materials Chemistry and Physics[595] and
Materials[596], confirming the importance and the request by the academic
world for an in-depth study on the interaction mechanisms of trialkox-
isilanes, compounds that are nowadays increasingly employed in surface
modification processes.
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8.2 The flakes oxidation

The two processes used for the oxidation of Cometox graphene flakes have
already been extensively described in subsection 6.1.1.

Figure 8.1 represents the Cometox sheets observed with the SEM elec-
tron microscope, before and after the oxidation treatment with nitric acid
solution. These two images do not allow defining the individual flakes,
but they clearly represent the tendency of graphene-based materials to in-
teract, generating large agglomerates, due to van der Waals forces and
interactions of the sheets functional groups. The high reactivity of these
materials is an aspect that cannot be overlooked, especially when they are
employed as nanofillers in organic coatings. Once again, the need for an
appropriate functionalization of graphene-based flakes appears evident.

(a) graphene (b) graphene oxide

Figure 8.1: SEM observation of graphene (G) and graphene oxide (GO)
flakes obtained by HNO3 etching.

FTIR analyses were therefore carried out for a first evaluation of the
two alternative oxidation processes studied in this thesis. Figure 8.2 shows
the FTIR spectra of the Cometox graphene powders (a) and GO flakes ob-
tained by HNO3 etching (b). The image is presented in a limited range
(2000-400 cm−1) to underline some decisive differences between the two
spectra and to highlight the presence of some peaks that would otherwise
be difficult to identify.
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The graphene spectrum (a) exhibits an intense signal at 1631 cm−1, due
to adsorbed water, in agreement with the O–H stretching band at 3400
cm−1. The broad peaks in the range 1600–1100 cm−1, on the other side,
are related to the vibrations of C=C conjugated bonds of the graphene lay-
ers. Finally, the signal at 616 cm−1 is attributed to the out-of-phase C–H
bending[597].

The treatment with nitric acid (b) caused a widening of these peaks:
two new signals can be detected at 1698 and 1383 cm−1, which correspond
to C=O stretching and C–OH bending vibrations, respectively. The wide
peak at 1232 cm−1 could be associated to the C–O stretching of the epoxy
functions[598]. The graphene peak at 616 cm−1, related to C–H bending,
suffered a decrease in intensity following the oxidation process, along with
the development of a band at 477 cm−1 attributed to the skeletal vibra-
tions. These results confirm that the etching process in nitric acid caused
the partial oxidation of graphene, together with an increase in defect den-
sity.

Figure 8.2: FTIR spectra of graphene G (a) and GO obtained by HNO3 etching (b).

By contrast, the process with the piranha solution seems less effective
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because the presence of oxidised functions cannot be clearly assessed from
the FTIR spectrum, shown in Figure 8.3. The spectrum of the powder
reacted with piranha solution is very similar to that of pristine graphene;
it displays large broadened peaks due to defect formations in the graphene
sheets.

On the basis of these first analyses, only the GO powders obtained
with a nitric acid process were subsequently used for functionalization
treatments with organosilanes. The etching method employing HNO3 is
in fact easier to handle and less dangerous than treatment with the piranha
solution, whose instability must be constantly kept under control.

Figure 8.3: FTIR spectra of graphene G (a) and GO obtained by treatment with
piranha solution (b).

The effect caused by the oxidation process in nitric acid was then fur-
ther investigated by XRD analysis, which allows to obtain useful informa-
tion about the structural order of the powders under examination.

Figure 8.4 shows the XRD patterns of the pristine graphene and
graphene oxidized with nitric acid solution. The graphene spectrum
shows the typical peaks of a graphitic structure. The intense peak at 26.5◦
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corresponds to the (002) plane of the hexagonal lattice (PDF n. 41-1487),
which can be attributed to an interlayer spacing of approximately 0.35 nm.
Moreover, the spectrum exhibits the peaks associated with the (100)+(101),
(004), and (110) planes.

Etching treatment with in nitric acid caused an increase in the struc-
tural disorder of the flakes. The decrease in intensity of the peak relative
to the (002) plane is associated with the appearance of a small shoulder at
about 24◦ (approximately 0.37 nm). By contrast, the intensities of peaks
(100)+(101) remain approximately unchanged. It can therefore be inferred
that the structural loss has occurred along the perpendicular direction of
the graphite layers[599]. Moreover, no evidence of oxidised graphite[599]

are observed. The hump at approximately 5◦ is related to corresponding
d value of 1.8 nm. However, d=0.83 nm is reported for graphite oxide[122].
In conclusion, the oxidation degree of the GO sample seems to be limited,
as was indeed already observed from the first FTIR analyses.

Figure 8.4: XRD patterns of graphene and graphene oxide (by HNO3 etching).

It therefore appears that the alternative oxidation process does not of-
fer the same performance as the typical Hummer method. The simplicity
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of nitric acid etching is associated with a low yield of the process. The
fact that GO’s flakes do not show a high degree of oxidation is not nec-
essarily a negative data. In fact, the structure of the nanofiller, being lit-
tle altered, can still possesses the remarkable features typical of graphene,
such as high conductivity. However, it was necessary to ascertain whether
the presence of few functional groups introduced by the flakes oxidation
allowed a subsequent nanofiller surface modification with organosilanes.
The GO flakes were therefore subjected to functionalization processes, as
described in subsection 6.1.2.
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8.3 The functionalized graphene-based filler
characterization

First of all, a surface modification of the GO flakes was carried out, despite
it possesses a low degree of oxidation. Furthermore, it was essential to de-
termine how trialkoxisilanes interact with the surface of graphene oxide
sheets. For this purpose, in addition to the use of FTIR and XRD tech-
niques, an in-depth study about the grafting method of silanes by means
of NMR and ESR analyses was performed.

From Figure 8.5 it is clear that the graphene oxide flakes functionalized
with APTMS (GO-N), taken as an example, show a lower packing level
than the graphene and graphene oxide sheets (observed in Figure 8.1). At
high magnifications it is also possible to detect single flakes, smaller than
one µm in size. The possibility of observing individual sheets proofs that
the functionalization process has significantly altered the surface of the
nanofillers, which may therefore can be better distributed in the polymeric
matrix. Clearly this result cannot be considered exhaustive.

(a) (b)

Figure 8.5: SEM observation of GO-N flakes (GO-APTMS).

The filler was therefore studied by S-TEM, through which EDS anal-
yses were performed, to observe the actual presence of the APTMS
organosilane grafted on the surface of the flakes. Figure 8.6 shows, for
example, the EDS maps of the GO-N sheets, analysed by S-TEM.
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(a)

(b) (c) (d)

Figure 8.6: EDS maps of GO-N flakes observed by S-TEM. a) S-TEM refer-
ence image, b) carbon element distribution map, c) oxygen distribution map

and d) silicon distribution map.

The reference image, obtained in Bright Field, clearly highlights the
presence of a large flake, which appears grey in colour. The image pos-
sesses also some very dark areas, which denote accumulations of APTMS,
as indicated by the Si element EDS map. The flake does not seem to present
preferential grafting points, like the edges, but the silane probably reacted
in areas with a greater presence of functional groups on the plane of the
sheet. Moreover, the area circled in red in the reference image shows a
flake positioned perpendicularly to the plane of the image. This assump-
tion is confirmed by the carbon EDS map, which shows an intense signal.
However, the interesting data is provided by the signals of O and Si on that
flake: these elements are co-located, detected on some spots of the surface
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of the sheet plane. The presence of oxygen is probably due to the oxidized
groups generated on the nanofiller plane by the oxidation process, in ad-
dition to the silane alkoxy groups. Accordingly, also the silicon signal is
observed in the same region.

These images are very interesting as it is really rare to observe a
graphene-based flake in profile, and even more difficult to analyse the
presence of particular elements on its plane. This is a preliminary qual-
itative result, which however confirms the effective presence of silane on
the surface of GO’s flakes. To get more insight on silane functionalization,
a detailed characterization was performed by FTIR and XRD.

Figure 8.7 compares the FTIR spectra of graphene oxide flakes func-
tionalized with the three trialkoxisilanes, using the GO spectrum as a ref-
erence.

The spectra of the three functionalized powders (Figure 8.7b, Fig-
ure 8.7c and Figure 8.7d) confirm the grafting of silanes on GO’s flakes:
in fact, the decrease in the intensity of the signals at 1383 cm−1 and 1232
cm−1 is closely related to the appearance of an intense band at around
1100 cm−1, which can be attributed to the Si–O asymmetric stretching
vibrations[176]. From this analysis it can be assumed that the silane alkox-
ide groups have interacted with the oxygen-containing functional groups
(C–OH and epoxy C–O) of the graphene oxide flakes plane. However, the
intensity of the siloxane bands at 1100 cm−1 are similar in the spectra of
the three fGO flakes: in this case the FTIR analysis was unable to provide
further information regarding the different grafting abilities of APTMS,
MPTMS, and McPTMS.

Observe, however, the FTIR spectra of the functionalized Ga flakes,
shown in Figure 8.8 as a comparison and reference for the silane function-
alization processes. Also in this case the growth of the signal at 1100 cm−1

is accompanied by the decrease in intensity of the peaks related to C-O
stretching at 1232 cm−1 and C=O stretching at 1713 cm−1. The ratio be-
tween the intensities of siloxane band and the band at around 1600 cm−1

suggests that there was a greater interaction of the Ga sheets with APTMS
and MPTMS, compared to McPTMS. This ratio is higher in the case of Ga
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Figure 8.7: FTIR spectra of GO (a), and GO-N (b), GO-S (c), and GO-M (d),
respectively.

flakes functionalized with APTMS.
The functionalized GO powders were subsequently analysed via XRD,

in order to characterize the structural effects due to the trialkoxisilanes.
Also in this case, the patterns of the three fGO powders were compared
with that of the graphene oxide sample, shown in Figure 8.9.

The powders treated with APTMS and MPTMS still exhibit the
graphitic structure. The spectrum shows only a slight shifting of the (002)
plane for the MPTMS-treated sample, with a decreasing of the d value
from 0.34 nm (for GO) to 0.32 nm. The trialkoxisilanes interaction can be
observed in the XRD pattern owing to the broad peak at approximately
23◦ and the halo centred at approximately 10◦[600], for both samples, in
addition with the intensity decrease of the (002) reflex. By contrast, the
pattern of the powder functionalised with McPTMS shows different fea-
tures: in this case the graphitic structure is approximately completely re-
moved. Moreover, the silane shows no particular attributes, and only a
relatively intense and broad peak at 50.25◦ is visible. This phenomenon
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Figure 8.8: FTIR spectra of Ga flake (a), and Ga-N (b), Ga-S (c), and Ga-M (d),
respectively.

is explained as the high reactivity of acryloxy groups, with respect to the
oxidised sites of the GO sample, leads to a different spatial arrangement
in the structure with a low interspatial distance (d is 0.18 nm; 2θ = 50.25◦).
These results are actually in agreement with what is shown by the FTIR
analyses in Figure 8.8.

In conclusion, the FTIR and XRD results show that partial graphene
oxidation can be achieved with a simple etching procedure with nitric acid.
Despite the low oxidation degree, the functionalisation with organosilanes
was successful, but the results depend on the nature of the employed
organotrialkoxysilane.

The quantification of the oxidation degree and qualification of the in-
teractions of organosilanes in functionalised GO powders were therefore
assessed via specific experiments. Solid-state nuclear magnetic resonance
(NMR) analysis was employed to study the degree of functionalization,
the preferential anchoring sites and the type of interaction between silane
and graphene oxide. Moreover, electron spin resonance (ESR) was also



8.3. The functionalized graphene-based filler characterization 169

Figure 8.9: XRD patterns of graphene oxide (GO) and GO functionalized with
different silanes.

employed in the evaluation of the type and amount of defects in corre-
lation with the different degree of functionalization obtainable with the
three trialkoxisilanes.

The fGO flakes, however, possessing a limited degree of functional-
ization, are not suitable for a thorough structural study employing these
techniques. Therefore, the Graphenea sheets were employed as a model
for the characterization analyses. Ga flakes in fact present a high degree
of oxidation, i.e. high amount of functional groups available as anchoring
sites for trialkoxysilanes.

The scheme in Figure 8.10 shows the structures of both Ga and tri-
alkoxysilanes used for the functionalization, with the numbering of carbon
atoms used for the peak assignment in the NMR spectra.

The three silanes, possessing different end chain groups, allow to
study the effect on their reactivity towards graphene oxide functionaliza-
tion and possibly elucidate the preferential organosilane-graphene oxide
interactions. Figure 8.11 represents the 13C proton decoupled SP MAS
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Figure 8.10: molecular structure of a) Graphenea, b) APTMS, c) MPTMS and d) McPTMS.

(Figure 8.11a) and CPMAS (Figure 8.11b) experiments carried out on pris-
tine and functionalized Ga.

(a) (b)

Figure 8.11: 13C solid state NMR spectra of samples Ga, Ga-N, Ga-S and
Ga-M. a) decoupled MAS and b) CPMAS.

The spectrum of pristine Graphenea flakes in Figure 8.11a possesses
two main resonances, attributed to sp2 aromatic carbons (about 130 ppm)
and alcoholic and epoxide groups (about 70 and 59 ppm, respectively).
Moreover, the range 200 ± 160 ppm shows two weak and broad bands,
related to the presence of small amount of ketones and edge carboxyls, as
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confirmed by literature[601]. Table 8.1 summarizes the main resonances
identified in the Ga spectrum[602], and the relative amounts calculated
from the profile of the MAS spectra (an example is shown in Figure 8.12).

Table 8.1: assignment and amount of the main identified peaks[601,602], calculated from
the profile fitting of the 13C MAS spectrum of Ga, shown in Figure 8.12.

δ(iso) ppm Functional group Amount %

190 C=O 4.4

180 C=O 0.9

164 O=C-O V 2.0

129 C=C 30.2

95 O-C-O (lactol) 3.0

69 C-OH 30.6

58 C-O-C (epoxy) 28.9

A high degree of oxidation is assessed for the Ga sample considering
that a pure graphene flake should show a single resonance at about 100-
130 ppm, and that the sp2 carbons appear to be about 30% of the total
identified carbon groups (Table 8.1).

The spectra of functionalized Ga flakes in Figure 8.11a, on the other
hand, give rise to new different resonance peaks. Samples Ga-N and Ga-S
show the peaks 1, 2 and 3 (labeled according to the scheme in Figure 8.10)
attributed to α-, β-, and γ-methylene groups of the propyl chains, respec-
tively, detected in the range 0-50 ppm. Differently, the Ga-M spectrum
possesses broad resonances both in methylene region and carbonyl range
(167 ppm). Moreover, the Ga-N sample show an interesting different fea-
ture, both in MAS and CPMAS spectra: a sharp peak can be detected at
163.2 ppm, which will better descripted further on. The functionalization
with APTMS and MPTMS led to an upfield shift of about 5 ppm and the
signal lineshape changes of the aromatic resonances. Finally, the epoxy
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Figure 8.12: profile fitting of the 13C MAS NMR spectrum of sample Ga.

resonance appears broader and reduced in intensity, compared to the pris-
tine Ga spectrum. Also in these cases, the Ga-M sample shows a different
behavior, with no remarkable changes in the aromatic and epoxy peaks.

The total peak area of the oxidized groups (C-OH, C-O-C and C=O)
was calculated and normalized as function of the aromatic signal (in the
range 134-125 ppm). The numerical results are reported in Table 8.2. Since
little amount of carbonyl groups were measured (see Table 8.1), the de-
gree of functionalization of Ga flakes was estimated comparing the rela-
tive intensity of alcoholic and epoxy signals and those due to α-, β-, and γ-
methylene carbons of the organosilanes. Sample Ga-N shows the highest
functionalization degree, while in the case of sample Ga-M the silanization
process seems to have not been very effective, with a grafting degree that
is almost negligible. These results, after all, are in agreement with the pre-
vious assumptions drawn from the FTIR analysis in Figure 8.8, confirming
that the sample Ga-N possesses the greatest functionalization degree and
Ga-M the lowest one.
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Table 8.2: comparison of amount of oxidized C sites, extent of functionalization and pref-
erential anchoring sites in the different samples. Data obtained through the profile fitting

analysis of the 13C MAS spectra.

(C-OH+C-O-C(epoxy)+C=O)
normalized area1 (70-60, 180

ppm)

[COH +COC
(epoxy)]/(R’O)3-Si-R

ratio2

COH/COC
(epoxy)

ratio

Ga 2.1 1.1

Ga-N 1.3 1.8 1.8

Ga-S 1.0 2.3 1.3

Ga-M 0.8 103 1.0

1 normalized respect to the aromatic peak in the range 134-125 ppm.
2 ratio between COH+COC integrals and the integration of the region 40-0 ppm con-

taining the three propyl methylene groups belonging to silane divided by 3. According
to the propagation error theory, the reported value is a lower limit.
3 For sample Ga-M the integration is done on the region 25-0 ppm containing three

peaks belonging to McPTMS and the resulted integral is divided by 3; this amount
is subtracted from the 70-60 resonance that convolutes also C-3 of the McPTMS for
comparison with the Ga-N and Ga-S results.

Also in this case, the amount of alcoholic and epoxide functions in the
different samples were calculated by means of the spectra profile fitting,
appreciating the different consumption of the Ga flakes reactive sites in
the grafting process with changing the employed silane. The COH/COC
(epoxy) ratio in Table 8.2 provides interesting information regarding the
grafting process: the epoxide groups seem in fact to represent the prefer-
ential anchoring sites in the sample Ga-S and even more in Ga-N, whereas
their involvement appears negligible in the sample of Ga functionalized
with McPTMS. These results suggest that the reactive organic groups of
the silane propyl chain can effectively influence the grafting ability on the
graphene oxide flake, overcoming the well-known electronic inductive ef-
fect on the condensation ability of the alkoxide group[603]. Moreover, as
sample Ga-N shows a preferential consumption of the epoxide functions,
the amine terminal group probably play a fundamental role in the anchor-
ing process, in addition to the grafting through methoxy group condensa-
tion. As a matter of facts, the epoxide opening should generate both C-OH
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and C-NH groups on the graphene oxide sheet, whose 13C signals should
be at about 70 and 60 ppm, justifying the noticed increase in the C-OH
peak. The direct interaction of the end sites is expected to be less relevant
with the thiol group and negligible for the methacrylate one.

Literature reports that the –COOH group should act as the preferential
anchoring site, leading to the possible formation of amide and thioester
derivatives[604]. The –COOH amount in the samples, however, is so low
and broad that cannot be quantitatively evaluated. From a qualitatively
point of view, instead, the –COOH related peaks are not anymore de-
tectable in Ga-N (where a small peak at about 164 ppm suggests the forma-
tion of an amide group) and in Ga-S spectra (no thioester signals at about
200 ppm are visible). Again, sample Ga-M shows unchanged –COOH
broad resonances, suggesting a poor overall grafting degree.

The 13C CPMAS spectra (Figure 8.11b) show an improved resolution
of the sp3 carbons, which is particularly appreciated from the signal to
noise (S/N) ratio in Ga-N and Ga-S samples. The methylene carbons of
the APTMS propyl chain in Ga-N provide useful information. First of all,
the upfield position of Cα at about 10 ppm, and the corresponding absence
of -OMe peaks are proof of a good condensation degree. The splits of
Cβ peak in two resonances at 25.4 and 21.0 ppm indicates the presence of
amino groups with different protonation degree: it is well known, in fact,
that the carbon two-bonds far from the terminal nitrogen is sensitive to
its changes[605,606]. Finally, the peak at 42 ppm belongs to Cγ and results
quite insensitive to the structural rearrangements.

All the samples show two other main broad peaks, related to the Ga
structure: a 125 ppm resonance associated to the aromatic carbons and
the two peaks at 71.2 and 59.7 ppm associated to alcoholic and epoxide
functions, already detected in the pristine Ga spectrum. Furthermore, as
previously observed in the MAS spectrum, sample Ga-N possess sharp
resonance detected at 163.2 ppm, attributed to edge carboxyl carbons[601]

or to amide groups[296,607,608].
To carry out a more detailed study on the peculiarities shown by the

Ga-N sample, and further investigate the interaction of the aminopropyl
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chains with the Ga sheets, Graphenea flakes were also functionalized with
a greater quantity of APTMS, with a molar ratio Ga:APTMS=1:1. The sam-
ples was labelled as Ga-N1, as described in chapter 6, and its 13C CPMAS
spectrum is shown in Figure 8.13.

Figure 8.13: 13C CPMAS NMR spectrum of the sample Ga-N1.

The methylene carbons of the propyl chain signals are clearly observed
in the spectrum. As for sample Ga-N, the Cβ resonance splits in two
peaks, but the downfield component (25 ppm) appears increased in in-
tensity compared to the same resonance in the Ga-N spectrum of Fig-
ure 8.11b, reaching roughly the 1:1 ratio with the upfield component (21
ppm). Furthermore, also the intensity of the peak at 164 ppm increases. In
this case the graphene signals cannot be detected, due to the large amount
of organosilane employed in the functionalization process.

According to these results a long 15N CPMAS experiment at nitrogen
natural abundance was carried out, whose outcomes are shown in Fig-
ure 8.14.

Both the spectra of Ga-N and Ga-N1 show two resonances at 33 and 89
ppm, which are associated to primary amine and amide functional groups,
respectively[607,608]. The ratio of these two peaks intensities is about 1:0.25
for samples Ga-N, and increase to a ratio of 1:1 with higher APTMS con-
centration (sample Ga-N1). Therefore, the unexpected carbon resonance
at about 163 ppm, observed only in the Ga-N spectra (see Figure 8.11 and
Figure 8.13) can be ascribed to the reaction between edge carboxylic and
amino groups probably belonging to two subsequent graphene layers. The
possibility of APTMS of anchoring graphene oxide layers both through Si-
O-C and O=C-NH- bond formation explains its highest ability among the
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Figure 8.14: 15N CPMAS NMR spectra of samples Ga-N1 and Ga-N, prepared with
Ga:APTMS ratio of 1:1 and 1:0.1 respectively.

chosen silane series, as already observed in Figure 8.7 and Figure 8.9.
The 13C CPMAS spectrum of sample Ga-S in Figure 8.11b does not

show the methoxy groups peaks, as symptom of a complete hydrolysis.
On the contrary, the Ga resonances, and the peaks related to the mercap-
topropyl chain at 10.8 (Cα), 21.3 and 26.3 (Cβ) and 40.2 ppm (Cγ), respec-
tively, are easily detected. Again, the Cβ resonance splitted in two compo-
nents, associated to chain folding with different –SH interaction phenom-
ena. The literature refers about possible signals at about 11 (Cα) and 28
ppm (Cβ and Cγ), indicating free propyl-SH chain[606,609]. The detection
of the resonances at 40 and 21.3 ppm suggests the formation of disulfide
bonds that can be created only in the case of close proximity of the MPTMS
molecules grafted onto the graphene sheets. Kao et al[609] proposed that
–S-S– bonds formation is favored by the reactive sites of graphene oxide,
similarly to what found with carbon nanotubes CNT[610].

Finally, sample Ga-M shows the typical Ga peaks, together with the
metacryloxy resonances. These are detected at 7.1 (C-1), 16.2 (C-7), 21.1
(C-2), 135.1 and 125.4 (C-5 and C-6, sharp peaks overlapped with the aro-
matic band), and 166.9 ppm (C-4), respectively, whereas C-3 is hidden by
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C-OH Ga resonance. Moreover, the chemical shift of C-4 proves that the
metacryloxy ending group is preserved[611].

The inorganic counterpart of the functionalizing agents was evaluated
by means of 29Si CPMAS experiments, reported in Figure 8.15.

Figure 8.15: 29Si CPMAS spectra of samples Ga-N, Ga-S and Ga-M.

13C NMR has already shown that the silanes are fully hydrolyzed, ac-
cording to the absence of -OMe peak, with the exception of Ga-M, and con-
densed (according to the chemical shift of Cα). The spectra of Figure 8.15
show two partially overlapped peaks belonging to T3 at -66 ppm and T2

units at -58 ppm, respectively. The former represents the Si-O-Si units, i.e.
the fully condensed units, indicating the amount of bulk organosilane. The
latter represents both the Si-OH terminal units and Si-O-Cgraphene grafted
units.

Table 8.3 reports the amount of T2 and T3 units measured for the func-
tionalized Ga powders. Sample Ga-M presents the highest amount of T2

units, as consequence of the lower condensation ability of MaPTMS, with
respect to APTMS or MPTMS. Considering that the T2 units due to Si-OH
is favored by the cross polarization effect, since the protons are closer to
Si centers than in Si-OC or Si-OSi, the lower amount of T2 in samples Ga-
S and Ga-N can be assessed to a majority of Si-O-C bonds, where the C



178
Chapter 8. The oxidation and functionalization processes

A combined spectroscopy study

source can be ascribed to the Ga.

Table 8.3: semi-quantitative profile fitting of T resonances based on 29Si CPMAS spectra.

Sample %T2 %T3

Ga-M 64.7 35.3

Ga-S 39.3 60.7

Ga-N 29.1 70.9

Pristine and functionalized Graphenea flakes samples were therefore
subjected to XRD analysis, to confirm what was observed from GO sam-
ples, in Figure 8.9, and to correlate the results with the NMR measure-
ments presented above. Figure 8.16 represents the XRD patterns of Ga
and fGa powders.

Figure 8.16: XRD diffractograms of the samples: a) Ga, b) Ga-N, Ga-S and Ga-M; inset):
magnification of the low angle region.

The Ga pattern (a) shows an intense peak located at 2θ = 11.16◦ (d =
0.792 nm), associated to the 001 basal plane. The Scherrer’s equation was
used to calculate its correlation length, equal to 10.2 nm. The d-spacing
values of about 0.79 nm is therefore attributed to fully hydrated graphite
oxide structure, with a monomolecular layer of water intercalated between
the graphene oxide sheets, as proposed by Lerf et al.[612]. Furthermore,
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the correlation length is useful in the estimation of the number of stacked
graphene oxide sheets that are oriented along the perpendicular direction
to the diffracting (001) plane[613]: the calculated value of 10.2 nm is related
to the presence of 12-13 layers.

In comparison with the Ga spectrum, the functionalized flakes show
a decrease in intensity of the basal peak of graphene oxide (b). The broad
peak at about 2θ = 10◦ and the band at about 20-22◦, both typical of the
amorphous silsesquioxane structure[614] confirm the presence of the silox-
ane lattice in the samples. Ga-N pattern possesses a particular signal at
6.43◦ (d = 1.37 nm). In order to strengthen the assignment of this peak,
the samples Ga-N1 was also subjected to the XRD analysis (Figure 8.17),
as previously done with NMR expertiments. The 001 peak shifting to-
wards lower angles is related with the increase of the interplanar distance
d. Sample Ga-N pattern shows the decrease in intensity and the shift of
the basal peak of graphene oxide, but also a signal broadening according
to the increase of the FWHM value (from 0.79◦ in Ga to 1.35◦ in Ga-N).
These results confirm the strong interaction between silane amino groups
and graphene oxide sheets, which led to a loss of the long-range order
along the perpendicular direction to the diffracting plane. In Ga-N sam-
ple, in fact, a stack of only 4-5 sheets can be evaluated.

The functionalization with MPTMS and McPTMS also led to an in-
crease of the graphene oxide structural disorder: the inset in Figure 9.16b,
in fact, shows a less intense shoulder located at around 3.5◦ for both the
Ga-S and Ga-M samples. These phenomena can be attributed to the in-
crease in the interplanar d distances among the flakes, together with the
loss of long-range order in the z-direction, as revealed by FWHM values
higher than that of Ga-N sample. Moreover, the inset remarks the shift
towards low angles of the siloxane band with the trend Ga-N (d = 0.810
nm) > Ga-S (d = 0.883 nm) > Ga-M (d = 0.910 nm), probably due to the
different length and arrangement of the silane organic chains. The silox-
ane peak lineshape changes too: Ga-N sample displays the highest FWHM



180
Chapter 8. The oxidation and functionalization processes

A combined spectroscopy study

Figure 8.17: XRD spectrum of Ga:APTMS 1:1 sample.

value (6.4◦), associated to a higher degree of interaction with graphene ox-
ide sheets. On the other hand, sample Ga-M, confirms to possess the min-
imum interaction, with a FWHM value equal to 2.15◦. Interestingly, all
the spectra of the functionalized powders show the vanish of all the other
peaks present in Ga spectrum, except for a small peak located at d = 0.210
– 0.213 nm, related to (100) direction of graphene oxide. This effect can
be associated to the maintenance of the structural order along the direc-
tion parallel to the diffracting planes[599]. However, the correlation lengths
evaluated from FWHM values confirm the lowering domain dimensions
from sample Ga (>30 nm) to Ga-N (3.2 nm) and Ga-S (3.4 nm). Also in
this case, sample Ga-M, due to scarce interaction, possesses a higher de-
gree of order also in this direction, with an evaluated correlation length
of 7.0 nm. Moreover, a small peak at 2θ = 26.6◦ in Ga-M spectrum, associ-
ated to the presence of graphite, could be interpreted as a consequence of a
partial reduction reaction occurring in the graphene oxide layers. Finally,
also sample Ga-S shows a similar result, presenting a very narrow signal
at 25.5◦.

The experimental approach used to study the silanized Ga samples
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was also applied to the functionalized graphene oxide samples (GO-N,
GO-S and GO-M) prepared by nitric acid etching of G powders. Fig-
ure 8.18 represents the 13C CPMAS spectra of the samples GO-N, GO-S
and GO-M, as shown in Figure 8.11b for the fGa powders.

Figure 8.18: 13C CPMAS spectra of samples GO-N, GO-S and GO-M.

The GO spectrum is not reported, as it is flat as consequence of the con-
ductive behaviour of the graphene flakes treated with nitric acid, which
interferes with the polarization transfer of the experiment.

In this case, the low quantity of grafted silane combined with the con-
ductivity of graphene layers cause both large widening and low S/N ra-
tio of the peaks of the functionalized GO samples. However, the spec-
tra are able to show the broad resonance of graphene aromatic carbons,
that is usually not detectable with CP experiments, suggesting a partial
cross-polarization between the protons of the silane propyl chain and the
graphene neighboring C atoms.

Compared to Ga powders, the flakes of GO seem to possess a low
oxidation and functionalization degrees; despite these characteristics, the
sample GO-N shows similarities with the Ga-N one. For example, the
band in the range 50-0 ppm represents the convolution of three peaks and
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the weak C=O signal around 160 ppm is also detected, which has been
previously assigned to amide bond formation. The same features can be
observed in the GO-S spectrum, which however possesses a lower S/N ra-
tio. On the contrary, the GO-M sample does not present these peaks, con-
firming the previous assumptions about the limited interaction between
the graphene oxide flakes and the McPTMS.

These results are actually in agreement with those of the Graphenea
series samples, shown in Figure 8.11b, thus proving the suitability of the
approach selected for the structural characterization of GO-organosilanes
interactions. Furthermore, the NMR study on GO functionalized samples
confirm the evidences of both FTIR and XRD measurements previously
shown in Figure 8.7 and Figure 8.9.

The flakes’ defects can affect significantly the chemical-physical prop-
erties of the graphene oxide powders. These defects are often associated
to the presence of unpaired electron spins, thus paramagnetic. Therefore,
these features were evaluated through ESR spectroscopy, both for Ga and
GO series samples., as shown in Figure 8.19.

(a) (b)

Figure 8.19: first derivative X-band cwESR spectra of a) Ga and b) GO series
at room temperature.

In the spectrum of Ga powder (Figure 8.19a) a broad signal with a sex-
tet hyperfine pattern and a small narrow peak (F) with a g value close to
2 are detected. The former signal is typical of diluted Mn2+ impurities
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(S=5/2, I=5/2) in polycrystalline samples: therefore, it can be related to
KMnO4, often employed in oxidation processes[615,616]. The latter, instead,
is due to unpaired spins in both C-related dangling bond and oxygen-
based functional groups, such as carboxylic, alcoholic, epoxy and hydroxyl
groups, whose presence has been already proved through 13C solid state
NMR (see Figure 8.11a). The variable amount of Mn2+ ions is a very im-
portant aspect, as it can affect the conductivity properties of the flakes, as
well as influence modify the barrier effect exerted by the graphene-based
fillers in polymeric matrices leading to not reproducible results.

On the other side, the GO spectrum, in Figure 8.19b, possesses only a
single sharp line centered at g-value of 2.004. Since the starting graphene
material, whose spectrum is shown in Figure 8.20, is characterized by a rel-
evant amount of C-based defects, according to the small broad peak with
a g-value close to 2 and the high g-value signal probably due to the pres-
ence of spurious, it can be assumed that the oxidation with nitric acid led
to a remarkable reduction of the amount of paramagnetic defects (vacan-
cies, dangling bonds). Therefore, GO samples, partially oxidized without
using KMnO4, offer better guarantees of conductivity and reproducibil-
ity with respect to the powder Ga in the preparation of the cataphoretic
coatings[58], like those presented in the previous paragraph.

As for the functionalized flakes, sample Ga-N (Figure 8.19a) owns a
significant reduction of the Mn impurities and the amount of dangling
bonds (C-related defects). Differently, the functionalization with MPTMS
(Ga-M) and, overall, McPTMS (Ga-S) involve residual amounts of Mn2+,
where the spectra display the sharp signal due to the carbon radicals.

In a different way, the spectra recorded on GO functionalized sam-
ples (Figure 8.19b) show only the sharp peak associated to the free radical
species with g-value of about 2.003-2.002.

The intensity values of the sharp peak (F) related to defects/free elec-
trons are collected in Table 8.4. These values allow a comparison of the
sample properties, whereas the Total Area takes into account all the ESR
signals, including all the other possible sources of spin density, such as
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Figure 8.20: first derivative cwESR spectrum of graphene sample G.

paramagnetic and metallic impurities, represented in sample G and Ga-
series by the broad ESR component. The data show the same trend for
both Ga and GO functionalized samples: the presence of defects seems
to increase from the treatment with APTMS to MPTMS and finally to
McPTMS. These results, therefore, strengthen the already observed sim-
ilarity between the two series of samples and the possibility to generalize
the conclusions drawn for the model sample.

APTMS functionalization process reduces the spin density, and also
the metallic impurities of Ga flakes, as reported above. The amino group,
in fact, leads to a fast and effective metal scavenger, as reported in
literature[617]. The literature[618] also suggests to compare the ESR signal
area that reflects all the unpaired electron spins with the area of the sp2

carbons in the 13C MAS NMR spectrum that could be associated only to
the unpaired spins coupled to 13C. Indeed, Thomas et al.[618] found a cor-
relation between the two types of data on their produced graphene oxide
samples. The functionalization with APTMS both for Ga and GO powders
seems to reduce the whole amount of unpaired spins (Table 8.4 column 3),
as well as the ratio among oxidized-C and sp2 C (Table 8.2, column 3).
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Table 8.4: ESR results of the modified graphene samples.

Sample IF (peak-to-peak)1 Total Area (*106)2

G 7362.1 630

GO 275.8 4.69

GO-N 389.9 0.22

GO-S 1775.7 1.16

GO-M 9927.3 5.54

Ga 136.1 30.6

Ga-N 506.6 2.57

Ga-S 2790.6 19.6

Ga-M 1216.5 55.6
1 IF is the intensity of the sharp peak
2 the Total Area refers to the overall spectrum integral.

8.4 Conclusions

This section provided a detailed characterization of the fillers I employed
in the subsequent deposition of cataphoretic composite coatings.

The oxidation of graphene sheets was carried out by developing a sim-
ple, inexpensive and fast process, which could represent a valid alterna-
tive to the Hummer’s method for obtaining low oxidation degrees. Subse-
quently, the graphene oxide flakes were treated by functionalization with
trialkoxisilanes bearing a different end group of the organic tail, in order
to improve the filler dispersion within the coatings polymer matrix.

The FTIR and XRD analyses revealed that the etching process with ni-
tric acid caused a partial oxidation of graphene. The level of oxidation of
the flakes is quite low, and the process yield is not comparable to that of
the Hummer’s method. However, the low level of oxidation also repre-
sents a minimal defectiveness of the sheets, which partially maintain the
remarkable features of graphene.
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The fundamental point of this research was to understand if such a
low degree of oxidation was sufficient for the subsequent functionaliza-
tion of the flakes. Silanes have therefore been exploited as the material for
the surface modification of GO’s flakes, as they possess excellent grafting
properties. The FTIR and XRD measurements made it possible to observe
the actual presence of silanes on GO flakes, but they did not allow to deter-
mine which type of alkoxisilane had interacted more with the functional
groups of the sheets.

For this reason, functionalised Graphenea samples were taken as a
model, as Ga’s flakes, possessing a high degree of oxidation, consequently
present many grafting sites for silanes. Only the combination of various
spectroscopic techniques, such as natural abundance 13C, 15N and 29Si
solid state NMR, XRD and ESR permitted to point out the differences
among the samples, highlighting the grafting mechanism of the different
alkoxisilanes.

NMR analyses showed that epoxy groups represent the preferred sites
for silane anchoring, while the amino- functionality involves a higher de-
gree of functionalization, greater than that observed with the mercapto-
and, above all, the methacryloxy- end groups. The methacryloxy function,
in fact, seems to hinder the grafting, whereas both aminopropyl and mer-
captopropyl chains let the organosilane fill the space between graphene
sheets, most probably substituting the water molecules present in the pris-
tine Ga, according to the XRD results. Moreover, both 13C and 15N mea-
surements demonstrate that the APTMS amino groups directly react with
the edge carboxylic groups leading to the formation of amide bonds. Fi-
nally, ESR spectroscopy proved that the presence of amino groups is bene-
ficial for the removal of Mn impurities in commercial GO, acting as metal
scavenger and reducing the amount of defects.

All the results of this characterization study predict that the graphene
oxide powders functionalized with APTMS should represent the best
fillers for the cataphoretic coatings. However, it is not clear whether the
degree of oxidation and functionalization is sufficient to allow the flakes
to be homogeneously distributed in the cataphoretic bath.
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The next sections will therefore present two different works: a first
study that highlights the need to functionalize the fillers to obtain a re-
inforcement of the polymeric matrix, and a second work that will con-
firm the best behavior of the powders treated with APTMS, employed as
nanofillers in cataphoretic acrylic resins.
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Chapter 9

G, GO or fGO?
The importance of the surface modification pro-

cesses of graphene-based fillers

9.1 Abstract

The previous paragraph described the characterization study of the differ-
ent graphene-based fillers, highlighting some fundamental characteristics
of the functionalization processes products.

But is it really necessary to carry out oxidation and functionalization
surface treatments? Is it possible instead to improve the corrosion resis-
tance properties of polymeric matrices employing simple graphene sheets?

The literature has often described the importance and the need to
chemically modify the surface of graphene-based flakes in order to obtain
a better distribution of the fillers, and consequently increase the perfor-
mance of the composite coating[39,56,57]. Even the preliminary study in
chapter 7 has shown that the use of graphene oxide nanofillers involves
the development of important defects in the cataphoretic layer[58].

In this Section a first comparison between the performances of coat-
ings containing simple graphene flakes, graphene oxide sheets (Graphe-
nea nanoplatelets) and functional graphene oxide powder is presented.
The samples analysed in this study are those previously introduced in sub-
section 6.2.4.

The purpose of this study was to verify whether it is actually necessary
to subject the flakes to surface conversion processes, possibly confirm-
ing what has been reported in literature. Before employing the different
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functionalized powders, previously characterized, the aims was to study
the effect caused by the addition of graphene or graphene oxide sheets in
the cataphoretic bath, evaluating the characteristics of composite coatings.
These samples will serve as a reference for the performance of subsequent
coatings containing fGO flakes.

The acrylic-based transparent cataphoretic bath was used for the depo-
sition of the coatings. It was therefore possible to observe the distribution
of nanofillers, whose performances were not influenced by any type of ad-
ditive in the bath. All the samples were made by introducing the same
amount of nanofillers in the acrylic bath, equal to 0.27 wt.%.
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9.2 The coatings appearance

The thickness of the coatings represents a fundamental feature, which par-
ticularly influences the protective performance of the composite layers.
The characterization of the samples was therefore initially focused on the
analysis of the dimensions of the coatings.

Table 9.1 summarizes the samples of the five series characterized in
this study, describing the relative thicknesses of the coatings, measured by
means of the digital thickness gauge.

As already observed for the samples in chapter 7, the thickness of the
coatings tends to increase as a function of the voltage value ∆V applied
during the electrodeposition, according to the literature[73–76,556,562]. In
fact, it is possible to observe a 40% growth of the protective layer dimen-
sion, increasing the applied voltage from 30 V to 75 V.

The coatings dimensions of the five series are comparable to each
other, with the same ∆V value applied during the cataphoretic process,
with some exceptions. First of all, the coatings containing sheets of pure
graphene (samples C_G) possess slightly lower thicknesses than those of
samples free of nanofillers (samples C). This phenomenon is due to the
noble nature of graphene: when the flakes are transported to the surface
of the sample during the electrodeposition, in fact, they tend to favour the
development of parasitic currents that lead to the reduction of hydrogen,
with consequent development of bubbles. This event leads to a decrease
in process yield, associated to a reduction in the thickness of the coatings.

On the other hand, coatings containing Graphenea solution (samples
C_Ga), whose thickness possesses very limited dimensions, have suffered
from a different phenomenon. In this case the Ga solution, employed in the
formulation of the acrylic cataphoretic bath, has probably influenced the
pH value to the point of counteracting the deposition of the resin, whose
adhesion is strongly influenced by the local pH levels. It is therefore ex-
pected that these samples cannot offer performances comparable to those
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Table 9.1: coatings thickness.

Nanofiller Sample coating
labels

Applied voltage
∆V [V]

Thickness
[µm]

St. dev.
[µm]

No filler C_30 30 17.2 1.4

C_45 45 19.1 0.7

C_60 60 22.7 1.3

C_75 75 22.4 1.4

Graphene powder G C_G_30 30 14.8 1.6

C_G_45 45 16.9 0.9

C_G_60 60 19.4 0.8

C_G_75 75 20.7 1.2

Graphenea solution C_Ga_30 30 3.6 1.6

C_Ga_45 45 6.5 2.2

C_Ga_60 60 6.6 1.6

C_Ga_75 75 8.1 1.4

Ga-N1 powder C_Ga-N1_30 30 17.7 2.2

C_Ga-N1_45 45 21.8 2.4

C_Ga-N1_60 60 23.9 2.1

C_Ga-N1_75 75 24.7 2.2

Ga-N powder C_Ga-N_30 30 14.2 1.1

C_Ga-N_45 45 18.3 1.2

C_Ga-N_60 60 21.4 0.7

C_Ga-N_75 75 23.0 1.0

provided by the other coatings series. However, only more accurate anal-
yses could confirm this assumption. Even in the samples studied in sec-
tion 7.2 the use of the Graphenea solution caused a decrease in the thick-
ness of the coatings. However, this phenomenon is more marked in the
case of the acrylic bath formulation, as it does not possess the reinforcing
additives contained in the epoxy bath. The epoxy resin seems to be more
stable and less influenced by the addition of material that can change its
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pH value. Finally, the addition of functionalized Ga flakes (Ga-N1 and
Ga-N) does not seem to have altered the acrylic bath and influenced the
electrodeposition process. The dimensions of the composite layers are in
fact compatible with those of the series C.

The phenomena just introduced, related to the use of graphene flakes
and to the employ of the Graphenea solution can be easily described by
observing the surfaces of the coatings.

For example, Figure 9.1 compares the surface of the samples C_45 (a)
and C_G_45 (b) studied at the optical microscope.

(a) sample C_45 (b) sample C_G_45

Figure 9.1: optical microscope observation of (a) samples C_45 and (b) C_G_45.

The two coatings possess similar dimensions, but show different sur-
face morphology. In the sample containing the graphene flakes, in fact,
a massive presence of small bubbles can be noted. This defectiveness is
linked to the presence of the filler, as previously explained. The bubbles
are not due to the electrodeposition process, as the applied voltage value
(45 V) is largely within the limits recommended by the cataphoretic bath
supplier. On the other hand, the C_45 layer appears intact, confirming that
the process used for the coatings deposition does not produce defects, if
the acrylic bath is free of incompatible nanofillers. These bubbles represent
a severe defectiveness, as they possess a diameter that in some cases can
reach 50 µm dimension. Since the coating is about 20 µm thick, these de-
fects certainly bring the substrate into contact with the atmosphere, with
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the consequent development of very dangerous localized corrosion phe-
nomena. Ultimately, the use of graphene-based nanofillers in electrodepo-
sition processes can be harmful, not only because of flakes agglomeration
phenomena, but also due to the development of bubbles as a consequence
of the noble nature of graphene itself.

On the other hand, samples made with Graphenea solution possess
several massive defects, also related to the low thicknesses of the protec-
tive layers. Figure 9.2 shows the surface of the samples C_Ga_30 (a) and
C_Ga_75 (b), observed by SEM. The level of defectiveness decreases in-
creasing the voltage value ∆V, in accordance with the growth of the layer
deposited by cataphoresis. However, even applying the highest possible
voltage value, equal to 75 V, the coating obtained does not have such a
thickness capable to offer protective guarantees. Consequently, important
and dangerous defects can still be observed in Figure 9.2b. Furthermore,
the high surface roughness of the metal substrate implies that limited-size
cataphoretic coatings cannot completely cover it. Therefore, in the samples
of the C_Ga series the defectiveness introduced by the combination of pH
values unsuitable for the electrodeposition process and agglomerations of
graphene oxide flakes seems to be very dangerous for the substrate, whose
corrosion protection cannot be guaranteed by such coatings.

(a) sample C_Ga_30 (b) sample C_Ga_75

Figure 9.2: SEM micrographs of samples (a) C_Ga_30 and (b) C_Ga_75.
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9.3 The behaviour in aggressive environment

In order to verify that the defectiveness detected in the coatings is actu-
ally critical for the protection of the metallic substrate, the samples were
exposed to an aggressive environment. In this way it is possible to ef-
fectively compare the performance of the composite coatings, observing
whether the effect introduced by the nanofillers is positive or not.

The images in Figure 9.3 compare the appearance of a coating for each
of the 5 series of samples, exposed for 100 h and 500 h in salt spray cham-
ber. The five samples were produced applying 45 V during the deposition.
All the figures should be compared with those relating to the sample C_45
(Figure 9.3a), to analyse the consequences of using graphene-based fillers.

Starting from the sample containing the graphene sheets (Figure 9.3b),
the defectiveness described previously in Figure 9.1b involves the devel-
opment of important corrosive phenomena. In fact, corrosion products
are already observed after the first 100 h of testing, even at great distance
from the artificial scratch. At 500 h these corrosion products are even
more evident, together with a high level of blistering, related to high ab-
sorption of aggressive solution due to the defectiveness of the composite
layer. The behaviour of this sample, when compared with the coating free
of nanofillers, confirms the danger linked to the use of graphene flakes,
which introduces a considerable number of bubbles in the acrylic matrix
layer.

The coating with Graphenea flakes (Figure 9.3c) perhaps shows an
even worse behavior than the previous sample. The problem, in this case,
is not related to the absorption of solution with consequent evolution of
blisters, but lies in the strong development of corrosion products, already
observed during the first 100 h of exposure in a salt spray chamber. The
thickness of the coating is in fact so small that it does not allow the evo-
lution of large blisters, as for other samples. Rather, the defectiveness de-
scribed in Figure 9.2 involves the net corrosion of the substrate, with iron
oxides covering the majority of the sample surface. The different areas not
covered by the composite coating act as small anodic areas, in which the
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(a) samples C (b) samples C_G

(c) samples C_Ga (d) samples C_Ga-N1

(e) samples C_Ga-N

Figure 9.3: comparison of the samples of the 5 series after 100 h (on the left) and 500 h
(on the right) of exposure in salt spray chamber. The images represent the sample of the
series C (a), C_G (b), C_Ga (c), C_Ga-N1 (d) and C_Ga-N (e), made by applying 45 V

during the electrodeposition process.
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oxidation reactions of the metal substrate occur quickly and very danger-
ously. The combination of thin coating and uncovered substrate turns out
to be perhaps the worst situation.

Finally, note the difference in behavior of the two samples made by
adding functionalized Graphenea flakes, in Figure 9.3d and Figure 9.3e. In
these two cases, no major development of corrosion products is observed,
with performances similar to those of the sample without graphene-based
fillers. The contribution provided by the sheets made with Ga/silane ratio
equal to 1 (sample C_Ga-N1), however, are not as positive as those of the
flakes with Ga/silane ratio equal to 10 (sample C_Ga-N). The functional-
ized flakes with a high quantity of silane, in fact, lead to the absorption
of test solution, with the development of large blisters, already during the
first 100 h of exposure. In this case, the introduction of the filler into the
acrylic matrix did not bring benefits, but only further defects and a de-
crease in the resistance of the coating in an aggressive environment. As
described in the previous chapter, through the graphs in Figure 8.13 and
Figure 8.14, a Ga/silane ratio of 1 does not represent the best option for
the functionalization of the graphene oxide flakes. The high quantity of
silane tends to substantially change the structure and nature of graphene
oxide sheets. The correct amount of silane used in the functionalization
of the Ga-N flakes, on the other hand, enabled better performance of the
composite coating. The behavior of sample C_Ga-N (Figure 9.3e), in fact,
is substantially similar to that of sample C, both in terms of density and
size of blisters and of corrosion products, and significantly better than the
performance of the other coatings.

From this analysis it is not clear whether the introduction of function-
alized graphene oxide flakes provides a real positive effect to the proper-
ties of the acrylic matrix. This type of nanofiller certainly does not cause
the defectiveness observed in the case of graphene and graphene oxide
powders. To better highlight the contribution of the filler in terms of cor-
rosion protection, the samples were therefore subjected to electrochemical
impedance spectroscopy measurements.
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9.4 Electrochemical Impedance Spectroscopy
measurements

Electrochemical Impedance Spectroscopy (EIS) measurements were car-
ried out to confirm what was previously observed from the samples expo-
sure in the salt spray chamber, but also to obtain better information relat-
ing to the performance of the various nanofillers, also as a function of the
voltage ∆V applied during the coatings electrodeposition.

Since this is a preliminary study aiming to define the best type of
graphene-based filler for cataphoretic deposition processes, the results ob-
tained by the EIS measurements were analyzed simply observing the evo-
lution of the Bode impedance modulus measured at low frequencies.

As a first analysis, the images in Figure 9.4 compare the behavior of
the graphene and graphene oxide based fillers with the performance of
the pure acrylic matrix, as a function of the voltage value applied during
the electrodeposition.

Regardless of the ∆V value applied for the coatings realization, the
nanofiller-free layer always shows higher impedance modules than the re-
spective samples containing graphene and graphene oxide. The behavior
of the samples of the C_G and C_Ga series is very similar, and in any case
inferior to the performance of the acrylic matrix. The defectiveness intro-
duced by the fillers, highlighted by Figure 9.1 and Figure 9.2, can only
cause a substantial decrease in the protective properties of the polymer
matrix, as demonstrated by the samples exposed in the salt spray cham-
ber. The porosity due to the presence of graphene, as well as the reduc-
tion of the process yield as a consequence of the addition of the Graphe-
nea solution, compromise the beneficial effect that could be provided by
graphene-based fillers. These results represent the proof of the need for a
correct surface modification process of the graphene-based flakes, if they
were to be used as protective nanofillers in polymer matrices.

Similarly, Figure 9.5 compares the results of the C series samples with
the performances provided by the layers containing the functionalized
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(a) 30V (b) 45V

(c) 60V (d) 75V

Figure 9.4: Bode impedance modulus as functions of voltage V, of the samples of pure
acrylic matrix (C), containing graphene powder (C_G) and made with Graphenea flakes

addition (C_Ga).

graphene oxide flakes, during the first 48 h of immersion in the test so-
lution.

The study of these samples was stopped after only two days of mea-
surements, as Bode impedance module had already reached a plateau
value. As previously observed from the analyses of the coatings exposed
in the salt spray chamber, the graphene oxide sheets functionalized with
a high quantity of silane (Ga-N1) cause a decrease in the protective prop-
erties of the composite layers. Regardless of the voltage value ∆V applied
during electrodeposition, the performances of the samples of the C_Ga-N1
series are in fact always lower than those of the respective acrylic coatings
of the C class. On the other hand, C_Ga-N samples, containing adequately
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(a) 30V (b) 45V

(c) 60V (d) 75V

Figure 9.5: Bode impedance modulus as functions of voltage ∆V, of the samples of pure
acrylic matrix (C) and sample containing functionalized graphene oxide powder (C_Ga-

N1 and C_Ga-N).

functionalized nanofillers, show better behavior. For high deposition volt-
ages, the Ga-N flakes enable an improvement of the impedance module
of the acrylic matrix, with consequent better protective performance. Af-
ter all, already from the first exposure tests in an aggressive environment,
only the Ga-N based nanofillers had been shown to offer protective guar-
antees. High voltage values applied during electrodeposition can cause
the development of hydrogen bubbles and defectiveness in the acrylic ma-
trix, with a decrease in its protective contribution. In such cases, the fGO
flakes (made with a reasonable functionalization process) can favour better
performance of the composite coating, by means of a barrier phenomenon
which reduces the negative effect introduced by the defects in the layer.
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Finally, Figure 9.6 compares the behavior of the samples of the 5 se-
ries obtained by electrodeposition at 75 V. The graph highlights the neg-
ative contribution of the fillers based on graphene (G), graphene oxide
(Ga) and graphene oxide functionalized by means of an unfavourable
graphene/silane ratio (Ga-N1). At the same time, however, the image
shows that this reinforcing filler (Ga-N) promotes an increase in the pro-
tective properties of the acrylic matrix.

Figure 9.6: comparison of the Bode impedance modulus evo-
lution of the 5 series coatings realized applying 75 V.
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9.5 Conclusions

This short section deals with a fundamental topic, namely the choice of
the correct type of nanofiller for improving the performance of the cat-
aphoretic coating.

As already well described in the literature, in order for a filler to con-
tribute to an effective increase in the polymeric matrix properties, this
must be homogeneously dispersed within the protective layer. The dis-
tribution of graphene-based flakes, in addition to representing a decisive
aspect for the study carried out in this thesis, is also a complex feature,
determined by various factors.

First of all, the noble nature of graphene itself risks compromising the
success of the cataphoretic deposition process. It has been observed that
graphene, during the electrodeposition step, favours the hydrogen evo-
lution reaction, with consequent development of bubbles and defects in
the layer. Moreover, these reactions lead to a decrease in the cataphoretic
process yield, with consequent more limited coating thicknesses. On the
other hand, employing the Graphenea solution, containing GO flakes, the
pH variation of the cataphoretic bath causes a real issue during the elec-
trodeposition, with the resin not adhering to the substrate. Consequently,
the obtained coatings possess a limited thickness and appear not homoge-
neous and non-protective. In both cases, the use of graphene and graphene
oxide flakes caused a decrease in the performance of the acrylic matrix, as
confirmed by the exposure of the samples in the salt spray chamber and
by the electrochemical impedance measurements.

This preliminary study further demonstrated that it is necessary to
subject the graphene-based powder to a surface modification process to
improve its distribution within the polymer matrix, decreasing the defec-
tiveness observed in the C_G and C_Ga coatings. APTMS is one of the
most used organosilanes in the functionalization of nanofillers for com-
posite coatings, thanks to its high reactivity, as demonstrated also in the
characterization study of the previous Section.

However, the graphene/silane ratio also represents an aspect to be
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kept in strong consideration. In order to favour the increase of the inter-
planar distance of the graphene oxide flakes and improve their coherence
with the acrylic matrix, the APTMS must be reacted with the correct quan-
tity of nanofillers. In fact, an exaggerated amount of silane causes only in-
consistency between the filler and the polymer matrix, with a consequent
decrease in the performance of the composite coating.

The impedance measurements, as well as the exposure of the samples
in an aggressive environment, however, highlighted the possibility of im-
proving the features of the acrylic cataphoretic layer by adding adequately
functionalized graphene oxide flakes.

These first comforting analyses led me to optimize the oxidation and
functionalization process of graphene-based flakes, as shown in the next
Section. Although the results of this preliminary work are not excellent,
they motivated my subsequent study about the graphene oxidation and
the functionalization with different types of alkoxisilanes, confirming the
possibility of using graphene-based fillers to improve the performance of
coatings made by cataphoretic electrodeposition process.
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Functionalized graphene
oxide-acrylate coatings
The nanofiller performance on the corrosion

resistance of cataphoretic layers

10.1 Abstract

The last section has well described the problems that can be faced in the
use of graphene and graphene oxide powders in cataphoretic electrode-
position processes. These types of nanofillers, in fact, cause a decrease in
process yield and introduce a not negligible defectiveness in the compos-
ite coating. At the same time, functionalized graphene oxide flakes have
shown promising results as a reinforcing agent for cataphoretic coatings.
The outcome of the preliminary study did not fully demonstrate the po-
tential of the fGO sheets, but highlighted the compatibility of graphene
oxide functionalization treatments with organosilanes with the possibility
of improving the properties of the acrylic matrix.

The natural evolution of this work lies in the in-depth study of the
performances introduced by GO flakes functionalized by different types
of trialkoxisilanes. Therefore, the GO-N, GO-S and GO-M fillers, function-
alized with APTMS, MPTMS and McPTMS respectively, were added to the
acrylic matrix, to obtain the samples defined in subsection 6.2.4.

This study confirmed many of the characterization analyses allowed
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to find the best combination between the type of nanofiller and the elec-
trodeposition voltage value for a subsequent optimization of the fGO con-
centration, as will be described later.

The results of this study have been partially published in Progress in
Organic Coatings[594]: it was shown that graphene oxide flakes, if properly
functionalized, can significantly improve the properties of polymeric ma-
trices, with a consequent increase in the performance of organic coatings.
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10.2 Coating morphology

As previously demonstrated, the characterization of the samples surface
morphology, as well as the thickness of the coatings, represents a first fun-
damental analysis in the process of studying the contribution introduced
by the fGO flakes.

For the samples’ nomenclature, please refer to Table 6.4, introduced in
chapter 6

To highlight the contribution provided by the value of ∆V, Figure 10.1
shows the trends of the layers thickness versus the applied voltage of the
four sample series.

Figure 10.1: measured thickness of four coating series with respect to applied voltages.
Samples (C) are prepared without GO, whereas (C_GO-N), (C_GO-S), and (C_GO-M)

contain GO flakes functionalised with APTMS, MPTMS, and McPTMS, respectively.

The increase of the ∆V value causes the growth of the coatings thick-
ness, as expected according to the first Ohm’s law and in agreement with
literature[556,562]. An organic coating is considered protective if it first pos-
sesses a thickness greater than 10 µm[72,73,619], like all the composite layers
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of the four series. Therefore, the coatings in question immediately offer ba-
sic protective guarantees, starting from an adequate thickness value. Un-
like what was previously observed employing graphene flakes, or Graphe-
nea solution, the addition of functionalised GO sheets to the cataphoretic
bath does not influence significantly the thickness of the coating because
the measured values of the sample layers are comparable. Only for low
voltages (30 V and 45 V), the presence of GO flakes functionalised with
MPTMS and McPTMS (samples C_GO-S and C_GO-M, respectively) in-
volves a slight decrease in the coating thickness. The possibility to ob-
tain compact cataphoretic layers with valuable thicknesses via addition of
functionalised GO sheets represents a very important result for the im-
provement of protective coatings.

The use of fGO-based fillers does not seem to alter the process yield
and the thickness of the coatings obtainable with cataphoresis, but this
does not mean that the flakes do not introduce defects in the composite
layers. The samples were therefore observed via an optical stereomicro-
scope. Figure 10.2 shows the micrographs of the four sample series pro-
duced at 75 V, which represents perhaps the most critical value of ∆V since
with a so high value the risk is the development of hydrogen bubbles dur-
ing electrodeposition.

However, in the sample without fGO addition (Figure 10.2a), the coat-
ing appears homogeneous, compact, and free of visible defects. The value
of ∆V equal to 75 V therefore does not produce significant defectiveness
in the acrylic coating. Figure 10.2b, Figure 10.2c, and Figure 10.2d present
the surfaces of the samples coated with the baths containing GO flakes
functionalised with APTMS, MPTMS and McPTMS, respectively. It seems
that the presence of functionalised GO in the cataphoretic bath implies
considerable changes in the morphology of the coatings. In fact, these
three coatings exhibit a relevant presence of bubbles compared with sam-
ple prepared without filler addition (C_75). This type of defectiveness,
also detected in samples coated with lower applied voltages, is attributed
to the development of hydrogen, which occurs next to the cathode as the
consequence of an eddy reaction during the electrodeposition. As reported



10.2. Coating morphology 209

(a) sample C_75 (b) sample C_GO-N_75

(c) sample C_GO-S_75 (d) sample C_GO-M_75

Figure 10.2: optical stereomicroscope micrographs of coating surfaces prepared applying
a voltage value of 75 V without fGO (a), and with GO functionalised with APTMS (b),

MPTMS (c), and McPTMS (d), respectively.

in the previous section, in presence of functionalised GO, the evolution of
hydrogen could be favoured because the graphene sheets, being very no-
ble (graphite has an open circuit potential (OCP) of approximately 0.0 V
versus SHE), increase the local potential, thereby facilitating the hydrogen
reduction reaction with a consequent development of bubbles. Evidently
the functionalization process with silanes modifies the surface structure of
the sheets, but not to the point of altering the noble nature of graphene.

However, the presence of these defects might not be critical for the
protective properties of the coating. The bubbles could be ’superficial’ or
included within the coating, thereby prohibiting the contact between the
electrolyte and substrate. Further, the cross sections of the samples were
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investigated via SEM. Tilting the sample during the SEM analysis enables
the observation of the metallic substrate, coating cross section, and surface
of the composite layer. Figure 10.3 shows the surface of sample C_GO-
M_75, as it seemed to be the coating that most of all suffered from the
massive presence of bubbles. Unfortunately, according to the SEM analy-
ses, it is unclear whether the defects expose the substrate to direct contact
with the atmosphere and whether the lamellae favour or hinder the pas-
sage of an aggressive environment.

To clarify the danger introduced by these defects, it was therefore nec-
essary to expose the samples in an aggressive environment, comparing
their behavior with the performance of the acrylic layer free of fGO filler.

Figure 10.3: SEM micrograph of cross section of coating prepared with addition
of GO-M at 75 V (C_GO-M_75).



10.3. Salt spray exposure 211

10.3 Salt spray exposure

The behaviour of the coatings in an aggressive environment was stud-
ied with an accelerated corrosion test, exposing the samples in salt spray
chamber for 500 h.

Moreover, the blister evolution was evaluated measuring their dis-
tances from the central notch. Because the phenomenon correlates with
the presence of water at the interface with the substrate, the increasing
distance of blisters from the artificial notch implies a greater penetration of
the solution at the coating–substrate interface with a consequent decrease
in layer adhesion[620,621].

The results of the salt spray exposure test, with the behaviour of the
different sample series, are summarized in Figure 10.4.

Figure 10.4: evolution of blisters during salt spray chamber exposure.

The four sample series show a similar performance throughout the
tests. In all cases, the increase in voltage value ∆Vapplied during elec-
trodeposition seems to bring a benefit in terms of the protective perfor-
mance of the coatings. Nevertheless, the comparison between samples C,
free of filler, and the coatings containing the GO flakes functionalised with
MPTMS and McPTMS reveals that the fGO sheets cause a worsening of
the adhesion levels of the acrylic matrix. As a matter of fact, the blisters on
the surface of samples C_GO-S and C_GO-M develop faster, at a greater
distance from the artificial notch. In this case, the fGO sheets do not act
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as a barrier for the permeation of the solution but rather benefit the defec-
tiveness of the protective layer.

However, samples obtained with the addition of GO functionalised
with APTMS clearly show improved adhesion compared with the sam-
ples without filler addition because the blisters development is delayed.
Sample C_GO-N_75, for example, appears to be the best, with the com-
posite coating showing a very slow blister development during exposure
in saline chambers.

These results suggest that the flake addition in the cataphoretic bath
does not generally improve the coating properties (samples C_GO-S and
C_GO-M). If the right GO functionalisation is chosen, the resistance of the
protective layers can be positively affected (e.g. samples C_GO/N ob-
tained with APTMS-functionalised GO).

As example, Figure 10.5 compares the appearance of the sample free
of fGO nanofiller (a) with the layer containing the GO-N powder (GO
flakes functionalized with APTMS) (b) at the beginning (0 h) and at the
end (500 h) of the salt spray tests. Both coatings were deposited by apply-
ing 75 V. After 500 h, the entire surface of C_75 is covered with blisters,
whereas sample C_GO-N_75 shows blisters far from the central notch (ap-
proximately 16 mm), as already presented in Figure 10.4. The corrosion
products occupy a smaller volume on the surface of the sample with fGO
owing to the more limited coating detachment of the substrate.

Figure 10.6 presents a focus on the detailed zone of the corrosion prod-
ucts close to the notch (a) and highlights the size of the blisters (b) of the
sample previously observed in Figure 10.5b.

Figure 10.6a shows the corrosion products development near the
notch, with the relative volume expansion. The initial notch with a width
of 1000 µm (cutter thickness) is clearly visible. The growth of the corro-
sion products favours the coating detachment, with a consequent increase
in the notch size. For example, the notch doubles its width on the left
of the picture: thus, the effective detachment can be considered approxi-
mately equal to 1100 µm. Because the standard requires 1000 µm as maxi-
mal threshold for the detachment distance from the carving area[574], these
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(a) sample C_75 (b) sample C_GO-N_75

Figure 10.5: comparison between the coatings prepared at 75 V without fGO (C_75) (a)
and with addition of GO-APTMS (C_GO-N_75) (b) at the beginning and at the end of salt

spray tests.

coatings do not show strong adhesion properties. This statement is valid
for the samples with functionalised GO, but also for those coated in the
‘clear coat’ bath. The adhesion problem should therefore originate from
the acrylic-based bath, which usually acts as a top coat and not as a primer.

By using the polarising filters of the stereoscopic microscope, it was
possible to observe the blister size and density at the end of the test. A
detailed view of the coating surface is shown in Figure 10.6b. All samples
exhibit a similar behaviour. Some blisters possess diameters above 2000
µm and occur in high concentrations on the coating surface. According to
the UNI EN ISO 4628-2 standard[575], the different samples show blisters
of level 4 and density grades equal to 4–5, which represent high values.
However, the thin dimensions of the coatings and long sample exposure in
the aggressive environment must be considered. After 100 h of testing, for
example, the blisters show dimensions no larger than 2 and densities lower
than 4, which is a good behaviour for organic coatings. With increasing
exposure time, the samples tend to absorb water, the permeability of which
is partially decreased by the graphene sheets in samples containing GO
flakes functionalised with APTMS.
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(a) (b)

Figure 10.6: optical stereomicroscope micrographs of surface of coating obtained at 75
V with GO-APTMS addition (C_GO-N_75) at the end of the test: corrosion products on

artificial notch (a) and blister dimensions (b).

10.4 Electrochemical Impedance Spectroscopy
measurements

As a preliminary measurement, the impedance moduli |Z| measured
at low frequencies (10−2 Hz) (representative of the resistive phenomena)
were compared.

Figure 10.7a and Figure 10.7b show the trend of |Z|0.01 of sample se-
ries C (Clear coat) and C_GO-N (with addition of GO functionalised with
APTMS) for 680 h of testing, respectively. The previous observations of the
samples exposed in salt spray chamber revealed that GO flakes function-
alized with APTMS provided a positive contribution to the acrylic matrix.
For this reason, the samples containing the GO-N flakes were compared
with the corresponding pure acrylic matrix coatings.

During the first 200 h, |Z| increases with increasing voltage value dur-
ing the electrodeposition. After all, as already described in Figure 10.1, a
higher applied voltage value implies a greater driving force and a conse-
quent increase in the coating thickness. For ∆V values above 45 V, samples
containing fGO flakes exhibit a better behaviour than the corresponding
graphene-free coatings. The |Z| improvement for 75 V is remarkably high
(approximately two orders of magnitude higher).
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(a) sample C

(b) samples C_GO-N

Figure 10.7: evolution of Bode impedance modulus |Z|0.01 during 680 h EIS measure-
ments of a) samples without GO and b) with addition of APTMS-functionalised GO

(C_GO-N).

After 200 h of treatment in the aggressive solution, the behaviour of
the samples containing graphene tends to worsen, thereby exhibiting val-
ues comparable with those of samples prepared without graphene (C). The
fGO addition can cause defects in the acrylic matrix, which can be signifi-
cant in terms of protective performance of the coating following prolonged
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exposure in aggressive environments. This phenomenon turns into a con-
sequent noticeable reduction of the composite layer corrosion protection
properties. However, even at the end of the test, sample prepared with
GO reacted with APTMS at 75 V (C_GO-N_75) exhibits |Z| values that
are constantly higher than those of the corresponding Clear coat sample
(C_75). The remarkable performances of sample C_GO-N_75 confirm the
results of the salt spray tests: the combination of APTMS-functionalised
GO sheets and cataphoretic deposition under high voltages lead to a large
improvement in the protective properties of the acrylic coating. Besides
increasing the coating thickness, applying a high voltage during the elec-
trodeposition seems to improve the coating adhesion to the substrate. This
is in agreement with the results of the salt spray chamber exposure. More-
over, increasing the voltage value and therefore the driving force during
the electrodeposition possibly increases the graphene sheet concentration
inside the protective layer.

However, the graphene oxide flakes functionalized with APTMS offer
not only better guarantees of the pure acrylic matrix, but also higher per-
formances respect to other types of fGO filler. This assumption can be eas-
ily deduced from Figure 10.8, which compares the behaviour of the Bode
impedance moduli of the four sample series as functions of the applied
voltage.

In samples coated at 30, 45 and 60 V, the GO-N offers the best perfor-
mance, even with |Z| values higher than samples C, free of graphene-
based filler. Therefore, these samples exhibit a better coating resistance in
aggressive environments. After a few hundred hours (in some cases, even
tens), the Bode impedance moduli of the three series of samples contain-
ing functionalised GO fall below the ‘protective’ threshold of 106 Ω*cm2.
Accordingly, at these voltage values, the defectiveness introduced by fGO
plays a not negligible role.

By contrast, for a voltage value of 75 V, the presence of GO flakes func-
tionalised with MPTMS and McPTMS leads to a sudden and abrupt initial
decrease in |Z|, which however, maintains relatively high values during
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the experiment as a consequence of the high coating thickness. Neverthe-
less, the electrochemical impedance measurements are very sensitive: a
defect of approximately negligible size is sufficient to cause a significant
change in the test results. At 75 V, the coating containing the GO flakes
functionalised with APTMS is superior to the others (even to the sample
without functionalised GO), as previously mentioned.

The increase in the corrosion protection properties is particularly evi-
dent during the first 300 h of testing, during which the |Z| value of sam-
ple C_GO-N is by three orders of magnitude greater than the impedance
moduli of the other samples. One again, the combination of GO function-
alisation with APTMS and the application of 75 V during the electrode-
position lead to an excellent improvement of the coating properties. After
the first 24 h, samples prepared adding GO-S and GO-M (C_GO-S_75 and
C_GO-S_75, respectively) exhibit a better behaviour than GO-free samples
(C). Their |Z| values are above 106 Ω*cm2 during the entire measurement.
Therefore, functionalised GO can have a beneficial effect on the properties
of the coating over time owing to the barrier effect of graphene sheets.

The EIS Bode diagrams of sample C_GO-N_75 after 24 and 500 h of
testing are compared with those of GO-free sample (C_75) in Figure 10.9.

Regarding sample C, after 24 h, the EIS phase diagram exhibits two
evident time constants (Figure 10.9b). The low-frequency time constant
(102–101 Hz) represents the substrate–interface system whereas the one at
higher frequencies (105 Hz) is related to the dissipative phenomena of the
coating. After 500 h of testing, the phase value collapses at 10◦ already
at high frequencies (104 Hz), which implies a significant increase in the
defectiveness in the coating. This behaviour was expected after such a
long exposure in an aggressive solution. The two diagrams of sample C_75
can therefore be fitted with a two-time constant model, as introduce in
section 7.4 (see Figure 7.11), which represents a typical organic coating
with internal defects[593]. The low-frequency time constant was modelled
with a resistance in parallel with a constant phase element (CPE), which
is related to the faradic reactions occurring at the interface of the metal
substrate and coating. The high-frequency time constant is designed in the
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(a) 30 V (b) 45 V

(c) 60 V (d) 75 V

Figure 10.8: Bode impedance modulus as functions of voltage ∆V.

same way: a resistance Rpore (resistance of the coating pores) in parallel
with a CPE, which represents the acrylic layer. In the data elaboration,
CPEs instead of capacities were used because the complexity of the system
does not allow to model the dissipative phenomena with pure capacities.
With the use of CPE and the model type, the experimental data can be
processed with only negligible errors.

On the contrary, the Bode phase diagram of sample C_GO-N_75, with
the addition of GO functionalized with APTMS, is very different. After 24
h, the phase value remains high (approximately 90◦) for high frequencies
up to values below 1 Hz. Such high phase angles are typical of a capacitive
component (in this case, the coating), which can therefore be considered
free of defects. Consequently, the data can be fitted with a single-mesh
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model (representing the protective layer) without considering the dissipa-
tive phenomena that would occur at the coating–substrate interface under
other conditions. After 500 h, the two time constants can be observed,
as already discussed for sample C_75. As expected, the defectiveness in-
creases with increasing immersion time in the aggressive solution owing to
the absorption of water and aggressive ions. Impedance measurements are
therefore affected by the development of dissipative phenomena occurring
at the interface between substrate and coating, represented by the phase
peak at low frequencies. This behavior shows that even the best coating
suffers from aggressive solution absorption. However, this phenomenon
occurs only after long exposures, thanks to the barrier effect provided by
the GO-N flakes.

The pore resistance (Rpore) used for data fittings represents a very use-
ful tool, as provides a quantitative evaluation of the coating defectiveness.
The variations in Rpore over time were measured with respect to the volt-
age for all samples, as shown in Figure 10.10.

Regardless of the applied voltage, Rpore tends to decrease over time
for all samples as a consequence of the increasing coating defectiveness.
Samples realized with the addition of GO functionalised with MPTMS
and McPTMS exhibit lower pore resistances than sample free of GO pow-
der (C). Hence, the addition of functionalised graphene oxide flakes might
have increased the amount of defects in the coatings, as provided by the
Bode impedance modulus diagrams in Figure 10.8. However, at 75 V,
Rpore of sample C decreases faster over time than those of the samples
with silanized GO. At 75 V, all samples with fGO maintain their protec-
tive properties even after a long exposure to the aggressive solution. Thus,
the coating defectiveness at 75 V bares a marginal importance: the driving
force during electrodeposition is very high to ensure good adhesion; the
functionalised GO sheets act as barrier to the water and Cl− ion absorp-
tion, thereby improving the protective properties of the coating despite the
presence of bubbles. However, the functionalization of GO with APTMS
is once again the most effective process in improving the resistance prop-
erties of the acrylic matrix. Even at voltages below 75 V, pore resistances
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(a) Bode modulus

(b) Bode phase

Figure 10.9: EIS Bode modulus (a) and phase (b) diagrams after 24 and 500 h of immersion
of samples C_75 and C_GO-N_75.

values of the samples containing GO-N flakes are greater than or equal
to those of sample GO-free (C). In the APTMS-functionalised samples, the
sheets can distribute homogeneously inside the coating, thereby improv-
ing the effectiveness by reducing the penetration of the aggressive solution
and consequently increasing the protective properties of the layer.
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(a) 30 V (b) 45 V

(c) 60 V (d) 75 V

Figure 10.10: Rpore of samples realized with the four baths as function of voltage V.

10.5 Conclusions

The study described in this Section represents a fundamental step for the
project development of this thesis. The characterization analyses carried
out on certain types of samples have in fact made it possible to obtain
double valence results.

First of all, the employment of three different types of fGO-based
fillers has highlighted the importance of choosing the correct organosilane
for the functionalization process of the graphene oxide flakes. The coat-
ings containing the flakes functionalized with APTMS have in fact shown
higher protective performances than the pure acrylate matrix layer, but
also better properties than the samples containing the flakes of GO-S and
GO-M. This result is in accordance with the powder characterization study
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carried out in chapter 8. The high reactivity of the APTMS allowed to ob-
tain a higher degree of functionalization of the GO flakes. As a result, the
GO-N sheets were evenly distributed within the acrylic matrix, providing
a positive contribution to the composite coating. GO-N sheets have proven
to be the ideal filler to improve the adhesion properties of the cataphoretic
acrylic coating, as well as the right additive to increase the protective per-
formance of the composite layer for the carbon steel substrate.

Organosilanes, although one of the types of materials most used for
surface conversion processes of fillers and protective layers, produce dif-
ferent process yields depending on their chemical nature. The amino
group confirms to be the best functionality for interacting with GO flakes.
Otherwise, graphene oxide sheets functionalized with other types of
organosilanes, such as MPTMS and McPTMS, introduce a high defective-
ness in the cataphoretic layers, causing a serious decrease in the coating
performance.

However, these comments must also take into account the voltage
value applied during the deposition of the layers. The demonstration of
the great importance of the value of ∆V represents in fact the second deter-
mining result of this study. The type of filler added to the cataphoretic bath
and the voltage value applied during the electrodeposition are not two
disconnected elements. The protective contribution of the GO-N flakes is
more influential with the increase of the V value. This is mainly due to
two factors. The greater driving force developed during the deposition
causes an increase in the concentration of flakes attracted to the acrylic
layer. Furthermore, the defectiveness caused by the development of hy-
drogen bubbles due to the high voltages applied is counteracted by the
protective effect of the fGO fillers.

The combination of the correct type of filler, the GO-N flakes, with the
right voltage value applied during the coatings electrodeposition, equal to
75 V, represents the starting point for the subsequent analysis step of this
thesis. Once it was shown that it is actually possible to exploit functional-
ized graphene oxide fillers to improve the protective properties of acrylic
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cataphoretic coatings, it seemed natural to focus attention on further opti-
mization of the entire study process: the filler concentration.
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Chapter 11

Improving the performances of
cataphoretic coatings
The optimization of filler concentration

11.1 Abstract

The next step of these studies lies in optimizing the quantity of filler added
to the cataphoretic bath. Up to now, in fact, all the samples under study
contained a powder quantity equal to 0.27 wt.%. The filler amount was
kept constant to compare the behavior of the samples with the coatings
of the preliminary tests in which the Graphenea solution was used in the
formulation of the cataphoretic baths. Once it has been ascertained that
GO-N powders represent the type of filler that offers the best protective
guarantees to the acrylic matrix, and that the applied voltage value ∆V
of 75 V highlights the excellent effect of the fGO nanofiller, this Section is
aimed at studying the correct quantity of powder to obtain the absolute
best performance from the composite coating.

This represents perhaps the most important part of the study described
in this thesis, as it demonstrates the remarkable performance of the fGO-
based fillers, not only in terms of corrosion protection, but also as a func-
tion of the conductivity and mechanical resistance properties of the com-
posite layer.
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The samples submitted to this deep study are those presented in sub-
section 6.2.4. The results obtained from this work, proving that the excel-
lent performances of the cataphoretic electroplating process can be com-
bined with the remarkable properties of fGO additives, have been pub-
lished in Materials Chemistry and Physics[595] and in Coatings[622].
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11.2 Modification of the coating morphology
due to the fGO filler

The measurement of the coatings thickness offers interesting preliminary
indications relating to the behavior of GO-N filler. Table 11.1 lists the
nomenclature of the 5 series of samples, with the relative measured thick-
ness values. These values constitute the average of 50 measurements
performed on 5 samples (10 measurements per sample) for each series.
The thickness values obtained are in accordance with what is normally
achieved with cataphoretic process, as also confirmed in literature[72,73,76].

Furthermore, the addition of fGO flakes in the cataphoretic bath does
not substantially alter the electroplating process. As a matter of fact, the
thickness of the samples containing small quantities of fillers is compara-
ble with the dimensions of the layer made with pure acrylic matrix (sam-
ple A). The increase in the powder amount, equal to 0.5-1 wt.%, however,
causes a slight decrease in the thickness of the composite coating, showing
that large amounts of fGO slightly counteract the growth of the protective
layer during electrodeposition. Once again, this behavior can be associ-
ated to the graphene very noble nature, as previously well described.

Table 11.1: coatings thickness of the five series of samples.

Bath GO-N concentration
[wt.%] Sample Thickness

[µm]
St. dev.

[µm]

Clear coat 0.0 A 24.4 1.4

0.1 A_0.1 26.6 1.4

0.2 A_0.2 26.2 1.3

0.5 A_0.5 22.6 1.2

1.0 A_1 19.5 1.2

Graphene sheets, added into the bath, once attracted or transported
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close to the sample surface tend to favor the development of parasitic cur-
rents that lead to the reduction of hydrogen, with consequent development
of bubbles. This event can strongly contrast with the growth of the coating,
as well as producing an important source of defectiveness in the protec-
tive layer. In fact, the parasitic currents cause a natural decrease in process
yield, which leads to obtain coatings with smaller thickness. This phe-
nomenon explains the reduction in thickness dimensions observed with
the addition of high amounts of fGO in the cataphoretic bath, as in the
case of samples containing 0.5-1 wt.% of powder.

Figure 11.1 compares the surfaces of the 5 series of samples, observed
by optical stereomicroscope, confirming the previous hypotheses. The sur-
face of the sample A, free of nanofiller, appears almost free of defects. Sim-
ilarly, the surfaces of the coatings of samples A_0.1 (Figure 11.1b) and
A_0.2 (Figure 11.1c) also show almost insignificant presence of bubbles.
On the other hand, the fGO-rich layers of samples A_0.5 and A_1 possess a
non-homogeneous surface morphology. The development of defects with
the increase of filler added to the cataphoretic bath is an effective aspect,
which must be taken into consideration. Ascertained that the increase in
the concentration of fGO causes a growth of the defects in the coating, it
is necessary to verify if this defectiveness is critical or negligible for the
purposes of the protective properties of the composite layer.

To this aim it is necessary to rely on corrosion resistance analysis tech-
niques, which will be described in the following sections. However, al-
ready from SEM observations it is possible to understand that some sam-
ples possess a non-negligible defectiveness. This is the case of the sample
A_1, whose surface morphology is modified by the presence of graphene
sheets.

In Figure 11.2 it is possible to observe some holes, probably due to bub-
bles evolution. Despite their limited size, these holes represent dangerous
defects that may also be present inside the coating, drastically reducing its
protective properties.

The acrylic bath used for this study had also been chosen for its trans-
parency characteristics. It was possible to observe, through a polarizing
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(a) sample A (b) sample A_0.1

(c) sample A_0.2 (d) sample A_0.5

(e) sample A_1

Figure 11.1: comparison between the surface of samples A (a) and A_0.1 (b), A_0.2 (c),
A_0.5 (d) A_1 (e) obtained by stereomicroscope observation.

filter of the stereomicroscope, the presence of fGO inside the coating. Fig-
ure 11.3 shows the surface of the four series of samples. In sample A_0.1
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Figure 11.2: defectiveness in sample A_1, observed by SEM.

(Figure 11.3a) the sheets of fGO are evident, homogeneously distributed in
the coating, with dimensions that do not exceed 20-30 µm, as specified by
the supplier. As can be seen, increasing the quantity of flakes, the coating
tends to become darker and darker, so that already in the sample A_0.5 it
is difficult to clearly define the position of the graphene sheets.

Using the Leco Olympus PME3 optical microscope, which achieves
higher magnifications, it was possible to observe more clearly the mor-
phology of the filler inside the coating matrix, with the consequent ag-
glomeration phenomenon. The difference between the dimensions of the
discerned fillers in sample A_0.1 (Figure 11.4a) and A_0.5 (Figure 11.4b)
is evident. While the sample with lower fGO concentrations shows fillers
that do not seem to exceed 10 µm in size, the coating of sample _0.5 pos-
sesses real accumulations of sheets, which reach 50 µm in dimension. Ev-
idently these accumulations are due to the high concentrations of fillers
added to the bath, which cannot be avoided even with the functionaliza-
tion process previously introduced. Such a large difference in size between
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(a) sample A_0.1 (b) sample A_0.2

(c) sample A_0.5 (d) sample A_1

Figure 11.3: fGO distribution inside the coating of samples A_0.1 (a), A_0.2 (b), A_0.5 (c)
and A_1 (d).

the smallest and largest fillers in the same sample cannot represent an opti-
mal distribution of the fGO flakes. Fillers whose dimensions exceed those
of the thickness of the coating itself, such as that shown in Figure 11.4b,
can constitute a real defect. In fact, there is a risk that these accumulations
put the atmosphere and the substrate in direct contact. At the same time,
they could facilitate the development of corrosive phenomena, acting as a
cathodic point at the expense of the substrate, which being less noble than
graphene would act as the anodic side.

In addition to a different dimensional distribution of the fGO flakes,
the two images in Figure 11.4 show that sample A_0.5 also contains
a greater quantity of nanofillers inside its coating compared to sample
A_0.1. Thus, it can be asserted that a different amount of fGO added to the
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(a) sample A_0.1 (b) sample A_0.5

Figure 11.4: optical observation of fGO flakes inside the coating of sample A_0.1 (a) and
A_0.5 (b) at 500x magnification.

cataphoretic bath causes in all respects a different concentration of filler
obtained inside the electrodeposited coatings. This also explains the dif-
ferent colouring of the coatings, as shown in Figure 11.5, which appear
darker as a function of the increase in fGO amount.

Figure 11.5: samples appearance (4 cm x 5 cm).

Nevertheless, the best way to analyze the real distribution of the filler
in the acrylic matrix lies in the transmission mode observation of the coat-
ings. To exploit this technique, however, the entire sample observed must
be transparent. In this case, the coatings were deposited on a carbon steel
substrate, which does not respect these characteristics. In order to over-
come this issue and to exploit the transparency of the acrylic matrix, the
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coatings were therefore removed from the metal substrate by 100 h treat-
ment with hydrochloric acid aqueous solution (18 wt.%).

Thus, the coatings containing the fGO flakes were observed at the
stereomicroscope, whose images are shown in Figure 11.6.

Figure 11.6: dimensional distribution of the flakes inside the coatings, with relative stere-
omicroscope observation (in the inset).

The pictures clearly show a progressive increase of nanofillers (the
black structures) in the acrylic matrix with increasing amount of fGO
sheets added in the cataphoretic bath. As a consequence of the substrate
removal, it is also possible to observe flakes whose diameter is smaller than
10 µm. Furthermore, the good colour contrast between flakes and matrix
obtained with microscope observations facilitates quantitative analysis of
the nanofillers. The size distributions of the flakes in the different coatings



234
Chapter 11. Improving the performances of cataphoretic coatings

The optimization of filler concentration

were determined using the NIS-Elements Microscope Imaging software,
and the histograms are also presented in Figure 11.6. The parabolic dimen-
sional trend of the flakes is very similar for the three coatings containing
the graphene-based filler. Between 65% and 70% of the analysed sheets
show dimensions less than 5 µm, regardless of the sample studied. About
90% of the flakes are less than 10 µm in size.

The primary differences between the three coatings is apparent when
considering the distribution of larger particles, as highlighted by Ta-
ble 11.2, which summarizes the percentage values extrapolated from 10
image analyses per sample. Starting from the 25-30 µm range, it is clear
that the fraction of large particles increases with increased loading of the
flakes amount in the cataphoretic bath. The higher concentration of fGO
in the bath leads to agglomeration of nanofillers, some of which reach the
dimensional range of 70-75 µm for sample A_0.5. The coating analysis of
sample A_1 shows a very similar dimensional distribution trend, but also
a phenomenon very different from that found in the other samples. Layer
A_1 in fact possesses filler accumulations that have reached truly remark-
able dimensions, up to the 315-320 µm range. Furthermore, the count of
the observed flakes is much higher than the other coatings, explaining the
very dark coloring of sample A_1.

These agglomerated particles, although present in low numbers, repre-
sent sites for potentially dangerous defects in the coating because they are
much larger than the thickness of the composite layers. As shown in Ta-
ble 11.3, it is probable that the accumulations of nanofillers provide direct
connections of the substrate and the aggressive environment. They also
might result in an unfavorable galvanic couple with carbon steel owing to
the high electrochemical nobility of graphene. Furthermore, the increase
in nanofillers added in the cataphoretic bath is correlated with a decrease
in the thickness of the deposited layer, since graphene causes a decrease in
process yield, as discussed previously. While the dimensional distribution
trend of the nanofillers is almost identical for the four samples, high con-
centrations of flakes imply their tendency to aggregate, with a consequent
decrease in the performance of the coatings, as demonstrated in previous
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Table 11.2: flakes dimension distribution inside the cataphoretic coatings.

Sample
A_0.1

Sample
A_0.2

Sample
A_0.5

Sample
A_1

Diameter range [µm] Percentage [%]

0-5 64.35 67.51 68.63 66.19

5-10 23.09 21.86 18.88 12.95

10-15 8.59 6.49 6.53 6.12

15-20 2.43 2.25 2.75 3.74

20-25 1.06 0.92 1.39 2.41

25-30 0.28 0.51 0.77 1.77

30-35 0.16 0.20 0.38 1.26

35-40 0.04 0.08 0.33 0.98

40-45 - 0.06 0.12 0.68

45-50 - 0.07 0.07 0.49

50-55 - 0.01 0.06 0.42

55-60 - 0.03 0.06 0.37

60-65 - - - 0.26

65-70 - - 0.01 0.29

70-75 - - 0.01 0.18

... - - - ...

315-320 - - - 0.01

works [13,14].
In order to confirm these results about the filler distribution, the sam-

ples of the four series have been observed by SEM. The EDXS maps of
the silicon element were collected for distinguishing the GO sheets func-
tionalized with silanes from the polymer matrix (Figure 11.7). Looking at
Figure 11.7a and Figure 11.7b, it seems that the presence of fGO is very
limited. However, it is important to keep in mind that the depth of the sig-
nal in EDXS mapping analyses is only about 5 µm. The detected signals are
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Table 11.3: coating thickness, with relative largest nanofiller agglomeration detected.

Sample Coating thickness
[µm]

Largest nanofiller agglomeration range
[µm]

A 24.4 ± 1.4 0

A_0.1 26.6 ± 1.4 35-40

A_0.2 26.2 ± 1.3 55-60

A_0.5 22.6 ± 1.2 70-75

A_1 19.5 ± 1.2 315-320

not fully representative of the bulk of the coating, with thickness over 20
µm. In Figure 11.7c and Figure 11.7d, on the other hand, the silicon signal
is much more intense and distributed on the surface of the two samples.
It is evident that in the samples containing 0.5 and 1 wt.% of powder the
presence of fGO sheets has considerably increased but the sheets appear
agglomerated, forming areas of high concentration, with inhomogeneous
distribution.

The results of the EDXS study are in agreement with the images in
Figure 11.4 and with the flakes dimensional distribution analyses shown
in Figure 11.6. This is a proof that the functionalized graphene oxide can
therefore be kept in suspension into the cataphoretic bath, regardless of
its concentration, attracted to the sample surface, and incorporated into
the coating during the electrodeposition process. A high amount of filler
added to the cataphoretic bath involves a greater concentration of flakes
inside the final coating, but also unwanted agglomeration phenomena as
they are harmful to the performance of the composite layer. Consequently,
the quantity of fGO employed in the cataphoretic deposition represents a
determining factor for the realization of a performing and protective prod-
uct.
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(a) sample A_0.1 (b) sample A_0.2

(c) sample A_0.5 (d) sample A_1

Figure 11.7: Si EDXS maps of the four sample series: a) A_0.1, b) A_0.2, c) A_0.5 and d)
A_1.

11.3 Exposure in aggressive environment

The four series of samples were therefore monitored for a total of 500 hours
of exposure in the salt spray chamber, comparing them with sample A.

On the surface of the coatings, a cut of 1 mm width was made to create
a mechanical defect in the protective layer, forcing the development of cor-
rosive phenomena at the substrate-coating interface, as already done with
the previous studies.

Figure 11.8 shows the behavior of the five series of samples during the
test. In particular, the distance between the central notch and the blisters
appearance was measured and monitored. The greater the distance, the
lower the adhesion level of the coating, and consequently the absorption
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of the aggressive solution within the protective layer will be facilitated.

Figure 11.8: blister development during salt spray test exposure.

As can be deduced from the graph, there is a remarkable difference
in behavior between the samples containing 0.2 and 0.5 wt.% of fGO. For
example, in sample A_0.5 the protective properties already collapse at 100
hours of exposure, as the surface of the sample is almost completely cov-
ered by blisters. Paying attention to the fact that the samples are 40 mm
wide, 20 mm of distance from the central notch corresponds to the sample
edge. With such quantities of fGO added into the bath, the sheets tend to
agglomerate, as already observed in Figure 11.4b and Figure 11.7c, and
this phenomenon leads to a decrease in the protective capacity of the coat-
ing even in comparison with the sample A (without fGO). Therefore, a too
high powder quantity in the cataphoretic bath can cause a reduction in the
protective properties of the acrylic-based coating and this phenomenon
is indeed emphasized in the sample A_1, as can be seen in Figure 11.8.
These results are in fact in accordance with the previous forecasts made
by analysing the dimensional distribution of the fillers within the acrylic
layers. To obtain a beneficial contribution from the employ of fGO-based
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fillers, it is necessary to pay attention and add the right amount of powder
to the cataphoretic bath.

As a matter of fact, low fGO concentrations (0.1 and 0.2 wt.%) caused
an improvement in the protective properties of the polymer matrix, as
samples A_0.1 and A_0.2 showed greater corrosion resistance during the
exposure in the salt spray chamber compared to sample A. In controlled
and limited quantities, the presence of graphene sheets tends to effectively
limit the absorption of water, improving the coating behavior in an ag-
gressive environment. The remarkable difference in behavior between the
sample A_0.2 and the sample A_0.5 is due to several factors: a greater fGO
amount implies flakes aggregation phenomena and other defects, such as
the presence of bubbles due to the development of hydrogen during the
electrodeposition process, as reported in section 11.2. Furthermore, the
thickness of sample A_0.2 is higher, offering greater protection to the sub-
strate in aggressive environment.

In this regard, Figure 11.9 compares the best sample, the A_0.2, with
the one that offers the least guarantees from the point of view of corrosion
protection, i.e. the sample A_1, at the beginning and end of the test.

In particular, the images offer a focus on the notch and the coating de-
tachment at 500 hours of exposure. The difference in behavior of the two
samples is clear in terms of the quantity of blisters and the dimensions of
the corrosion products. The artificial notch in sample A_0.2 is well visible
even after 500 hours of exposure in the salt spray chamber, with limited-
sized corrosion products. In the sample A_1 instead, the corrosion prod-
ucts developed during the test have caused a non-negligible detachment
of the coating. According to the standard[575], an organic coating with
good adhesion to the substrate should show maximum detachment from
the notch area of about 1000 µm. In the case of the sample containing 1
wt.% of fGO this threshold value is slightly exceeded, confirming the poor
properties of the protective layer. Also sample A possesses a high detach-
ment of the coating, similarly to sample A_1.

In conclusion, the salt spray tests assess that the presence of an ade-
quate amount of fGO (0.2 wt.%) leads to a noticeable improvement of the
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Figure 11.9: samples A_0.2 (a-b), A_1 (c-d) and A (e-f) behavior in salt spray test.

properties of the acrylic matrix. A further increase in filler added to the
cataphoretic bath, however, causes a collapse of the properties of the com-
posite layer, whose performance in an aggressive environment may even
be lower than that offered by the pure polymer layer.

In addition to the coatings detachment as a consequence of the artificial
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notch, the development of blisters during the samples exposure provides
useful information about the barrier property of the composite layers. Fig-
ure 11.10 shows the blisters of the different samples, after 500 hours of salt
spray chamber exposure. These images are obtained thanks to the polar-
izing filter of the stereomicroscope.

The sample A_0.2 shows the lowest concentration of blisters, with
small dimensions. The fGO increasing from 0.1 to 0.2 wt.% leads to an
improvement in terms of contrast to the water absorption.

Afterwards, a further addition of fGO amount causes an increase of
blister density and size, with a corresponding decrease in the protective
properties of the coating (Figure 11.10c). Again, the sample containing the
greatest quantity of fGO shows the worst behavior, according to the high
density of blisters that uniformly cover the surface of the coating of sample
A_1 (Figure 11.10d).

Referring to the standard[575], the four series of samples have blisters
of size 2-3 and density 4-5. Despite relatively low values in dimension, the
degree of density is high, but it must be considered that 500 hours of salt
spray chamber exposure, in addition to the artificial notch, notably solicit
the development of corrosive phenomena, considerably stressing the coat-
ing. The same result is observed on sample A, confirming the severity of
the accelerated corrosion test. It is worth of noting that the sample A_0.2
shows a slight improvement both in size and density of the blisters, also
compared to the coating without fGO sheets.

This accelerated corrosion analysis confirmed that the filler agglomer-
ations, as a consequence of the addition of high quantities of fGO powder
in the cataphoretic bath, causes a decrease in the protective properties of
the composite coating. Small concentrations of fGO, however, seem to be
able to guarantee an increase in the performance of the acrylic matrix. In
particular, sample A_0.2, containing 0.2 wt.% of GO-N flakes, seems to
possess the best coating, which has shown a really promising protective
behavior during the salt spray chamber.
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(a) sample A_0.1 (b) sample A_0.2

(c) sample A_0.5 (d) sample A_1

(e) sample A

Figure 11.10: density and size of blisters in samples a) A_0.1, b) A_0.2, c) A_0.5, d) A_1
and e) sample A, after 500 hours of salt spray exposure.

Once again, to obtain quantitative data regarding the protective prop-
erties of the composite coatings, the samples were subjected to electro-
chemical measurements, in order to confirm what was observed by means
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of the accelerated corrosion tests.



244
Chapter 11. Improving the performances of cataphoretic coatings

The optimization of filler concentration

11.4 Electrochemical measurements

11.4.1 Electrochemical Impedance Spectroscopy measure-
ments

Figure 11.11 shows the Bode diagrams of the five sample types, after 48
hours of immersion in test solution.

(a) Bode Modulus

(b) Bode Phase

Figure 11.11: a) Bode Modulus and b) Bode Phase diagrams of the samples after
48 hours of immersion in test solution.
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In the Phase graph it is possible to observe the two typical time con-
stants representative of an organic coating with defectiveness[593]. The
first, at high frequencies, is related to the dissipation phenomena that oc-
cur through the protective layer, while the second, at low frequencies, is
representative of the coating-substrate interface, as already described in
the previous Section. These diagrams already highlight the considerable
difference in behavior between the different samples, among which the
sample A_0.2 shows significantly higher impedance values than the oth-
ers. This first result seems to confirm the previous assumptions regarding
the excellent performances of sample A_0.2.

As a preliminary analysis, it is sufficient to observe the variation of the
impedance modulus measured at low frequencies (10−2 Hz) over time,
defined as |Z|0.01, in order to define the degree of protection provided
by the coating. As previously described in section 10.4, in fact, a value of
|Z|0.01 equal to 106 Ω*cm2 is considered as a lower limit for the organic
coating that gives the right guarantees from the point of view of protection
against corrosion[590–592].

Therefore, to simply verify the behavior of the coatings containing fGO
compared to sample A, the variation of the module |Z|0.01 was recorded
during 680 hours of immersion in aggressive solution (Figure 11.12).

Sample A shows a high value of the starting module, slightly less than
108 Ω*cm2, which however collapses by almost 2 orders of magnitude
within 48 hours of testing. This behavior is typical of a coating whose
defectiveness is not negligible, as it leads, for example, to a fast absorption
of solution with consequent sudden decrease of the protective properties.
Because of this phenomenon, the downward trend reaches a plateau value
slightly lower than the threshold of 106 Ω*cm2, even for short exposures
in aggressive solution. The presence of fGO fillers in the acrylic matrix
provides a positive contribution, but not in all cases. The sample A_1, for
example, shows a value of |Z|0.01 which falls below this limit within 200
hours of testing. This again confirms the poor properties obtained with the
addition of 1 wt.% of fGO into the cataphoretic bath, even worsening the
characteristics of the industrial acrylic bath. The impedance spectroscopy
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Figure 11.12: impedance modulus |Z|0.01 evolution in time.

measurements therefore offer results that are in accordance with what was
previously observed by means of sample exposure in salt spray chamber
and fillers analysis inside the coatings. A real improvement of the coating
properties, in comparison with sample A, can instead be observed in the
presence of small percentages of the graphene flakes, in the sample A_0.1
and, above all, in sample A_0.2. In the latter case, |Z|0.01 never drops
below 108 Ω*cm2. A notable result, especially considering that, after 680
hours of testing, the value of the impedance modulus of the sample con-
taining 0.2 wt.% of fGO is three orders of magnitude higher compared to
the coating without graphene in it.

Actually, the correct amount of fGO flakes added to the cataphoretic
bath, equal to 0.2 wt.%, enables the significant improvement of the acrylic
matrix coating protective properties. This GO-N powder amount repre-
sents the percolation limit, beyond which the graphene sheets tend to ag-
glomerate, creating defects in the coating and resizing their properties of
corrosion protection.

As example to better understand the different behavior of the samples,
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Figure 11.13a shows the evolution in time of the Bode Modulus diagrams
of sample A, sample A-0.2 and A_1, during the immersion in the test solu-
tion.

(a) Bode Modulus

(b) equivalent circuit

Figure 11.13: a) evolution of the Bode Modulus diagram of sample A, A_0.2 and
A_1, and b) the equivalent circuit model used in the data fitting.

The behavior of the samples A_0.2 and A_1, respectively the best and
the worst, is compared with that of sample A, free of flakes. While the
sample containing 1 wt.% of fGO shows the properties collapse over time,
the coating of sample A_0.2 is able to offer excellent protection, even after
long exposures to the aggressive test solution.
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These EIS data can easily be fitted with the typical model made of
two time constants, already described, each of which consists of a constant
phase element (CPE – Q in Figure 11.13b) in parallel with a resistance. For
simplicity, the meaning of the different parameters that make up the model
chosen for fitting the EIS measurements data is introduced again. The re-
sistance of the first time constant is related to the pore resistance Rpore of
the coating, while the second is associated to the coating-substrate faradic
reactions[623]. In this model the capacities have been replaced with CPE,
because the complexity of the system has not allowed to associate non-
resistive phenomena with pure capacity. With this model, which is rep-
resentative of the real phenomena occurring in the system under study, it
was possible to fit the data obtained from impedance measurements, with
high precision and negligible errors.

Through the analysis of the data and the fitting with the previously
presented model it was possible to obtain the values of the different pa-
rameters. Table 11.4 shows the Rpore values evolution during the immer-
sion of the samples in the test solution. The trend of the values of Rpore re-
flects and confirms what has already been observed in Figure 11.12, with a
well-established hierarchy among the different samples. The defectiveness
of sample A_0.2 is very limited, and the coating offers high pore resistance.
The Rpore values of the coating A_1, on the other hand, collapse during the
first 50 hours of immersion, as symptom of a highly defective layer, which
does not offer the right protective guarantees. Samples A_0.1 and A_0.5
show better behavior than the pure acrylic matrix layer, but once again the
optimal fGO quantity seems to be represented by 0.2 wt.%.

Another interesting model parameter is represented by the CPE val-
ues of the dissipative phenomena of the coating: this parameter is indeed
very useful because it can be used to theoretically calculate the level of wa-
ter uptake of the protective layer, by means of the formula expressed by
Brasher and Kingsbury in 1954[624,625]:

φ = K
log(Ct/C0)

log(εw)

where φ is the water uptake content expressed as volume fraction, Ct
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Table 11.4: Rpore values of the five samples series.

Rpore [Ω*cm2]

Time [h] A A_0.1 A_0.2 A_0.5 A_1

3 6.85E+05 3.12E+06 1.53E+08 2.39E+07 8.38E+07

15 2.81E+05 5.05E+06 1.72E+08 4.92E+06 1.81E+07

48 3.45E+05 5.73E+06 4.21E+08 1.68E+06 9.34E+05

170 5.29E+04 5.40E+06 4.38E+08 1.08E+06 3.42E+05

340 2.25E+04 1.11E+07 1.50E+08 4.03E+05 9.70E+04

510 2.45E+04 1.28E+07 1.36E+08 2.56E+05 4.64E+04

680 1.44E+04 1.64E+06 7.86E+07 3.10E+05 2.97E+04

and C0 the capacitance at an instant t and the capacitance of the “dry”
coating at the beginning of the test, respectively, while εw is the water di-
electric constant. K considers the possible volume increase of the coating,
but it is usually taken equal to 1.

The values of C (Ct and C0) have been calculated with the formula:

C =
(Q ∗ R)

1
n

R

where Q is the parameter representing the value of the CPE, R the pa-
rameter of the resistance of the relative time constant, and n a factor whose
value allows to model the constant phase element. Since the value of n,
calculated by the data fitting, was found to vary in a very limited range,
between 0.96 and 1, the values of C over time were very similar to those of
Q, therefore representing a pure capacity.

By measuring the change in the value of the coating CPE (Q) during
the first 24 hours of immersion, it was therefore possible to calculate the
values of C and the evolution of the water uptake content in the organic
layer of the five series of samples. Table 11.5 summarizes the calculated
values of C of the five series of samples, while the water uptake results of
this analysis are shown in Figure 11.14.
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The trends are presented in the first 24 hours of test, since this is the
most sensitive period of time with regard to the possible absorption of
water by the coating.

Table 11.5: coating capacitance values of the five samples series during the first
24 hours of immersion.

Coating Capacitance [F/cm2]

Time [h] A A_0.1 A_0.2 A_0.5 A_1

0 1.70E-10 1.55E-10 1.86E-10 1.94E-10 3.55E-10

4 2.57E-10 1.47E-10 1.95E-10 2.32E-10 4.12E-10

8 3.40E-10 2.05E-10 1.99E-10 2.88E-10 4.40E-10

12 4.43E-10 2.64E-10 2.83E-10 4.10E-10 4.87E-10

16 5.45E-10 3.94E-10 3.26E-10 4.62E-10 6.80E-10

20 7.07E-10 3.82E-10 3.38E-10 5.43E-10 1.20E-09

24 1.50E-09 3.98E-10 3.40E-10 5.85E-10 2.08E-09

Sample A shows a constant absorption trend, higher than the 4 series
of samples containing fGO. Graphene flakes actually show a barrier effect
to the passage of ions and aggressive substances, since the absorption of
the solution by the composite coating appears reduced. Samples A_0.1
and A_0.5 undergo constant but limited solution absorption. The sample
A_0.2, on the other hand, does not absorb significant quantities during
the first 9 hours of immersion in aggressive solution. Subsequently, the
coating is susceptible to very limited suck up phenomena. Otherwise, the
sample containing 1 wt.% of fGO, after a first period of good resistance,
absorbs high quantity of solution due to the defectiveness introduced by
the fillers accumulations.

After 24 hours of immersion, the four series of samples have a trend
similar to what has already been observed in Figure 11.12: the sample
containing the largest quantity of fGO sheets is the worst, while the sample
A_0.2 greatly improves the properties of the protective layer.
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Figure 11.14: water uptake during the first 24 hours of immersion.

Figure 11.15 shows the coatings appearance of the five samples series
at the end of the test. While sample A_0.2 does not show macroscopic de-
fects, in the other samples it is possible to observe corrosion products in
large quantities, especially in the presence of a high fGO percentage. Such
corrosion products cover blister of high dimensions, symptom of relevant
solution absorption, as previously noted. These results are in agreement
with the data obtained by EIS measurements, as shown in Figure 11.12.
Since the electrochemical impedance measurements are very sensitive to
the presence of defects, the development of similar corrosion products ex-
plains the collapse of the values of |Z|0.01 during exposure in aggressive
solution.

Upon removing the corrosion products by stirring in citric acid solu-
tion (pH=3) for 2 hours, the blister interested area could be better observed
by SEM (Figure 11.16). These blisters can exceed 500 µm in diameter, due
to the volumetric growth of corrosion products that develop below the
coating, as shown in figure. Clearly, the presence of these large blisters is
associated both with the absorption of water due to defects in the coating,
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(a) sample A_0.1 (b) sample A_0.2

(c) sample A_0.5 (d) sample A_1

Figure 11.15: surface of sample a) A_0.1, b) A_0.2, c) A_0.5 and d) A_1, after 680
hours of immersion in test solution.

and the development of corrosion products, such as iron oxides, which
arise at the interface with the substrate. In general, they are a symptom of
defectiveness, poor adhesion and low protective properties of the coating.

Such macroscopic defects are not observable in sample A_0.2. This
represents a further tangible corroboration of the low level of defective-
ness of the layer containing 0.2 wt.% of fGO and of its excellent corrosion
resistance properties, superior to other types of coating.

Through the EIS measurements it was therefore possible to determine
the correct amount of filler to obtain the cataphoretic coating with the best
corrosion resistance properties. The results of these analyses are perfectly
in agreement with the outcomes of previous studies of salt spray chamber
exposure. However, it was not yet clear how GO-N flakes affected the
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Figure 11.16: blisters on the surface of sample A_0.5 observed by SEM, after
citric acid stirring treatment.

performance of the acrylic matrix. If the nanofillers provide a beneficial
barrier effect against the absorption of aggressive solution, it has not yet
been established whether the sheets of fGO modified the adhesion values
of the coating, helping to reduce the cathodic delamination phenomena.
Consequently, the samples were subjected to cyclic accelerated corrosion
methods and further finer electrochemical techniques to characterize in
more depth the contribution offered by the fGO flakes.

11.4.2 AC-DC-AC test

The AC-DC-AC method represents an accelerated cyclic test, consisting
of a combination of EIS measurements (AC) and cathodic polarisations
(DC), employed to study the adhesion between substrate and organic
coatings[576,626,627]. In the past, this characterization technique has also
been used for the optimization of the cataphoretic deposition process, up
to determining the best deposition voltages to get the higher anticorrosive
properties of an epoxy primer[554]. The AC-DC-AC method has proven to
be able to provide the same results obtainable with accelerated corrosion
techniques, such as salt spray test, but in even shorter times[576,626].

The different samples were therefore subjected to several AC-DC-AC
cycles, according to the model described in Figure 6.9, evaluating the
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evolution of the Bode impedance modulus measured at low frequencies
|Z|0.01. After several attempts, the measurement cycle was optimized by
choosing a cathodic polarization step duration of 20 min at -1V, in order
not to expose the samples to an overly aggressive environment and to ob-
tain meaningful results. As previous EIS measurements demonstrated the
inefficiency of the coating containing 1 wt.% of fGO, sample A_1 was no
longer examined. Subsequently, sample A_1 will be taken into considera-
tion only for the electrical conductivity measurements, to study the effect
of high amount of graphene-based fillers on the properties of the polymer
layer.

Figure 11.17 shows the results obtained during the first 10 test cy-
cles. The graph highlights an evident difference in behaviour between the
four samples: while the presence of 0.1 and 0.2 wt.% of flakes seems to
improve the performance of the cataphoretic coating, high quantities of
nanofillers (0.5 wt.%) instead cause a decrease in the resistive properties
of the acrylic matrix. This result confirms the previous assumptions relat-
ing to the danger associated with agglomeration phenomena of graphene-
based nanofillers, also in amounts equal to 0.5 wt.%.

The coating free of graphene sheets shows an almost constant
impedance modulus trend, with values settling on 107 Ω*cm2. Starting
from relative low impedance values, this sample is not particularly af-
fected by possible phenomena of delamination and development of cor-
rosion products.

On the contrary, the samples A_0.1, and above all A_0.2, confirm the
positive effect caused by the introduction of the fGO sheets in the acrylic
matrix, with initial values of |Z|0.01 higher than 108 and 109 Ω*cm2, re-
spectively. At the beginning of the test these two samples show a net de-
crease in the impedance modulus, reaching a plateau value in the first 10
cycles. Since EIS measurements are very sensitive, it is evident that a min-
imal defect or coating delamination phenomenon leads to a significant de-
crease in |Z|0.01. It should be considered, however, that the trend shown
by these two samples always looks better than that of the pure acrylic
layer, even in very aggressive conditions such as those simulated by the
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Figure 11.17: evolution of the Bode modulus |Z|0.01 during the AC-
DC-AC cycles.

cathodic polarization cycles at -1V.
Even if carried out in particular conditions simulating very aggressive

environments, the EIS measurements confirm a trend already observed
previously. Also in this case, small quantities of fillers, which do not pro-
duce defects due to agglomeration phenomena, provide a reinforcing and
protective contribution to the polymer matrix.

Once the cathodic delamination has taken place, with the formation of
small blisters, during the first test cycles, it seems that the real contribution
given by the fGO flakes lies in limiting the subsequent development of
corrosion products. Graphene-based nanofillers act mainly on diffusion
phenomena by slowing down the passage of water and aggressive ions in
the matrix, as well as electrical charges, which are crucial for the progress
of corrosion reactions. Moreover,these assumptions, following the results
shown in Figure 11.17, are in accordance with water uptake measurements
previously carried out (Figure 11.14).

The phenomenon of reduction and slowdown of the development of
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(a) sample A (b) sample A_0.1

(c) sample A_0.2 (d) sample A_0.5

Figure 11.18: optical stereomicroscope observations of the blister at the end of
the AC-DC-AC test.

corrosion products can be well assessed in Figure 11.18. The stereomicro-
scope images represent the blisters observed at the end of the test on the
surface of the four samples.

The presence of the nanofiller causes a decrease in the blisters size,
whose diameter goes from 800± 45 µm in the case of the fGO-free coating,
to only 100 ± 10 µm dimension for sample A_0.2. A further increase in
the flakes concentration, on the other hand, enables a sudden increase in
the size and number of corrosion products, as observed on the surface of
sample A_0.5.

Figure 11.19 points out the causes that led to the development of high
concentration of corrosion products in sample A_0.5. It is no coincidence
that the blister, and the subsequent corrosion products, developed in in
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close proximity to large flakes accumulations. These defects, highlighted
in the image, exceed 50 µm in size and probably represent a metal sub-
strate corrosion trigger site by means of galvanic coupling phenomena.
Many of the corrosion products observed on the surface of sample A_0.5
show similar features, confirming these assumptions.

Figure 11.19: fGO accumulations close to blister and corrosion products
in sample A_0.5.

The large blisters of this sample explain the very low values of the
|Z|0.01 trend shown in Figure 11.17. The defectiveness introduced by the
flakes agglomerations causes the value of the impedance modulus to be
lower than 107 Ω*cm2 even before any cathodic polarization step. This de-
fect in the composite layer also facilitates the absorption of test solution,
with consequent strong development of corrosion products. The test was
stopped after 10 cycles, as the |Z|0.01 of the samples reached a plateau
value, while sample A_0.5 showed impedance modules below the protec-
tive threshold value of 106 Ω*cm2.
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The AC-DC-AC method confirmed the trend about the protective per-
formance of the different sample series, but was unable to provide useful
data for studying the effect of nanofillers on the cathodic delamination
of the cataphoretic layers. To better analyse the contribution of the fGO
flakes, therefore, the samples were subjected to SKP measurements.

11.4.3 Scanning Kelvin Probe measurements

SKP is one of the most effective techniques in the study and characteri-
zation of organic coatings adhesion levels[628]. This method of analysis
is so sensitive that it is able to evaluate the effect of the protective layer
roughness or the texture of the metal substrate on the adhesion properties
of the coating itself[577]. Furthermore, studies have been carried out on the
contribution provided by multiwalled carbon nanotube[580] and graphene
nano-platelet[629] if added to polyurethane and polyvinylbutyral matrices,
respectively: the dispersion of these carbon-based additives has proved to
improve the adhesion of the composite layer, limiting its permeability and
blocking the transport pathways of water and oxygen molecules through
the coating.

In this thesis, the SKP was used to investigate the effect of fGO con-
tent on the cathodic delamination of the cataphoretic acrylic composite
coatings from the carbon steel substrates. Figure 11.20 shows the SKP po-
tential profiles of the four coated samples with different graphene-based
nanofiller contents as a function of time. The SKP profiles are character-
ized by two potential levels: the lower potential on the left is related to
the defect zone, and the higher potential on the right is associated with the
intact coating[578,630]. The position of the potential jump defines the exact
location of the delamination front. The progress of the cathodic delamina-
tion front is therefore monitored by tracking the location of the potential
step as a function of time, as summarized in Figure 11.21 for the different
types of coatings.

The fGO flakes clearly have a large effect on the cathodic delamina-
tion process. After 36 h of exposure in the SKP chamber, the delamina-
tion front of the pure acrylic matrix coating reached 1800 µm of distance
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(a) sample A (b) sample A_0.1

(c) sample A_0.2 (d) sample A_0.5

Figure 11.20: SKP potential profiles of acrylic coated carbon steel sample with
different amounts of fGO flakes measured with 3.5 wt.% NaCl solution as a func-

tion of time.

from the first measurement. In contrast, the addition of 0.2 wt.% of fGO
nanofillers caused a substantial decrease in the progress of the delamina-
tion front, which reached only 1000 µm at that time. This optimum flake
content therefore resulted in a 45% reduction relative to the coating with
no nanofillers added. Smaller benefit was observed in the coating contain-
ing 0.1 wt.% fGO because of insufficient content and 0.5 wt.% fGO because
of the defects associated with agglomerates described above.

The non-linear trend in Figure 11.21 suggests that the cathodic delam-
ination process is limited by the oxygen reduction rate at the local cath-
ode within the delaminated zone under the coating[580]. Graphene-based
nanofillers, in fact, block transport of oxygen within the composite layer,
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Figure 11.21: delamination front positions of acrylic composite coated
carbon steel samples with different fGO contents as a function of time,
determined from the SKP potential profiles presented in Figure 11.20.

making the pathway of the molecules much more complex. Since the oxy-
gen reduction reaction plays a fundamental role in the development of ca-
thodic delamination processes[631,632], these are slowed down by the bar-
rier effect of the flakes dispersed in the acrylic matrix. As water molecules
could lead to an increase of the interfacial free volume due to polymer
swelling, causing the deterioration of the interfacial adhesion[633,634], the
nanofillers achieve an improvement in the adhesion between the acrylic
matrix and the substrate thanks to the reduction of absorbed water.

The electrochemical characterization techniques, such as EIS measure-
ments, AC-DC-AC cycles and SKP method, have demonstrated in dif-
ferent ways the importance of the contribution given by functionalized
graphene oxide fillers, whose flakes improve the corrosion protection of
the cataphoretic coating, reducing its permeability and increasing its resis-
tance to cathodic delamination. Once it was established that GO-N fillers
are able to provide a decisive contribution to the protective performance
of acrylic cataphoretic coatings, the work focused on the effect introduced
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by these powders on other properties of the polymer matrix. During the
design of this thesis, in fact, the graphene-based fillers were chosen to take
advantage of several of their remarkable features. Corrosion protection
property is a fundamental aspect for a protective coating, but graphene
represents a promising material to obtain further performance from the
composite coating.
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11.5 The fGO effect on the coatings electrical
conductivity

Graphene has so far been characterized from a ’protective’ point of view.
In fact, the remarkable barrier effect provided by graphene-based flakes,
which was discussed extensively in chapter 4, has been analysed from dif-
ferent points of view and confirmed by accelerated corrosion analysis and
electrochemical tests.

Graphene, however, possesses several excellent properties. This thesis
is intended to exploit the different features of this innovative material, not
limited to the purely protective aspect. The aim is to obtain smart coatings
taking advantage of the different graphene properties.

As previously introduced in chapter 2, graphene represents one of the
materials that possesses the highest intrinsic electrical conductivity[2].

To verify the effect of the fGO presence on the electrical properties of
composite coatings, the samples were subjected to conductivity measure-
ments. The standard about conductivity study of insulating materials[581]

has been set as reference, contacting the surface of the samples with two
electrodes, as shown in the scheme in Figure 11.22.

Figure 11.22: conductivity measurement setup [cross view].

As the coatings are deposited on a conductive substrate, the current
flow during the measurement will occur mainly in the vertical direction,
to pass more easily in the metal substrate, and re-emerge near the counter
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electrode, as shown by the red path in Figure 11.22. This procedure, there-
fore, measures the resistance to the passage of charge in the vertical direc-
tion (y axis), allowing to understand the effect given by the presence of the
flakes of fGO.

Table 11.6 shows the resistivity values measured by conductivity tests.
The Volume resistance R was obtained by the ratio between the value of
the applied voltage V between the two electrodes and the measured cur-
rent I, following the first Ohm’s law.

Table 11.6: volume resistivity measurements, carried out applying 10 V.

Sample
Measured
current I

[A]

Volume
resistance R

[Ω]

Volume
resistivity ρ

[Ω*cm]

Normalized
volume

resistivity

A 1.20E-10 8.33E+10 6.97E+12 1.00

A_0.1 4.00E-11 2.50E+11 2.24E+13 3.21

A_0.2 4.00E-11 2.50E+11 1.53E+13 2.20

A_0.5 4.00E-11 2.50E+11 2.32E+13 3.32

A_1 1.00E-07 1.00E+08 7.43E+9 1.06E-3

The Volume resistivity ρ was calculated according to the formula ex-
pressed in the ASTM D257-07 standard[581]:

ρ = R ∗ A
t

where A is the sum of the surfaces of the 2 electrodes, and t is twice the
thickness of the coatings (the distance that the current must travel inside
the polymeric layer).

As can be seen in Table 11.6, the calculated R values for the samples
A_0.1, A_0.2 and A_0.5 are very high, even higher than sample 0. Prob-
ably the value of I was as so low as the lower limit measurable by the
potentiostat.
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This phenomenon is probably due to the distribution of fGO sheets
within the coating, favouring the conductivity in the x direction but con-
siderably reducing the current passage on the y axis. Graphene, in fact,
possesses high conductivity along the basal plane, while it opposes resis-
tance in a direction perpendicular to the surface of the flakes. The orien-
tation of the flakes in the protective layer is indeed a crucial aspect, as the
properties of graphene are highly anisotropic. Moreover, this deduction is
supported by the water uptake measurements: in section 4.4 it has been
reported that the flakes barrier effect is optimized if they are horizontally
distributed, aligned perpendicular to the diffusion direction[517–520]. Since
both the water uptake percentage and the vertical conductivity measure-
ments decrease in the presence of fGO, it can be assumed that these are
horizontally oriented or randomly distributed within the coating.

Since the three coatings containing the fGO flakes showed similar be-
havior, with no appreciable differences in performance, the sample A_1
was also subjected to these conductivity measurements, despite having
demonstrated that it was unable to offer corrosion protection guarantees.

Sample A_1 shows a different result, with a value of R decreased by
almost 3 orders of magnitude compared to the coating without fGO. In
this case the current flow is favoured along the y axis probably due to the
accumulation of graphene flakes and, above all, a high level of defective-
ness, which allows the coating upper surface to be in direct contact with
the metallic substrate. This explanation rests on what already observed
with the flakes dimension analysis (Figure 11.6) and SEM-EDXS mapping
(Figure 11.7) and the poor protective properties of the coating containing 1
wt.% of fGO flakes, pointed out by both EIS and salt spray exposure tests.
The increase in conductivity along the y axis in this case is the result of
the high level of defectiveness, and not a benefit given by the presence of
graphene.

The conductivity measurements underline again that the optimized
amount of fGO in the cataphoretic bath enables the improvement of the
protective properties of the composite coating, contrasting the passage of
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aggressive ions in the direction of the substrate. However, the sheets dis-
tribution represents a fundamental requirement: graphene flakes must be
homogeneously distributed within the polymer matrix and they must not
agglomerate, as observed, for example, in sample A_1 and, partially, in
sample A_0.5.

While the contribution of fGO flakes in counteracting the passage of
electrons and ions in the direction of the substrate has been confirmed,
their effect on the planar conductivity of the coating is still unclear. The
measurement of a planar conductivity level of the composite layer seems
to be very difficult, since the presence of the substrate is predominant.
However, even removing the underlying carbon steel plate, as done for
the flakes dimensional analysis, evidently the nanofillers are not able to
increase the conductivity of the acrylic matrix, as the flakes percolation
level has not been reached. The sheets of fGO, not being in contact with
each other into the acrylic matrix, therefore not being able to make an in-
terconnection within the polymer, cannot significantly alter the bulk con-
ductivity properties of the composite coating.

Definitely, to obtain a good level of fillers percolation, it would be nec-
essary to employ larger quantities of flakes, to the detriment of the in-
tegrity of the coating and its protective performance.
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11.6 How the fGO affect the coating abrasion re-
sistance

Graphene is often employed in the manufacture of protective coatings
with high abrasion resistance, both as a single monolayer[582] and as a
nanofiller for composite coatings[583–585]. In fact, strong mechanical re-
sistance and excellent lubricating properties are remarkable features pos-
sessed by graphene, and often required in coatings that have to resist cer-
tain stresses or maintain their integrity in particularly aggressive environ-
ments.

In addition to the conductivity properties, graphene flakes were there-
fore used to improve the abrasion resistance of acrylic cataphoretic coat-
ings. The fGO fillers performances have been evaluated by means of
Atomic Force Microscopy (AFM) analysis and particular wet abrasion tests
specially designed for organic coatings.

11.6.1 Scratching AFM analysis

Atomic Force Microscopy (AFM) in scratching mode represents an effec-
tive tool in the characterization of coatings adhesion. This technique en-
ables the evaluation of both the contribution of the pre-treatment carried
out before the deposition[586,635], and the degradation of the layer itself in
environmental exposure[588].

Since the coatings of the four types of samples are too thick to study
their delamination with AFM analysis, this technique has been used for the
characterization of the composite layer degradation, by means of scratch-
ing mode AFM scans on the coatings surface. Therefore, the different be-
haviour of the acrylic matrix and the fGO flakes was assessed when sub-
jected to abrasion phenomena simulated by the AFM tip. The analyses
were carried out only on sample A_0.5, as it allowed to observe the be-
haviour of flakes accumulations on the surface of the coating, but also to
evaluate the contribution of individual nanofillers. In this study, sample
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(a) top view

(b) 3D reconstructed image

Figure 11.23: surface topography of sample A_0.5 after scratching the surface with a first
50 µm by 50 µm scan area at a set-point voltage of 4 V, and a subsequent 100 µm by 100

µm scan area at a set-point voltage of 0 V: (a) top view and (b) 3D image.

A_1 was not considered, as it has been widely demonstrated that it is not
able to provide adequate protective properties.

First of all, the behaviour of an fGO agglomerate was studied and com-
pared to the performance of the acrylic matrix. As shown in Figure 11.23a,
a scan of 50 µm by 50 µm was carried out near an accumulation of flakes
using a set point voltage of 4 V, which represents a large interaction force.
Subsequently, a larger area of 100 µm by 100 µm was scanned at set point
equal to 0 V, to determine the depth of abrasion caused by the previous
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Figure 11.24: detail of the abrasion front, with related profile analysis.

high force scan. The raised region that is lighter in color represents the re-
gion of a nanofiller agglomerate, which does not seem to have been partic-
ularly affected by the 4 V set point scan based on the smooth profile of the
topograhic mound in the scratched an unscratched region. In contrast, the
polymer matrix which is red in this image, exhibits a clear step at the end
of the rastered area. This is also evident in the 3D image of Figure 11.23b.

Quantitative assessment of the matrix and nanofiller regions resulting
from AFM scratching is provided in Figure 11.24. Again, a clear demarca-
tion of the end of the area rastered with a high force is evident in the AFM
topographic image. Linescans along the two dashed lines in the image are
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also provided in Figure 11.24. Because of the roughness of the rastered
nanofiller region, a clear step at the end of the region is not evident. How-
ever, careful analysis indicates a step in the matrix (without flakes) of
about 0.3 µm of at a location of about 75 µm in the profile. In contrast, the
profile on the agglomeration does not show any step associated with the
end of the rastered region. This first analysis confirms a notable response
difference between acrylic matrix and graphene-based filler agglomerates
during micro abrasion by AFM scratching. The removal of polymeric ma-
terial is clear and evident, while the flakes accumulation does not seem to
be affected by the passage of the AFM tip.

In order to further underline the best abrasion resistance of the fGO
flakes, another 30 µm by 30 µm sample area was subjected to 60 consecu-
tive scratching scans, applying 4 V set point. Subsequently a single 50 µm
by 50 µm scan was carried out at 0 V set point, obtaining the 3D reconstruc-
tion image of Figure 11.25. The box shows the deep step created following
repeated scans with the abrasive tip, which dug deep into the composite
coating. In this test, the sample was subjected to very intense and repeated
abrasion efforts, which caused the high removal of material shown in the
figure. However, an accumulation of fGO flakes demonstrated a markedly
different abrasion resistance respect to the acrylic matrix.

Figure 11.25: 3D surface topography of sample A_0.5 after subjecting the surface to 60
scratching scans at a set-point voltage of 4 V. On the right, focus on the deep step due to

the sequence of abrasive scans.
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The highly resistive behavior of the nanofillers is highlighted by the
profile analysis shown in Figure 11.26. The first analysis, carried out near
the acrylic matrix (orange line), features a step with a depth of approxi-
mately 2 µm. On the other hand, the accumulation of fGO analysed along
the blue line shows a different profile, with a less marked abrasion line.
The step is less defined, exhibiting a gradual abrasion phenomenon, with
the material removal that increases moving away from the accumulation
site of the flakes. The material abrasion near the nanofillers relates to the
presence of polymer matrix surrounding the fGO accumulation, while the
flakes are not particularly affected by the passage of the AFM tip.

Figure 11.26: top view of the abraded area, with related profile analysis.
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This second analysis further confirms the strong abrasion resistance
provided by graphene-based fillers, even better than what was shown in
Figure 11.24. In this case, in fact, the sample was subjected to very high
and repeated abrasion efforts, to differentiate more clearly between the
performance of the acrylic matrix and the fGO fillers.

However, this behavior is the result of multiple scratching scans,
which does not provide information relating to the evolution of surface
tomography over time. Furthermore, the behavior of an agglomeration of
nanofillers can be very different from the response provided by individ-
ual graphene-based sheets. The adhesion of the fGOs after agglomeration
can in fact offer better abrasion resistance than the single nanofiller in the
polymer matrix.

The topographic evolution of the surface of sample A_0.5 was moni-
tored during 60 scans over a region of 70 µm by 70 µm a set point of 3 V,
which also represents a high force. Figure 11.27 shows scans of an area
with two flake agglomerations, but also single dispersed nanofillers.

Figure 11.27: surface topography evolution of sample A_0.5 after scratching the surface
with several 70 µm by 70 µm scan area at a set-point voltage of 3 V.
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These single dispersed flakes become more evident as the number of
AFM scans increases. The acrylic matrix is easily degraded by the continu-
ous passage of the abrasive tip. The morphology of the two accumulations
also evolves over time, due to the removal of the surrounding polymeric
material. However, after 60 scans, high and defined peaks are still clearly
visible, demonstrating the strong abrasion resistance of fGO agglomera-
tions. This analysis is in accordance with what was previously shown in
Figure 11.24 and Figure 11.26, confirming a clear difference in wear behav-
ior of the agglomerated nanofiller compared to the acrylic matrix. Unlike
the polymeric material, the fGO agglomerations offer high resistance to
removal by AFM scratching.

After rastering the surface 60 times, an expanded region 100 µm by 100
µm in size was mapped at the low setpoint of 0 V set point. The 2D and 3D
images in Figure 11.28 show the 1.3 µm step at the edges of the rastered
region that was created as a result of the abrasion of the polymer surface
during the repeated passage of the tip.

Figure 11.28: 3D surface topography of sample A_0.5 after scratching the surface with
a 100 µm by 100 µm scan area at a set-point voltage of 0 V. On the left, focus on the

performance of individual fGO flakes.

The magnified image in Figure 11.28 shows the presence of individ-
ual fGO sheets protruding from the surface, indicating the strong resis-
tance of individual flakes to abrasion by the tip. This analysis confirms
that the graphene-based flake offers high mechanical resistance not only
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as consequence of agglomeration processes, but also as single reinforcing
nanofillers, which are not removed by the AFM tip, while the acrylic ma-
trix is easily removed.

These measurements highlight and confirm the high abrasion resis-
tance of graphene-based fillers on a microscopic scale. However, the AFM
technique in scratching mode offers no information of how flakes affect
the abrasion behaviour of the composite coating on macroscopic level. The
samples under examination were therefore subjected to scrub test analysis,
to study the macro abrasion resistance properties of cataphoretic acrylic
coatings with fGO nanoparticles.

11.6.2 Wet abrasion test

As already exhaustively defined, graphene is often used as a reinforcing
filler in polymeric matrices, such as epoxy[636] or polyurethane[637] resins,
but also in magnesium-based metal alloys[638], creating coatings with high
wear and wet abrasion resistance.

Pencil hardness[639,640], mechanical testers[460,641,642], sandpaper fric-
tion tests[643–648], abrasive falling methods[649], rubber testers[650] and
Taber abrasion analyses[651–653] are normally the most used techniques for
assessing the impact of fillers on the abrasion resistance of organic coat-
ings. However, these methods often offer results of difficult interpreta-
tion, which only partially simulate real abrasive processes. In this thesis,
therefore, the scrub test was used: it represents an innovative and versa-
tile technique, which allows to simulate abrasion phenomena of different
magnitude.

The scrub test is one of the most reliable testing procedures in the
characterization of the mechanical properties of organic-based compos-
ite coatings. This approach is based on different types of techniques[654],
which allow to evaluate the layers’ hydrophobic performance[655], as well
as their antibacterial properties[656–658]. Finally, this particular methodol-
ogy enables the determination of the reinforcing effect of pigments[659] and
inorganic[660] and organic[661] fillers on the mechanical strength of com-
posite coatings.
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Despite the extensive use of graphene derivatives as a reinforcing filler
in polymer-based coatings, studies that characterize the contribution of
graphene, GO or fGO additives on the abrasion resistance performance of
composite layers by means of the scrub test have not been reported. This
work therefore also aims to assess the mechanical properties of the fGO
flakes by exploiting for the first time a well-established methodology for
the characterization of the abrasion resistance performance of polymer-
based coatings.

The wet abrasion resistance of the coatings was assessed by subjecting
the samples to wear cycles caused by an abrasive pad (3 cm x 8 cm x 1 cm),
with the support of 2.5 g/L sodium n-dodecylbenzenesulfonate solution.
The weight loss of the samples was monitored every 200 abrasion cycles,
calculating L, the loss in coating mass per unit area from:

L = (m0 −mn)/A

where m0 and mn are the sample’s initial mass and the mass after the
nth cycle, respectively, while A represents the area traversed by the scrub
pad over the coating’s surface. The trend of L can be used as a quantitative
evaluation of the fGO concentration contribution to the abrasion of the
composite coating. Figure 11.29 highlights the mass loss evolution as a
function of the abrasion cycles number.

A well-defined trend is evident: the increase in fGO content causes a
monotonic decrease in the coating mass loss during the complete sequence
of the wet abrasion cycles. All four series of samples exhibit a higher abra-
sion rate during the first 400 test cycles, but then subsequently a lower
rate of mass loss is observed. The lower rate of mass loss in the samples
containing the fillers can be explained by enrichment of the fGO flakes at
the surface, which provide also a self-lubricating effect. A small amount
of filler is enough to introduce an improvement in the abrasion resistance
of the acrylic matrix. The beneficial effect of the functionalized graphene
oxide flakes is more marked by increasing the filler concentration. This re-
sult is in accordance with what was shown above with the micro-abrasion
analysis by AFM scratching test: the fGO flakes, both individually and
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Figure 11.29: loss in coatings mass per unit area, as a function of the
abrasion cycles number.

as agglomerates, offer good resistance to abrasion, both at the micro and
macroscopic levels.

After 1000 abrasion cycles, the protective properties of the coatings
was assessed with EIS, and the results were compared with the measure-
ments carried out before the scrub test. Figure 11.30 shows the variation of
the Bode impedance modulus |Z|0.01 before and after 1000 scrub abrasion
cycles.

The defectiveness introduced in the coatings due to the friction with
the abrasive pad caused a decrease in the impedance module, as expected.
As observed in Figure 11.30, however, the fGO flakes addition into the cat-
aphoretic bath enhances the protective properties of the acrylic matrix: the
decrease in |Z|0.01 is in fact less evident by increasing the graphene-based
fillers amount. Sample A_1 represents the only exception, but this coating
had already shown in Figure 11.12 a sudden collapse of the impedance
module after a few hours of exposure to aggressive solution.
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Figure 11.30: Bode impedance modulus |Z|0.01 before and after the scrub test.

Furthermore, the barrier effect provided by the optimized amount of
fGO sheets significantly improves the performance of the coatings, regard-
less of the abrasion phenomena: for example, sample A_0.2, after the 1000
scrub cycles, possesses higher |Z|0.01 values even than the intact acrylic
coating (sample A at scrub cycle 0). The increase in coatings’ corrosion pro-
tection properties is closely related to their performance in wet abrasion
processes: the graphene-based fillers, exerting high mechanical resistance
in contact with abrasive material, promote the durability of the coatings
and their long-term protective behaviour.

Although the abrasion cycles caused a different weight loss among the
samples, the surface morphology of the four series of coatings after the
scrub test appears similar. In fact, the abrasive pad, in continuous motion
on the coatings’ surface, produced homogeneous abrasion and material
removal. Figure 11.31a shows, for example, the surface of sample A_0.1
observed with the stereomicroscope after 1000 scrub test cycles.
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Figure 11.31: optical stereomicroscope (a) and SEM (b-c) micrographs of sample A_0.1
surface morphology after the 1000 scrub test cycles.

The upper part of the image represents an area of the coating not sub-
jected to the scrub test, and the lower darker part shows the clear lines of
abrasion due to rubbing with the abrasive pad. SEM observations of the
scrubbed area (Figure 11.31b) highlight the homogeneity of the abrasive
process: the sample possesses an irregular surface morphology, consisting
of clear linear grooves. These grooves carved by the abrasion cycles are
constant over the entire surface that came into contact with the brush, in
the direction parallel to the movement of the pad. A higher magnifica-
tion image (Figure 11.31c) enables the measurement of the groove widths.
The largest grooves are 10 µm wide, indicating that the coatings suffered
from aggressive abrasion processes, with high material removal. How-
ever, the scrub test did not result in the exposure of the metal substrate,
as all the coatings have thicknesses greater than 19 µm, as summarized in



278
Chapter 11. Improving the performances of cataphoretic coatings

The optimization of filler concentration

Table 11.1. In fact, the |Z|0.01 values of the composite coatings after 1000
abrasion cycles, shown in Figure 11.30, are still higher than the protection
threshold value of 106 Ω*cm2 that is considered to be protective[590–592].
Only sample A_1 possesses very low impedance values, due to the large
intrinsic defectiveness of the coating.

Finally, Figure 11.32 shows an SEM image of sample A_0.2 after 1000
abrasion cycles. It is still possible to observe several fGO flakes on the
surface. Despite the material removal during the scrub test, the graphene-
based fillers still seem to be anchored to the coating. As was observed with
AFM analyses, the sheets offer high abrasion resistance at the microscopic
level, which affects the macroscopic performance of the composite coating.
The high mechanical strength of graphene also enables the partial protec-
tion of the acrylic matrix surrounding the flakes, decreasing the mass loss
of the coating due to the abrasion and improving the protective perfor-
mance of the composite layer. Graphene-based reinforcing fillers therefore
demonstrate to improve both the corrosion protection and abrasion resis-
tance properties of polymer-based cataphoretic coatings.
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Figure 11.32: SEM micrograph of a fGO flake in sample A_0.2 after the scrub test.

11.7 Conclusions

This chapter demonstrates through different characterization techniques
the great protective contribution that graphene-based fillers can provide
in cataphoretic deposition applications.

Unfortunately, a high filler amount involves the flakes agglomeration
in the acrylic matrix, despite that GO sheets have been effectively func-
tionalized with organosilanes. Furthermore, the excessive presence of
graphene leads to the development of hydrogen bubbles during the elec-
trodeposition process, with consequent defectiveness in the coating.

However, limited uses of fGO sheets produce beneficial effects on the
performance of composite coatings. The 0.2 wt.% of flakes proves to be
the optimal filler amount to reinforce the acrylic matrix, as evidenced by
several tests.

For example, the samples exposure in salt spray chamber highlighted
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a different behaviour among the coatings. Sample A_0.2 showed limited
quantity, density and size of blisters, with higher coating-substrate interfa-
cial stability than the graphene-free layer. On the other hand, the increase
in filler amount has caused a decrease in the performance of the coatings
in an aggressive environment.

Several electrochemical techniques have confirmed the great protec-
tive contribution offered by the 0.2 wt.% of fGO flakes. The corrosion pro-
tection properties of sample A_0.2 appeared very high, as evidenced by
the electrochemical impedance measurements: after 680 h of immersion in
the test solution, the impedance modulus |Z| was more than 3 orders of
magnitude higher than that of the sample A, and always higher than 108

Ω*cm2. Considering the water uptake level measured by EIS data fitting,
it was possible to verify that the presence of fGO flakes effectively con-
trasts the absorption of water and aggressive ions. Moreover, the AC-DC-
AC cycles showed that the correct amount of filler enables the improve-
ment of the acrylic matrix protective properties, providing an effective bar-
rier effect that counteracts the absorption of solution and aggressive ions.
This protective process has been also confirmed by SKP measurements,
which have demonstrated the significant contribution of graphene-based
fillers in decreasing possible cathodic delamination phenomena of the cat-
aphoretic coating.

Graphene sheets also play a key role in influencing the conductivity
properties of the composite coating: since flakes show highly anisotropic
behavior, the flow of current within the polymer layer depends strongly
on their orientation. The barrier effect to the passage of aggressive ions is
accompanied by the contrast of current flow in the direction of the metallic
substrate, unless the accumulation of flakes is not high enough to favour
the vertical conductivity of the coating, as in the case of sample A_1. This is
a feature to be held in great consideration for the realization of smart coat-
ings: while small concentrations of fillers counteract the motion of charg-
ers within the layer, high contents of flakes cause a substantial increase in
the conductivity of the polymer matrix.

In addition to increase the protective performance of the cataphoretic
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coating, graphene flakes can also improve the abrasion resistance of the
acrylic matrix. At the microscopic level, the fGO flakes have shown high
mechanical resistance to the passage of abrasive products. The AFM tech-
nique in scratching mode highlighted the excellent performance of the
fillers both as single flakes and as agglomerates. Furthermore, the ef-
fects caused by the use of graphene-based fillers are also evident from a
macroscopic point of view: the scrub test measurements have underlined
an improvement in the abrasion resistance of the coatings containing the
fGO flakes, which oppose to the rubbing phenomena, providing a proba-
ble self-lubricant contribution.

Ultimately, graphene-based fillers, if employed in the correct concen-
tration, can offer a double protective valence. The good abrasion resis-
tance of the fGO sheets is reflected as a consequence in better protective
performances of the coatings also in electrochemical phenomena such as
cathodic delamination and corrosion processes. The different features of
the graphene-based fillers, from corrosion protection, to conductivity and
anti-abrasion performance, will therefore be exploited in the next, last,
chapter of this thesis, aimed at creating multi-layer and multi-functional
coatings.
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12.1 Abstract

This last chapter represents the conclusion of the research project. The
thesis aims to combine the features of the cataphoresis process with the re-
markable properties of graphene-based fillers and exploit the opportunity
given by the proper graphene functionalization to optimize the properties
of the obtained nanocomposite coatings.

The fGO flakes have shown to possess several features that can be ex-
ploited for the realization of multifunctional coatings. This last chapter
aims to show the combination of two different deposition processes, with
the scope of creating double-layer coatings. Each layer, being reinforced by
a different type of graphene-based filler, possesses unique properties and
therefore distinct functional purposes, making the coating multifunctional
or ’smart’.

The samples of this last work are summarized in subsection 6.2.4.
Moreover, the results achieved with this work are remarkable and there-
fore have been published in Materials[662].
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12.2 The deposition of double-layer coatings

Table 6.6 in chapter 6 summarizes the six series of samples characterized
in this study.

The first, called C, was deposited from the pure acrylic bath. The sec-
ond, labelled CfGO, was instead reinforced introducing fGO flakes in the
cataphoretic bath following the optimized conditions presented in chap-
ter 11 and published in two different works[595,622] where the addition
of 0.2 wt.% of fGO in the cataphoretic bath was proven to significantly
improve the protective performance of the acrylic matrix. Therefore, the
fGO powder was added into the cataphoretic bath, which was stirred for
30 minutes with an ultrasound probe to facilitate the distribution of the
graphene-based filler. During the deposition of both C and CfGO sets of
samples, the process parameters have been kept constant. An applied volt-
age value of 75 V was used for the duration of 2 min, while the subsequent
curing was carried out in oven at 140 ◦C for 45 min, for all the samples.

Coatings were also deposited by means of the spray technique. A layer
labelled S was made with the commercial acrylic-based paint, as speci-
fied by the supplier, while SG coating was deposited by adding 1 wt.% of
graphene powder (G) to the acrylic paint. The coating SG was prepared
with a large amount of graphene in order to achieve good conductivity
properties. The resin-filler mixture was subjected to 30 min of stirring with
an ultrasound probe, to effectively disperse the graphene flakes. Both the
two spray layers were cured in oven at 60 ◦C for 60 min.

Finally, a set of samples was produced combining the previous layers.
The double-layer coatings called C-SG were realized by first depositing
the cataphoretic coating C, with the subsequent spray deposition of layer
SG. In the coatings series called CfGO-SG, on the other hand, the SG layer
was sprayed over the cataphoretic coating CfGO, containing 0.2 wt.% of
fGO flakes. The latter type of samples should combine the excellent cor-
rosion resistance properties of the CfGO layer with the features of high
conductivity and abrasion resistance of the SG coating.
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Although the results in chapter 7 had shown the possibility of exploit-
ing cataphoretic process for the deposition of double-layer coatings[58], the
cataphoretic acrylic bath used in this study does not allow this option, as
the driving force required for a second deposition cannot be supported
by this kind of product. Consequently, the second layer was developed
using the spray deposition technique, avoiding the issues that arise in
the use of graphene-based fillers in large quantities in electrodeposition
processes[595].

The thickness of the coatings was measured with the thickness gauge,
obtaining the results summarized in Table 12.1. These values represent
the average of 10 measurements per sample for each series. The second
layer’s thickness in the samples C-SG and CfGO-SG was evaluated by dif-
ference between the thickness of the total coating and the one of the first
cataphoretic layer.

Table 12.1: thickness values measured on the different coatings.

Sample First layer [µm] Second layer [µm] Total coating [µm]

C 29.0 ± 0.8 29.0 ± 0.8

CfGO 28.6 ± 1.2 28.6 ± 1.2

S 55.0 ± 5.9 55.0 ± 5.9

SG 55.6 ± 5.2 55.6 ± 5.2

C-SG 30.6 ± 1.2 ≈ 60 92.4 ± 2.8

CfGO-SG 30.9 ± 1.2 ≈ 60 93.0 ± 3.2

The thickness values achieved by the cataphoretic process (sam-
ples C and CfGO) are in agreement with values reported in previous
works[594,595,622], confirming the repeatability and precision of this deposi-
tion method. The coatings made using the spray technique (samples S and
SG), on the other hand, possess greater thicknesses. The result of this de-
position process depends on the operator’s ability, as well as on the num-
ber of applied coats. The SG coating does not seem to be affected by the
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large amount of graphene filler, as it shows a thickness value comparable
to the one of layer S. Finally, the dimensions of the individual layers of the
C-SG and CfGO-SG samples are in accordance with those of the other se-
ries of samples: both cataphoretic and spray deposition produced coatings
with constant thickness.

Subsequently, the samples were subjected to a brittle fracture process
in liquid nitrogen, to be able to investigate the layer cross section via SEM
analysis. Figure 12.1, which shows the CfGO-SG sample, highlights the
two different cataphoretic and spray derived layers.

Figure 12.1: SEM micrograph of cross section of coating CfGO-SG.

The coating appears compact and homogeneous in thickness. Thanks
to the different fracture morphology, it is possible to clearly distinguish the
first cataphoretic layer from the subsequent one obtained by spray depo-
sition technique. While the cataphoretic layer shows a smooth and linear
fracture surface, the spray coating possesses a jagged and disconnected
surface. The latter complex morphology is due to the large amount of
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graphene fillers inside the SG layer, where the possible flakes’ agglomer-
ations prevent the fracture of the coating from occurring in a linear way.
The thickness of the two layers measured by SEM observations confirms
the preliminary results obtained with the thickness gauge.

The presence of fillers, in addition to influencing the internal structure
of the coatings, significantly alters their surface morphology. Figure 12.2
shows the micrographs of the six sample series, observed via an optical
microscope.

The two coatings obtained with the cataphoretic process, samples C
and CfGO, show a low roughness surface morphology. In the coating con-
taining 0.2 wt.% of fGO there is a slight increase in porosity and bubbles,
as previously observed[594,595]. The presence of the graphene-based fillers,
in fact, causes the development of hydrogen bubbles during the electrode-
position process.

The large amount of graphene flakes gives rise to significant changes
in the morphology of the layers obtained by the spray deposition pro-
cess. While the layer made only with the acrylic matrix (textbfFigure 12.2c,
sample S) possesses a flat surface (there is no colour contrast in the im-
age obtained with a polarizing filter), the SG sample (Figure 12.2d) shows
high surface irregularity due to the high tendency of graphene flakes to
aggregate in polymeric matrices[56,57]. Figure 12.3 shows the SEM micro-
graph recorded on a tilted cross section of the SG coating. Some indi-
vidual graphene flakes that emerge from the surface of the layer can be
clearly detected, confirming the origin of the observed surface morphol-
ogy. The graphene agglomerates represent an important source of defects
in the coating, but this drawback cannot be avoided when large quantities
of graphene-based fillers are employed.

The same morphology is also observed in the double layer samples
(Figure 12.2e and Figure 12.2f), where the surface layer is the same as the
SG sample (spray coating containing 1 wt.% of graphene flakes). In these
last two series of coatings, however, the limits due to the surface defec-
tiveness of the SG coating should be counteracted by the first cataphoretic
layer with high protective performance.
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(a) C (b) CfGO

(c) S (d) SG

(e) C-SG (f) CfGO-SG

Figure 12.2: optical stereomicroscope micrographs of surface of sample C (a), sample
CfGO (b), sample S (c), sample SG (d), sample C-SG (e) and sample CfGO-SG (f), respec-

tively.

Nevertheless, in addition to surface accumulations, the SG layer pos-
sesses also internal defectiveness. In fact, the coatings deposited by spray
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Figure 12.3: SEM micrograph of cross section of coating SG in close proximity to agglom-
eration of graphene flakes.

technique often show a not negligible internal porosity, due to the air flow
employed in the paint deposition process. Figure 12.4 shows, as an exam-
ple, the cross section of sample CfGO-SG, in which a large bubble can be
observed inside the external layer (SG).

Also this source of defectiveness can result in a decrease in the per-
formance of the acrylic coatings, whose protective behavior must be ade-
quately assessed by exposure in an aggressive environment and with elec-
trochemical techniques.
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Figure 12.4: internal porosity in SG layer (in the red square), observed with SEM.

12.3 Double-layer coatings protective behaviour
in aggressive environment

The samples were exposed in a salt spray chamber to evaluate the pro-
tective behavior of the coatings in an aggressive environment in the same
conditions presented in the previous chapters.

Figure 12.5 shows the evolution of the coatings degradation during the
salt spray chamber exposure.

After the first 24 h of test, samples C and S show an evident halo
around the notch (highlighted by the yellow hatch in the image), a symp-
tom of sudden water absorption occurrence and beginning of coating de-
tachment. This phenomenon is less marked in the coatings containing the
fillers (samples CfGO and SG), thus pointing out the protective barrier ef-
fect provided by the graphene-based flakes. These two series of samples
show only a few blisters, as a consequence of the artificial defect. Double
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Figure 12.5: coatings degradation during samples exposure in salt spray chamber.

layer coatings, on the other hand, are not affected by the first 24 h in con-
tact with the aggressive solution. The higher thickness of these coatings,
in fact, provides greater protection to the substrate, with limited water ab-
sorption.

The level of defectiveness in the single layer samples increases dur-
ing the first 100 h of exposure, as expected. Regarding the double-layer
coatings, the first blisters appear on the surface of sample C-SG, while the
CfGO-SG coating is still defects free. The latter sample, in fact, consists
of two layers, the first of which (layer CfGO) was deposited to provide
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high protective properties, based on the results highlighted by the previ-
ous chapter[595,622]. Similarly, sample CfGO always shows a better behav-
ior than coating C, free of filler, throughout the accelerated corrosion test.

At the end of the test, after 500 h of exposure, all the samples show
evident defectiveness. The blisters cover the entire surface of the samples,
except for coatings CfGO and CfGO-SG. In these two cases, the blisters
developed near the artificial notch, but they did not reach the lateral edges
of the samples. Once again, the layer CfGO seems to provide a good pro-
tective contribution, improving the acrylic matrix performance, both as a
single coating and as a primer for the subsequent spray deposition.

The graph in Figure 12.6 better evidences the evolution of the degra-
dation of the samples, associated with the absorption of water inside the
coatings, by monitoring the blisters’ development. The distance from the
artificial notch to which the blisters are observed is directly connected with
the adhesion of the coating: the greater this distance, the greater the ag-
gressive solution absorption inside the layer, with a consequent decrease
in adhesion with the metal substrate.

Figure 12.6: blister development during salt spray test exposure.
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Referring to the two cataphoretic layers, the sample CfGO performs
better than coating C, made of pure acrylic matrix, as already highlighted
in Figure 12.5. After 100 h of exposure there is a clear difference in per-
formance between the two types of coating, which increases during the
protraction of the test. The two spray layers display worse adhesion than
the two cataphoretic coatings, with evident absorption of solution in the
polymer matrix during the first 200 hours of test. This behavior is due
to the spray deposition process, as the two samples S and SG have similar
performances: the internal porosity shown in Figure 12.4 facilitates the de-
velopment of blisters, as well as the accumulation of flakes in sample SG,
highlighted in Figure 12.3. Consequently, the defectiveness of layer SG
also influences the behavior of the double layer coatings. Initially, sam-
ples C-SG and CfGO-SG effectively counteract the development of blis-
ters, thanks to the high thickness of their coatings. When, however, the
SG top-layer begins to absorb large quantities of solution, the protective
contribution is provided only by the cataphoretic primer. Consequently,
the curves of samples C-SG and CfGO-SG tend to overlap those of the sin-
gle cataphoretic layers C and CfGO, respectively. Therefore, the long-term
protective contribution of the SG top coating is negligible, while the be-
havior of the cataphoretic primer is decisive. Thus, the fGO flakes in the
cataphoretic film play a fundamental role in the protective performance of
the double layer coating, ensuring a good barrier effect against the absorp-
tion of aggressive solution over time.

after 500 h of exposure, upon removing the corrosion products by stir-
ring of the samples in citric acid solution (pH = 3) for 2 h, the size and
density of blister were evaluated by stereomicroscope observations. Fig-
ure 12.7 highlights the defects developed during the salt spray test.

Referring to the standard[575], the single-layer coatings possess blis-
ter of size 4 and density 4 whereas the double-layer coatings show smaller
blisters, of grade 2-3, with higher density, equal to level 5. According to the
standard, these coatings should not be considered as performing. How-
ever, 500 h represents a very long exposure time in the salt spray chamber
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(a) sample C (b) sample CfGO

(c) sample S (d) sample SG

(e) sample C-SG (f) sample CfGO-SG

Figure 12.7: samples C (a), CfGO (b), S (c), SG (d), C-SG (e) and CfGO-SG (f) behavior in
salt spray test, after the removal of the corrosion products.

for an organic coating, and its degradation is expected[594,595]. Neverthe-
less, these results offer interesting indications. Sample C (Figure 12.7a)
shows the development of corrosion products under the coating (dark
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area around the notch), due to absorption of the aggressive solution by
swelling of the protective layer. This phenomenon is partially limited by
the fGO flakes in sample CfGO (Figure 12.7b), which contrast the progress
of the cathodic delamination front[622]. By comparing the two spray coat-
ings (Figure 12.7c and Figure 12.7d), the graphene fillers perform the same
task, limiting the development of corrosion products below the organic
layer. Finally, the protective performances of the graphene-based sheets
are underlined in sample CfGO-SG (Figure 12.7f), which offers greater
protection than the sample C-SG (Figure 12.7e). The comparison of Fig-
ure 12.7c and Figure 12.7e with Figure 12.7d and Figure 12.7f clearly high-
lights the ability of fGO and graphene flakes to improve the behavior of
acrylic coatings in aggressive environments.

According to the standard[574], an organic coating with good adhesion
to the substrate should show maximum detachment from the notch area
of about 1000 µm. The corrosion that occurred below the coatings shows
that these samples do not comply with this requirement. Moreover, the ac-
tual detachment of the spray layer S (shown by the arrow in Figure 12.7c)
also occurred during the drying step of the samples by compressed air
flushing, as a symptom of poor adhesion. The adhesion specification of
the standard[574]] was respected only by sample CfGO-SG, which did not
show evident detachments of the coating due to the development of cor-
rosion products. Figure 12.8a reveals the different behaviour of the two
layers of sample CfGO-SG, observed by SEM in a top-view, while Fig-
ure 12.8b represents the schematic cross section of the system.

The cataphoretic primer shows a small fracture (at the bottom in the
image), equal to 160 µm in length. Differently, the volume increase of the
corrosion products provoked a more acute removal of the SG top-layer (at
the top of the image). However, the delamination of the coating is negligi-
ble, confirming the good adhesion properties of the coating. The adequate
adhesion values of this sample is mainly due to two factors: the high thick-
ness, which limits the absorption of the solution, and the highly protective
CfGO primer layer. The combination of these two elements allows sample
CfGO-SG to stand out over the other coatings, as previously highlighted
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(a) top view of coating fracture in sample CfGO-SG, observed by SEM

(b) schematic cross section of the system

Figure 12.8: top view of coating fracture in sample CfGO-SG, observed by SEM a) and
the schematic cross section of the system b).

in Figure 12.6.
The adhesion features were also evaluated by Cross Cut Test, per-

formed before and after the exposure of the samples in the salt spray cham-
ber. Despite the different nature of the coatings, all the samples showed
similar behavior. Before the salt spray test, the coatings possess good ad-
hesion, equal to value 5B of the standard[663]. 5B is the highest degree of
adhesion defined by the standard, where the edges of the cuts are com-
pletely flat and the grid shows no detachment. Differently, after 500 h
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of exposure in an aggressive environment, the absorption of water in the
coatings caused the collapse of the adhesion values with the metal sub-
strate. In this case, the visual results reflect grade 1B of the standard[663].
The surface of the coating that peeled off after the measurement varies be-
tween 35% and 65%. Figure 12.9 shows, as an example, the comparison
of the test results on the surface of the coating C, before (a) and after (b)
exposure in salt spray chamber.

(a) sample C, before the exposure

(b) sample C, after the exposure

Figure 12.9: Cross Cut Test results of sample C before (a) and after (b) exposure in salt
spray chamber, observed with stereomicroscope.

The CfGO-SG sample showed excellent adhesion behavior in the salt
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spray chamber, but the Cross Cut Test highlighted that the inevitable ab-
sorption of solution in the polymer matrix causes a clear decrease in the
performance of adhesion. However, the peeling of the coating occurs at the
interface with the substrate, without detachment between the cataphoretic
primer and the spray topcoat. Therefore, after the exposure in the salt
spray chamber, the adhesion values between the two layers is good, prov-
ing a good compatibility between the primer and the top coat. The ef-
fective adhesion between the two films of sample CfGO-SG is a further
justification of the superior performance of the double layer coating in an
aggressive environment.
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12.4 Double-layer coatings performance in EIS
measurements

As described in the previous chapters, EIS measurements can be carried
out as a preliminary approach to obtain quantitative information about
the protective performance of coatings. Thus, the samples of the six series
of coatings were subjected to EIS measurements, evaluating the progress
of their impedance module |Z|0.01 during the immersion. Figure 12.10
shows the trend of |Z|0.01 values during the test.

Figure 12.10: Bode impedance modulus |Z|0.01 evolution in time.

The cataphoretic monolayer coatings show very different results. In
the previous chapter it was demonstrated that the 0.2 wt.% of fGO en-
ables the significant improvement of the protective behavior of the acrylic
matrix[595]. While the value of |Z|0.01 of coating C falls below the pro-
tection threshold value within 200 h of immersion in the test solution, the
curve of sample CfGO highlights a better corrosion resistance provided by
the graphene-based filler.
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Differently, the sprayed layers S and SG show similar behavior, with
|Z|0.01 settling just above 107 Ω*cm2 during all the test time. The coating
SG initially shows high values of the impedance modulus, which however
collapse during the first hours of immersion. The protective effect given by
the high concentration of filler therefore quickly disappears, due probably
to the defectiveness caused by the agglomerations of flakes, but also to
the intrinsic porosity of the sprayed layers, which lowers the protective
performance of the polymer matrix.

Finally, the double-layer coatings offer better performance than the
single-layer samples. This result was expected, as the high thickness of
the two coatings offers a better capacitive and resistive effect, providing
higher values of |Z|0.01. After all, these two samples supply better quanti-
tative performance than the simple sum of those of the two layers of which
they are made. The synergy of the two layers, the cataphoretic primer and
the sprayed top coat, produces a positive effect, with high protective be-
havior. Sample CfGO-SG shows absolutely the best results, as the primer
CfGO is itself more protective than the layer C. Graphene-based fillers gen-
erally improve the protective behavior of the acrylic matrix (with the ex-
ception of layer SG where only a slight effect is observed), providing an
effective barrier effect against the absorption of test solution and aggres-
sive ions[595,622].

The decrease in |Z|0.01 occurs mainly during the first 24 h of immer-
sion in the test solution. Typically, the first hours of tests are very critical
for organic coatings, which can experience solution absorption phenom-
ena. At the beginning of the measurements, the defectiveness of the layers
assumes great importance. Figure 12.11 shows the Bode Phase diagrams
of the six series of samples at the beginning (a) and after the first 24 h (b)
of immersion in the test solution.

By comparing the two plots, during the EIS measurements the curves
tend to shift towards high frequencies, with the simultaneous appearance
of a second time constant at low frequencies. The first high-frequencies
time constant is representative of the dissipation phenomena that occur
through the coating, while the low-frequencies time constant is associated
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(a)

(b)

Figure 12.11: Bode Phase diagrams of the samples a) at the beginning and b) after 24 h of
immersion in test solution.

to the coating-substrate interface reactions. The decrease in phase during
the first 24 h of test is related to the reduction in the insulating and capaci-
tive properties of the coating, in consequence of the absorption of solution
in the coating with consequent dissipative phenomena that occur at the
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interface with the metal. The two-time constants curves can be fitted with
the model representative of a defected organic layer. Each time constant is
made of a constant phase element (CPE), defined as Q, in parallel with a
resistance R. The resistance of the first time constant is related to the pore
resistance Rpore of the coating, associated to the defects of the layer. On
the other hand, the resistance at the low frequencies is correlated to the
faradic reactions at the coating-substrate interface[623]. The CPE, in both
the time constants, is employed instead of a capacitance, as the complexity
of the system does not allow the correlation of non-resistive phenomena
with pure capacitance. This model represents the real events occurring in
the single layer coatings, enabling the data fitting with high precision and
negligible errors.

Otherwise, double-layer coatings maintain high phase values even at
low frequencies. After 24 hours of test, sample CfGO-SG shows a highly
capacitive and insulating behavior, with a phase greater than 80 deg above
100 Hz frequencies. This coating, after all, is the least affected by the degra-
dation due to the immersion in the test solution, as evidenced by the high
|Z|0.01 during the first hours of measurements in Figure 12.10. Both the
two double-layer coatings possess very high impedance modulus values,
higher than 109 Ω*cm2, during the 500 h of analysis. The constancy of
these two curves indicates the presence of a minimal defect in the coat-
ings, with the absence of dissipative phenomena at the interface with the
substrate. Thus, the curves were fitted with the Randles model, consisting
of a single time constant made of a R in parallel with Q, representative of
the degradation occurrences in the coating. The system detects the two
layers as a single coating: considering the same polymeric nature, it is
therefore impossible to differentiate the defectiveness of the primer from
that of the top coat, both represented by Rpore of the single time constant
of the circuit.

Table 12.2 summarizes the trend of the Rpore values of the coatings,
following the fitting of the EIS curves.

The values of Rpore follow the same trend already shown by |Z|0.01
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Table 12.2: Rpore values of the six samples series.

Rpore [Ω*cm2]

Time [h] C CfGO S SG C-SG CfGO-SG

3 6.85E+05 1.53E+08 2.36E+06 1.11E+10 7.15E+09 2.59E+11

15 2.81E+05 1.72E+08 2.95E+06 8.43E+06 5.96E+09 2.02E+11

48 3.45E+05 4.21E+08 3.26E+06 1.19E+07 2.14E+09 2.34E+11

170 5.29E+04 4.38E+08 3.43E+06 1.14E+07 1.57E+09 2.54E+11

340 2.25E+04 1.50E+08 7.50E+06 1.38E+07 1.28E+09 2.54E+11

500 2.45E+04 1.36E+08 6.84E+06 1.04E+07 1.87E+09 3.74E+11

in Figure 12.10. Rpore remains constant over time, except for the rapid col-
lapse in sample SG. Small increments are observed with the progress of the
measurements, due to possible absorption of solution and development of
corrosion products which increase the resistive effect of the system. Again,
the graphene-based flakes cause an increase in Rpore that varies from 1 to 4
orders of magnitude respect to the corresponding filler-free coatings. This
phenomenon is evident above all in the cataphoretic primer and when the
graphene flakes are functionalized: the combination of chemical conver-
sion of the filler and the type of deposition process plays a key role in lim-
iting the defectiveness of the coating, tuning its properties. The decrease
in Rpore slightly occurs only during the first 24 h of the test, as a symptom
of the evolution of the defectiveness in the layers.

As already stated, the first 24 h of tests are the most critical for an
organic coating, as its intrinsic porosity can in some cases favour the ab-
sorption of solution. The CPE of the high-frequency time constant, asso-
ciated to the dissipative phenomena of the coating, was used to calculate
the amount of water uptake in the polymeric layer, following the proce-
dure introduced in subsection 11.4.1.

Table 12.3 summarizes the evolution of C during the first 24 h of EIS
measurements.

Thus, the values of C were employed in the calculation of the water



304
Chapter 12. Multifunctional coatings

Double layer coatings with different properties

Table 12.3: coating capacitance values of the six samples series during the first
24 h of test.

Coating Capacitance [F/cm2]

Time [h] C CfGO S SG C-SG CfGO-SG

0 1.70E-10 1.86E-10 1.38E-10 2.86E-100 5.88E-11 5.93E-11

4 2.57E-10 1.95E-10 3.78E-10 3.70E-10 6.74E-11 8.03E-11

8 3.40E-10 1.99E-10 5.28E-10 4.62E-10 7.32E-11 8.03E-11

12 4.43E-10 2.83E-10 6.46E-10 5.55E-10 8.08E-11 8.08E-11

16 5.45E-10 3.26E-10 8.35E-10 6.35E-10 8.22E-11 8.13E-11

20 7.07E-10 3.38E-10 1.55E-9 7.65E-10 8.71E-11 8.15E-11

24 1.50E-09 3.40E-10 3.20E-9 1.10E-9 9.17E-11 8.17E-11

uptake level ϕ, according to the formula defined by Brasher and Kings-
bury in 1954[624,625]. The evolution of the parameter ϕ is therefore shown
in Figure 12.12.

Figure 12.12: water uptake during the first 24 h of immersion.
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Independently on the deposition process (i.e. cataphoresis or spray
technique), graphene-based fillers confirm the excellent contribution in
counteracting the absorption of solution within the composite coating.
The ‘tortuous path effect’ provided by the flakes involves a decrease in
the measured water uptake level, confirming the results shown in Fig-
ure 12.6, associated to the development of blisters during exposure in an
aggressive environment. As expected, the two double-layer coatings ab-
sorb less quantity of solution, due to their greater thickness. Again, the
combined behavior of the primer and the top coat is better than the sum
of the performance of the two individual layers. This result confirms the
good compatibility of the two coatings made with two different deposition
techniques, whose responses offer high protective guarantees. Moreover,
while all the samples show a continuous absorption of solution, even if
limited, the coating CfGO-SG presents a very low plateau.

These electrochemical measurements evidenced that the double layer
coatings, although possessing a not negligible defectiveness, offer high
corrosion resistance to the metal substrate, owing to the barrier perfor-
mance of the graphene-based fillers.
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12.5 Double-layer coatings conductivity analysis

The graphene-based filler effect on the conductivity properties of the
acrylic matrix was assessed according to the ASTM D257-07 standard[581]

already employed in the previous chapter[595]. Figure 12.13 represents the
test setup, which simply consists of two copper sheets used as electrodes.
The approach formulated in the previous study[595] provides that during
the measurement the current flow inside the coating (between the two
electrodes) occurs mainly in the vertical direction (y axis in Figure 12.13).
Thus, applying a voltage value V between the two copper sheets, the elec-
trons departing from the working electrode can easily pass in the conduc-
tive metal substrate, and re-emerge near the counter electrode, as shown
by the blue path in Figure 12.13a. Therefore, this procedure can be em-
ployed in the characterization of the coating resistance to the passage of
charges in the vertical direction. This model has been validated for a sin-
gle organic composite layer[595], but has not yet been applied to multilayer
coatings. Figure 12.13b, for example, highlights that the high thickness
of double layer coatings could represent a too long path for the electrons,
limiting the conductivity along the y direction.

Table 12.4 summarizes the resistivity values measured with the con-
ductivity tests. The applied voltage V and the measured current I were
used to calculate the Volume resistance R, following the first Ohm’s law.
Consequently, the Volume resistivity ρ was obtained according to the for-
mula expressed in the standard:

ρ = R ∗ A
t

where A represents the sum of the surfaces of the 2 copper electrodes,
while t is twice the thickness of the coatings (the distance that the current
must travel inside the polymeric layer).

In accordance with the results presented on the previous chapter about
the optimization of the fGO content in cataphoretic coatings[595] and the
theory of the barrier effect provided by the graphene-based sheets, the
volume resistance R offered by the CfGO sample is greater than that of
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(a) conductivity setup for single layer coatings

(b) conductivity setup for double layer coatings

Figure 12.13: conductivity measurement setup [cross view] for single (a) and double (b)
layer coatings.

the coating in pure acrylic matrix (sample C). The 0.2 wt.% of fGO em-
ployed in the deposition of the CfGO coating causes in fact the reduction
of current passage on the y axis. The sheets, being randomly distributed
inside the matrix, offer a tortuous path for the electrons, decreasing their
diffusivity[513,519,520]. Thus, the volume resistivity ρ of the CfGO coating
is 5 times higher than the acrylic matrix, confirming the better corrosion
resistance of the composite layer.

Otherwise, the fillers used in the spray layer cause a different effect.
The volume resistivity ρ of sample SG is in fact less than 6 orders of mag-
nitude compared to the filler-free spray coating (S). In this case, graphene
flakes favour the conductivity along the y axis. This phenomenon is due to
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Table 12.4: volume resistivity measurements, carried out applying 10 V.

Sample
Measured
current I

[A]

Volume
resistance R

[Ω]

Volume
resistivity ρ

[Ω*cm]

Normalized
volume

resistivity

C 4.40E-10 2.27E+10 1.71E+12 1.00

CfGO 7.20E-11 1.39E+11 9.51E+12 5.56

S 4.30E-11 2.33E+11 2.36E+13 13.79

SG 3.70E-05 2.70E+05 2.55E+07 1.50E-05

C-SG 1.80E-10 5.56E+10 1.75E+12 1.03

CfGO-SG 3.45E-11 2.90E+11 9.02E+12 5.28

the fillers’ accumulations, well shown in Figure 12.3: such defectiveness
allows the coating upper surface to be in direct contact with the metal-
lic substrate. A similar result had already been observed using the same
amount of fGO sheets (1 wt.%) in cataphoretic coatings[595]. Such a high
conductivity does not exclude that a certain amount of electrons also trav-
els along the x axis to reach the counter electrode. Ultimately, these mea-
surements confirm the high intrinsic conductivity of layer SG.

The conductivity performances of coating SG therefore offer an expla-
nation of the results shown by the two double layer samples. The volume
resistivity ρ values of samples C-SG and CfGO-SG are almost identical to
those of the coatings C and CfGO, respectively. In fact, the double layer
samples differ from the cataphoretic coatings in the addition of the second
highly conductive SG layer. Since the resistive contribution of the film SG
is almost negligible, the resistance to the charge motion is provided only
by the first cataphoretic layer. These results confirm the high conductivity
of the coating containing 1 wt.% of graphene flakes, but also the validity of
the model shown in Figure 12.13b: the current flow probably occurs along
the y axis even in the two double-layer samples, since the resistivity of the
coating is similar to that of the single cataphoretic layer.
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Finally, these measurements revealed the multi-functionality of multi-
layer coatings: while the first cataphoretic film has the task of providing
protection to the metal substrate, the second layer supplies high conduc-
tivity to the component, offering these coatings the possibility to be em-
ployed in electronics applications.
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12.6 Graphene-based fillers performance in
counteracting abrasion phenomena

The subsection 11.6.2 has shown that cataphoretic coatings exhibit an im-
provement in abrasion resistance properties which increase with the con-
centration of graphene-based fillers[622]. Consequently, the SG layer, con-
taining 1 wt.% of graphene flakes, should manifest good resistance to slid-
ing abrasion processes, thanks to the self-lubricating effect of the reinforc-
ing filler. The top-coat sprayed layer containing the graphene flakes, in
addition to ensuring high conductivity to the product, should play the
double protective role against mechanical abrasion processes.

Thus, the samples were subjected to scrub tests, according to the proce-
dure previously described in subsection 11.6.2, to compare their protective
performances and evaluate the real contribution provided by the top-coat
layer SG in the double-layer coatings.

The parameter L, defined as the loss in coating mass per unit area, was
calculated with the formula:

L = (m0 −mn)/A

where m0 and mn represent the sample’s initial mass and the mass
after the nth abrasion cycle, respectively, and A is the area traversed by the
scrub pad over the coating’s surface. Figure 12.14 shows the trend of the
mass loss as a function of the abrasion cycles number.

Figure 12.14a and Figure 12.14b highlight the reinforcing contribution
of the graphene-based fillers in the cataphoretic and sprayed coatings, re-
spectively. At the end of the test, after 2000 abrasion cycles, the fGO flakes
cause a 42% decrease in mass loss compared to the pure acrylic matrix
coating (sample C). Similarly, the graphene fillers in coating SG improve
the abrasion resistance of the sprayed layer by 35%. These results are in
agreement with the outcome of the previous work[622], which had empha-
sized the graphene-based filler behavior in contrasting the grinding phe-
nomena due to the passage of the abrasive pad. The mass loss of samples
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(a)

(b)

(c)

Figure 12.14: mass loss per unit area, as a function of the abrasion cycles number, for (a)
cataphoretic layers, (b) sprayed coatings and (c) samples double layers.
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CfGO and SG appears to slow in the first 1000 cycles, followed by a further
increase with the perpetuation of the test. This behavior is a symptom of a
possible initial self-lubricating contribution of the graphene-based flakes,
which are exposed due to the superficial removal of the polymeric ma-
terial. Subsequently, the partial withdraw of filler causes an increase in
weight loss trend.

The double layer samples (Figure 12.14c) show almost identical re-
sults, comparable with the curve expressed by coating SG in Figure 12.14b.
Thus, the abrasive phenomena affect only the top coat, identical for the
two double-layer coatings, consisting of the SG layer. Although the graphs
in Figure 12.14 exhibit non-negligible mass loss values, the 2000 abrasion
cycles did not involve the removal of the entire spray top-layer. As exam-
ple, Figure 12.15 illustrates the surface of sample SG observed with SEM,
after 2000 scrub test cycles.

Figure 12.15: SEM micrographs of sample SG surface morphology after the 2000
scrub test cycles.
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The morphology of the coating highlights clear traces of abrasion due
to rubbing with the abrasive pad. These parallel grooves possess width not
exceeding 10 µm. Similarly, it can be deduced that the depth of the grooves
is also less than 10 µm. The abrasive pad, despite having homogeneously
removed part of the coating of the samples, did not cause a mechanical
attack of particularly high depth. Consequently, the observations of the
samples after scrub test did not evidence the exposure of the primer, or
of the metallic substrate in the case of single-layer samples. The damage
from abrasive attack can therefore be considered purely superficial.

Figure 12.16 shows the morphological evolution of the surface of the
SG layer during the scrub test.

(a) (b)

(c) (d)

Figure 12.16: optical stereomicroscope (a-c) and SEM (d) micrographs of sample SG sur-
face morphology, taken (a) before the scrub test, (b) after 1000 cycles and (c-d) after 2000

cycles.
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In detail, the images reveal how the agglomerates of flakes effec-
tively contrast the mechanical removal process due to the movement of
the abrasive pad. Almost all of the surface of the sample is homoge-
neously covered by the pad grooves during the first 1000 cycles. This
phenomenon is accentuated in the subsequent scrub cycles, till the end
of the test. However, even after 2000 abrasion cycles, many superficial ac-
cumulations of graphene flakes are still evident. As a matter of fact, AFM
analysis in scratching mode have evidenced high abrasion resistance of-
fered by graphene-based fillers, especially in the form of agglomerates[622].
Graphene flakes, possessing high mechanical resistance, did not suffer
particularly from the abrasive processes due to the scrub test. Conse-
quently, the mass loss measured in the coatings containing the fillers,
shown in Figure 12.14, is lower than the respective layers free of graphene-
based flakes. Furthermore, the fillers show good abrasion resistance even
as small agglomerates, or as single flakes, as revealed in Figure 12.16d.
The agglomerate, slightly larger than 50 µm, underwent the abrasive pro-
cess, but it was not removed due to the sliding of the pad, denoting
high mechanical strength and good compatibility with the acrylic matrix
of the coating. This result confirms the assumptions regarding the self-
lubricating effect introduced by the fillers: as long as they are not com-
pletely removed from the bulk coating, the graphene-based flakes coun-
teract the abrasion phenomena, also partially protecting the surrounding
polymeric matrix. Ultimately, the coating CfGO-SG supplies excellent cor-
rosion protection features, provided above all by the primer reinforced
with fGO flakes, as well as high corrosion resistance, due to the graphene
fillers contained in the sprayed top coat.
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12.7 Conclusions

The use of graphene-based reinforcing fillers for the deposition of mul-
tifunctional acrylic coatings has been evaluated in this last chapter of
the thesis. To take advantage of the different features of graphene, dou-
ble layer coatings were deposited, employing two methods, such as cat-
aphoresis and spray deposition process. Graphene flakes, used in large
quantities, exhibited a high tendency to agglomerate, introducing non
negligible defects in the sprayed top-layers.

Despite the deficiency of the top coat, the double layer coatings
showed excellent behavior in an aggressive environment, due to the highly
protective cataphoretic primer, reinforced by fGO fillers. Both layers, cat-
aphoretic and sprayed, revealed good dry adhesion levels and excellent
compatibility. The electrochemical impedance measurements confirmed
the excellent protective performance of the double layer coatings, which
evidenced limited water absorption phenomena owing to the effective bar-
rier effect provided by the graphene-based flakes.

The large amount of filler added to the top spray coat, reaching the per-
colation level, significantly increased the conductivity of the acrylic matrix.
Finally, the self-lubricating effect of graphene flakes and their good com-
patibility with the polymer matrix improved the wet abrasion resistance
of the top coat.

The double layer sample CfGO-SG shows the best results in each anal-
ysis, thanks to the combined features of the primer and top coat, both rein-
forced by graphene-based fillers. While the cataphoretic primer provides
good protective guarantees to the metal substrate, the spray top coat plays
the double role of conductive layer and anti-abrasion film.

Ultimately, this work illustrates a deposition procedure that exploits
the chemical-physical features of graphene with the performance of the
cataphoretic and spray deposition processes, for the creation of a smart,
multifunctional coating.
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Chapter 13

Overall conclusive remarks and
future perspectives

The present PhD thesis comprises the results of different experimen-
tal activities performed at the Laboratory of Coatings and Corrosion of
the Department of Industrial Engineering of the University of Trento and
those developed during a three month period spent at the Fontana Corro-
sion Center at The Ohio State University, in Columbus (Ohio - USA).

Today graphene attracts increasing attention in different scientific
fields, thanks to its particular combination of mechanical, thermal and
electrical properties. The introduction of the thesis introduced the features
of this type of filler, highlighting the protective performance of graphene in
composite materials. Finally, the introductory chapter focused on the ap-
plications of graphene-based fillers in protective coatings. In fact, among
its various remarkable properties, graphene is appreciated above all for
its effective barrier effect which increases the protective performance of
composite coatings. The aim of the thesis was therefore the deposition
of protective coatings, which took advantage of the innovative features
of graphene. The study focused not only on the protective performance
of graphene, but also on its properties of high electrical conductivity and
abrasion resistance. Thus, the idea behind this project was based on the
combination of a reliable deposition process such as cataphoresis with the
use of graphene-based fillers for the creation of coatings that possessed
different functions, defined as ’smart’. The industrial world, in fact, to-
day requires that a product no longer satisfies individual functions, but
can meet the multiple demands of the consumer. A coating must therefore
no longer guarantee simple protection to the product, but provide it with
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unique properties.
The thesis begins with a preliminary study concerning the use of

graphene-based fillers in cataphoretic baths. The fillers used in this first
work were a commercial product. As a matter of fact, before the synthe-
sis of particular graphene-based fillers, the possibility of combining the
cataphoretic deposition process with graphene for the deposition of pro-
tective coatings was investigated. The graphene oxide flakes have shown
a high tendency to agglomerate in a polymer matrix, with consequent de-
fects in the organic coating. As a result, the composite coatings did not
exhibit high corrosion protection. To overcome this problem, double-layer
coatings have been deposited to examine the possibility of realizing pro-
tective coatings containing graphene-based fillers. The results of the pre-
liminary study highlighted the possibility of creating multi-layer coatings
with different properties. To fully exploit the potential of graphene, how-
ever, it became clear that the fillers must be properly functionalized. The
homogeneous dispersion of the filler inside the polymer matrix therefore
plays a key role in the protective performance of the composite coating.

Consequently, the first study step focused on the search for simple pro-
cesses of surface modification of the starting material. The graphene flakes
were subjected to oxidation and functionalization with different silanes.
Several characterization techniques have highlighted the effective success
of the two processes: the oxidation of the graphene flakes, albeit to a
limited extent, allows the subsequent grafting of organosilane, which in-
creases the spacing between the flakes, favoring their dispersion in the
polymer matrix. Furthermore, techniques such as NMR and EPR spec-
troscopy enabled to investigate the nature of interactions between silane
and graphene oxide flakes. Among the three organosilanes analyzed in
this study, APTMS exhibited the highest degree of reactivity and good in-
teraction with the graphene-based filler, providing the highest degree of
graphene functionalization.
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The subsequent chapter underlined the importance of the surface con-
version processes of the filler, which influence the performance of the cat-
aphoretic coatings. Different types of graphene-based flakes were em-
ployed as reinforcing filler in the deposition of cataphoretic composite
coatings. However, the graphene-based fillers, if not properly function-
alized, have been shown to introduce significant defects in the polymer
matrix. As a matter of fact, the graphene and graphene oxide flakes high-
lighted a strong tendency to agglomerate, causing a decrease in the pro-
tective performance of composite coatings. Otherwise, the functionaliza-
tion process of graphene oxide flakes with APTMS promoted a slight im-
provement of the protective properties of the cataphoretic matrix. Elec-
trochemical analysis and exposure of the samples in aggressive environ-
ment proved that it is possible to exploit graphene-based fillers to reinforce
cataphoretic coatings, provided that it is possible to properly modify the
flakes, to favor their correct and homogeneous distribution in the acrylic
matrix.

Once the need to functionalize the graphene oxide flakes was high-
lighted, the study demonstrated the importance of choosing the correct
type of organosilane in the surface conversion process of the filler. As
expected following the characterization of the graphene-based powders,
the fillers treated with APTMS introduced an improvement in the perfor-
mance of the cataphoretic coatings, compared to MPTMS and McPTMS.
The graphene oxide flakes functionalized with APTMS were more homo-
geneously distributed in the acrylic coating matrix, providing a real rein-
forcing contribution to the composite coating. Furthermore, the voltage
value applied during the electrodeposition process played a key role in
synergy with the graphene-based fillers. The increase in the voltage value
intensified the driving force with a consequent enrich of the amount of
filler introduced into the coating matrix. Thus, the research enabled both
the optimization of the process parameter values and the choice of the best
type of reinforcing filler, modified with the correct type of organosilane.
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The combination of these two factors made it possible to get encourag-
ing results, suggesting the effectiveness of the synergistic use of graphene-
based fillers and cataphoresis for the deposition of protective composite
coatings.

The last factor yet to be optimized was the filler amount. This param-
eter represents perhaps the most critical aspect in the reinforcement pro-
cesses of an organic coating. A high amount of powder, although prop-
erly functionalized, tends to agglomerate in the polymeric matrix. The
results of this study confirmed this analysis, highlighting an increase in
coating’s defectiveness exceeding a filler quantity threshold value. The
electrochemical measurements suggested not to exceed 0.2 wt.% of fGO,
in order to improve the protective performance of cataphoretic coatings.
The flakes introduced an effective barrier effect in the polymeric bulk, lim-
iting the processes of absorption of aggressive solution and slowing down
phenomena of cathodic delamination of the composite layer. Otherwise,
higher quantities of graphene-based fillers promoted an increase in the
conductivity and abrasion resistance properties of the cataphoretic matrix.
Consequently, the amount of filler represents a determining factor in the
features that are intended to be introduced into the organic coating. The
idea of depositing multilayer films lies precisely in the intention of exploit-
ing different quantities of graphene-based flakes to obtain multifunctional
coatings.

The last chapter describes the deposition of double-layer films, to
achieve the ultimate goal of the thesis: the realization of multifunctional,
or ’smart’, coatings. This study involved the combination of two differ-
ent deposition processes. The cataphoresis, optimized with the correct
amount of fGO filler, was used in the deposition of a highly protective
primer, on which a subsequent top coat was realized with a spray tech-
nique, with the purpose to offer high conductivity and mechanical resis-
tance. The synergy of these two layers showed excellent sample behavior
in an aggressive environment, as well as high surface conductivity of the
coating and strong resistance to abrasion processes. Thus, graphene-based
flakes proved to be an excellent resource as a reinforcing filler for polymer
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matrix composite coatings. The different features of graphene can be ex-
ploited for the realization of coatings possessing different purposes and
functions. By double deposition, it is possible to obtain a coating that ex-
hibit both protective performance and innovative properties of conductiv-
ity and durability.

The work illustrated in this thesis involves several technological de-
velopments. Multifunctional coatings such as those introduced in the last
chapter can be used in industrial applications that require not only pro-
tective performances but also features responsive to external stimuli. In
an industrial environment in continuous evolution and expansion, it is no
longer sufficient for a coating to provide adequate protective properties
to the product. The coating no longer acts as a simple passive factor, but
also as an active protagonist capable of interacting with the external envi-
ronment and enriching the product with new features. The conductivity
properties can be exploited in fields of electronics and sensors, associat-
ing additional aesthetic and responsive features of electrical stimuli to the
multifunctional coating. The abrasion resistance properties are function-
ally combined with the corrosion protection performance, both necessary
in applications that take place in particularly aggressive environments,
where the component is also subjected to mechanical forces and impulses.

The possible future steps could focus on the study of the synergy of
the graphene-based filer with other types of additives. For example, the
coupling with electrochromic powders, which could exploit the high con-
ductivity of graphene to change their colour depending on electrical im-
pulses. Or, for purely aesthetic reasons, the dark coloring of graphene
could be altered with the addition of particular pigments, responsive to
photochromic or thermochromic reactions. The combination of graphene-
based fillers with inorganic particles, which can provide additional prop-
erties to the composite coating, cannot be excluded. Since the dispersion
of fillers in the polymeric matrix always represents a critical and delicate
aspect, an additional additive could be chemically grafted to the surface
of the graphene flakes. On the other hand, the same oxidation and func-
tionalization processes of graphene flakes could be improved by studying
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alternative processes to those illustrated in this thesis.
In conclusion, this work paves the way for various research studies,

aimed at improving and enriching the smart coating, or to exploit it in cer-
tain industrial applications that require particular multifunctional perfor-
mances. Graphene has proven to be a viable option in providing different
types of functionality to the organic coating, but there are several factors,
from an economic and process complexity point of view, which still slow
down its use on an industrial level. However, the promising results illus-
trated in this thesis highlight the capabilities of graphene, whose industrial
use is ever closer.
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Polymer-matrix composites

Among the classes of composite materials, that of polymer-matrix
composites is the most famous, as well as the most produced in the in-
dustrial field. Furthermore, the samples being studied in this thesis are
polymer-based: therefore, the appendix describes this class of materials in
a detailed way, from the choice of the type of resin and reinforcements,
their particular properties, listing the main manufacture techniques and
their applications.

B.1 Matrix materials and additives

B.1.1 Polymer matrix

The choice of the matrix determines the basic properties of the composite,
which can be improved by the reinforcement phase. The type of polymer
is therefore a fundamental factor in the realization of the composite mate-
rial. The types of polymeric matrix used in the production of composite
materials can be divided into two categories: thermoplastic polymers and
thermosetting polymers.

When heated, thermoplastics become soft and can be molded in a
semifluid state, while become rigid when cooled. Thermosets, on the other
hand, can be cured at high temperature, but, once cured, it is impossible
to convert them to their original liquid form. These polymer possess high
strength and stability, due to the complex cross-linking in the presence of
catalyst. Thermoplastics, instead, show high viscosity and need relative
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high manufacturing temperatures, which limit their applications. Nowa-
days, the 90% of the major production processes of polymer-based com-
posite materials use polyester, epoxy and vinyl ester resins[664].

Today, polyester resins cover 75% of the polymer matrix market for
composite materials, being widely used in the automotive and maritime
industries. The main advantages of polyester are its balance of prop-
erties (including mechanical, chemical, electrical), dimensional stability,
cost, and ease of handling and processing.

Epoxy resins show outstanding thermo-mechanical properties. These
materials can contain ethers and amines and can be cross-linked both at
high or room temperature, due to presence of hardener that improves the
glass transition temperature and the strength of the resin. The properties
of these resins are therefore controlled by the chemical structure of the
hardener[665], as well as the curing time and temperature[666–668].

Finally, vinyl esters combine the low cost of polyesters with the high
thermal and mechanical properties of epoxies. These materials are more
durable and resilient than polyesters and show better resistance to water
and many other chemicals.

The main advantages and disadvantages of each of these three groups
of resins are summarized in Figure B.1[297].

B.1.2 Reinforcing fibres

The fibres determine the final performance of the composite, whose char-
acteristics are a function of fibre type, fibre length, volume fraction, fibre
structure, sizing agent, morphology, and fibre orientation. For example,
it has been studied that longer fibres improve mechanical properties, fa-
tigue resistance, durability, and impact resistance[669]. At the same time,
the composite material properties generally increase by increasing the fibre
loading in the matrix[670] up to a threshold limit, beyond which a decrease
in performance is observed due to poor mechanical interlocking[671,672].
Also the orientation and alignment of the fibres are factors that modify
the characteristics of the composite material[673–675], and are often deter-
mined by the chosen production process[676]. Several studies have also
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Figure B.1: advantages, disadvantages, and properties of the three
groups of resins[297].

been carried out on the shape of the fibres, which have shown that differ-
ent additive geometries lead to completely different performances of the
composite[677–680]. The choice of fibre is therefore crucial for the properties
of the composite material to be made. Today the most used fillers are glass
fibres, carbon fibres, basalt fibres, aramid fibres, and natural fibres.

Glass fibres are formed by extrusion of thin strands of silica glass[681],
and show high lightness and strength properties. They are widely used
in industry as they are easy to make, low cost, and possess enviable prop-
erties, such as the good fire resistance[681], the high chemical resistance
and high thermal conductivity. The Glass fibre-reinforced polymer (GFRP)
therefore possess good mechanical properties such as good impact resis-
tance, better tensile strength than steel, less brittle behaviour than carbon
fibre, and good dimensional stability. Thanks to these reasons, GFRP are
widely used in industrial applications, especially in the automotive field.
Figure B.2 classifies the various type of glass fibres[682].

Due to their anisotropic structure, carbon fibres show a high elastic
modulus and electrical/thermal conductivity parallel to their length and
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Figure B.2: classification and physical properties of various glass
fibres[682].

low values in the perpendicular direction[683]. Moreover, these fibres can
be used in the production of biosensors and microfluidic devices[684] and
exploited in applications like air filtering, fuel cells, lithium-ion batteries,
hydrogen sorption, and catalytic support[685–688]. Carbon fibre-reinforced
polymer (CFRP) exhibits low-density, light weight, high stiffness, a low co-
efficient of thermal expansion, excellent electrical conductivity, and chem-
ical stability: properties required by components such as aircraft, automo-
biles, sporting goods, and defense equipment[689].

Basalt fibres are a fibrous form of basalt rock which exhibit excellent
mechanical and physical properties and good environmental stability[690].
These materials show high Young’s modulus along with excellent environ-
mental stability[691] and outstanding resistance to acidic, alkaline, and salt
attack[692]. Although their properties are not as high as those of carbon
fibres, their ease of production at maintained costs make basalt fibres an
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important alternative to other types of reinforcing additives in several ap-
plications like making wind blades, tripods of cameras, and snowboards.

Aramid fibres are organic material which possess high strength and
stiffness, superior to steel of equivalent weight, and excellent heat resis-
tance; therefore, these fibres can be used in the fabrication of protective
clothing, aircraft, automobiles, rope for off-shore oil rigs, industrial fillers,
and bullet proof jackets. Kevlar, Technora, Heracron, Twaron, Nomex, and
Teijinconex are the trade names for aramid fibres, among which the first
four are examples of para-aramids, while the latter are meta-aramids[693],
as a function of the relative position of the chemical bonds. Finally, thanks
to their properties, aramid fibres can be used in protective clothing and
helmets, bulletproof jackets, body armor, drumheads and flame-resistant
clothes.

B.1.3 Reinforcing nanomaterials

In addition to the different types of fibres described above, it is also possi-
ble to use reinforcing nanomaterials for the realization of composite with
innovative properties. In this category of additives, the most famous
and used are carbon nanotubes, clays, metal nanoparticles and, above all,
graphene.

As already described in section 2.1, carbon nanotubes show outstand-
ing mechanical and thermal/electrical conductivity properties due to the
strong carbon-carbon bonding of the atoms disposed in a ring pattern[694].
Thanks to the combination of high strength and low weight, CNT’s are
often employed in different matrices in order to increase the structural sta-
bility of the product[695,696]. They can be also used in flame-retardation
performance composites[697], provide high hydrophobicity to polymer
matrices[698] and are exploited in nanopores membranes[699,700]. Finally,
CNT’s are often used as electrodes in batteries and capacitors[701], thanks
to their remarkable electrical conductivity.

Clays are instead used as nanofillers as they show high surface area
(750 m2/g) and low cost[702]. These minerals can be classified in function
of the silica/alumina sheet ratio, equal to 1:1, 2:1 or 2:2[34]. After a proper
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functionalization that leads to a better distribution of the filler particles in
the polymeric matrix, clays can be used in the preparation of green flame
retardant materials and efficient absorbents, exploited in applications like
the automobile industry, food packaging materials, coating and pigments,
drug delivery, bio-sensors, and other medical devices[702].

In addition, countless types of metallic nanoparticles can be used as
nano-reinforcements: the most important are shown in Figure B.3[703],
with their properties and main applications.

Graphene and its features have already been discussed extensively in
chapter 2, so it is easy to see why it was so successful as a polymer matrix
filler. The theme of the use of graphene in composite materials is discussed
in chapter 4, describing its properties and applications in detail: for further
information, therefore, please refer to this specific chapter.

B.2 Filler effect on the properties of polymer-
matrix composites

Once presented the materials usually used in the realization of polymer-
based composites, it is necessary to describe which are the effects of the
filler addition on the main properties expected from these composite ma-
terials, which justify their industrial applications.

B.2.1 Mechanical properties

The mechanical properties are one of the main issues in a composite ma-
terial: an optimal interaction between filler and matrix can in fact lead to
a considerable increase in the strength of the composite. The incorpora-
tion of a nanophase in polymer-composites, for example, lead to an im-
provement of the interlaminar shear strength (ILSS), as confirmed by sev-
eral studies[704–707]. Also the typology of nanofillers considerably changes
the fracture toughness properties of the material: it has been studied
for example that the addition of graphene, thanks to the excellent inter-
face with a polymeric matrix, entails a greater benefit than the use of
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Figure B.3: synthesis, properties, and applications of selected inorganic
nanoparticles[703].

carbon nanotubes or carbon black powders[708]. Furthermore, the func-
tionalization of the additives, improving the compatibility with the poly-
meric matrix, leads to further increases in the mechanical strength of the
material[709–712], as shown for example in Figure B.4[713].
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Figure B.4: (a) schematic synthesis steps of functionalized clay and clay@CF, (b) SEM im-
ages of CF (c) and clay@CF, (d) TGA thermograms of CF and clay@CF, and (e) interfacial

shear strength[713].

B.2.2 Thermal properties

The thermal properties are other characteristics of the polymeric matrices
that scientists try to improve with the addition of nanofiller: in fact, it has
been confirmed that nanofillers can provide stability and restriction of the
mobility of polymer chains during thermal treatment[714,715], as well as an
increase in glass transition temperature of the polymeric matrix[716]. The
use of graphene, on the other hand, causes an increase in thermal stability,
as well as an increase in the conductivity of the composite material[717].
Reinforcing materials can also improve the flame-retardant properties of
the matrix[718–720], increase the limiting oxygen index (LOI)[719,721] and re-
duce the heat release capacity of polymers[722].

B.2.3 Electrical properties

Fillers can create a continuous network within the matrix, improving its
electrical properties: for example, it has been studied how to improve the
transverse[723] and longitudinal[724] electrical conductivity of polymeric
matrices, once the percolation threshold value has been reached. In other
cases, it is desired to improve the insulating properties of the material,
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through the functionalization of multiscale nanocomposite fillers[725,726]:
Figure B.5 describes an example of this function, where the formation of
an insulating layer of MgO on carbon fibers inhibits their electrical con-
ductivity, improving the composite insulating properties[726].

Figure B.5: schematic process of CF-MgO hybrid structure[726].

B.3 Manufacturing methods

As nowadays the composite materials are so widely used, over the years
various production technologies have been developed, to increase the pro-
duction volume, reduce costs and create products with advanced proper-
ties. This section therefore briefly lists the main manufacturing methods
used today in the industrial field.

Injection moulding is one of the main manufacturing techniques, con-
sisting in the melting of pallets or granules comprising polymer and their
injection into a mold after being fed through a hopper. This process is
appropriate for small or medium sized products, and allows to get good
quality objects with reduced cost.

In the resin transfer moulding process the reinforcement is placed in
a mold cavity before the transfer of the catalysed resin the closed mold
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via a sprue. This method can be used for fabricating simple and complex
shapes, with low manufacturing cost and high mass production.

The hand lay-up method exploits the use of a gel coat, placed on a mold
surface that provide smooth and hard surface to the composite. Then the
reinforcements and matrix are laid one layer after the other to the desired
thickness, consolidated by means of a roller, and finally cured. This is
probably the simplest and least expensive composite manufacturing pro-
cess, used to produce large one-piece components[727].

In spray-up moulding process, the resin and reinforcement are applied
on the mold manually, or in an automated way, by means of a spray-
gun[728].

Filament winding employs resin-impregnated fibres which are wound
around a rotating mandrel to form the composite. With this simple tech-
nique is possible to realize circular components, like tubes, pipes, pressure
vessels, chemical storage tanks, fishing rods, compressed natural gas cylin-
ders, and golf club shafts. In compression moulding, instead, the com-
pound is closed between the male and female part of the metal mold, sub-
ject to the curing that takes place by means of heat and high pressure[729].

Pultrusion involves pulling the composite, in form of impregnated fi-
bres, through a series of forming dies, before being cut in the desired
length. This process realizes continuous composite profiles with constant
cross section shapes at any length, either solid or hollow, such as bars,
rods, beams, channels, and thin-walled tubes[293].

Finally, vacuum bag moulding is considered as a modification of the wet
lay-up process: the composite material is placed onto the mold, followed
by several components such as peel ply, release film, bleeder, separator,
breather, and vacuum bag stacked on top of each other. The bag is there-
fore evacuated and pressure is applied to eliminate or to reduce voids in
laminate, consolidating the laminate[730].

These are the main techniques used for the production of composite
material components. However, all the methods for the deposition of or-
ganic composite coatings (a polymer-matrix composites subclass) have not
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been mentioned, as they will be described exhaustively in chapter 4, when
the use of graphene in composite materials will be introduced.

B.4 Applications of polymer composites

Composite materials are appreciated in different industries, thanks to the
combinations of properties obtainable through reinforcement phases. This
section, therefore, describes the main fields in which polymer-based com-
posite materials are widely used

Automotive Industry Nowadays, automotive components can be made
of conventional composites, but also produced from natural fiber,
nanocomposites or smart materials. For example, several car manufac-
turers employ natural fibers in their car components, such as Daimler
Chrysler, Mercedes, Volkswagen, Audi Group, BMW, For and, Opel, as
shown in Figure B.6[731]. Studies have been carried out to make pedals
components using polyamide 6.6 and short glass fibers and polymer com-
posite bumper beam[732]. The performance obtained from the use of these
materials has pushed the automotive industry to introduce polymer-based
composites even in racing cars, such as Williams in the early 2000s[727].
The mechanical properties of drive shafts, such as tensile, flexural, and
impact properties, were improved by the development of carbon and glass
fiber reinforced epoxy components[733], while bark cloth/epoxy compos-
ites have been studied as alternative materials for the manufacture of au-
tomotive instrument panels[734].

Aerospace Industry In 2012 was reported that the aerospace industry
accounted for 14% of the composite market[735]. In fact, many applica-
tions can be found for composite materials in this industrial field, like
the production of aircraft, spacecraft, satellites, helicopters, missiles, and
booster rockets[293]. The Aerospace industry needs products with excel-
lent strength, stiffness and fatigue resistance: high-strength fibers, such as
carbon, aramid, and glass are therefore widely used, together with non-
biodegradable resins, such as epoxies, vinylesters, and phenolic based.
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Figure B.6: (a) under floor protection trim of Mercedes A class
made from banana fibre-reinforced composites. (b) Mercedes S
class automotive components made from different bio-fibre-reinforced

composites[731].

However, the continuous growth of research into biodegradable and eco-
friendly materials has led to a new use of natural fibers even in compo-
nents with high technological characteristics. For example, hemp fibers
composites replaced the traditional woven glass/epoxy laminates in sev-
eral aeronautical components[736].

Building Industry The development of the construction industry, with
increasingly complex buildings, has led to the development and use of
composite materials, in order to increase their overall strength, durabil-
ity, and resistance toward wear[737–739]. For examples, jute composites
are employed in door shutters, drain cover are made of kenaf fibers, and
wood-plastic composites can be exploited in decking realization[740]. On
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the other hand, natural fibers like bamboo strips have been studied ad al-
ternative additive materials with low molecular-weight phenol formalde-
hyde resin for the production of composite panels[741]. The same was done
employing shredded recycled papers blended with urea formaldehyde,
obtaining panels for insulation and packaging applications[742].

Marine Application Polymer-matrix composites are often used in de-
sign and fabrication of boat component[743–745] as eco-friendly solution
with high shear rigidity and flexural strength. Ship components often
face chemically aggressive environments, so composite materials are also
successfully employed as protective coatings to enhance the resistance of
materials toward corrosion by water and seawater, showing high strength-
to-weight ratio, ability to withstand harsh off-shore conditions, resistance
against corrosion and erosion, good protection from environmental degra-
dation, and impact loads[327].

Sporting Goods and Leisure The introduction of carbon fiber and other
reinforcement phases in polymeric matrixes caused an evolution in the
sporting goods manufacture field, where composite materials replaced
graphite, magnesium, titanium, and advanced aluminum alloys tradition-
ally used in golf clubs, tennis racquets, and racing bikes. For example,
carbon fiber reinforced nylon composite was reported to be employed in
squash racquet thanks to its light weight, stiffness, and toughness[746],
while basalt fiber and bioepoxy resin were studied in the fabrication
of longboards, whose simulation mechanical results are shown in Fig-
ure B.7[747]. However, the examples of use of composite materials in sports
are innumerable, as they can be found in bicycle frames, golf shafts, surf-
boards, fishing rods, snow skis, snow shoes, ski boots, racing cars, hockey
sticks, pole vaults, and jevelins.

The use of polymer-based composite materials as protective coatings is
a topic of great industrial and scientific interest, as the performances guar-
anteed by these materials appear really promising. Since this thesis also
studies the characteristics of resistance to corrosion of graphene-polymer
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Figure B.7: simulation results for the basalt fiber/bioepoxy
resin longboard under normal service loads: (a) principal

stress value; (b) shear stress distribution[747].

based coatings, the next chapter will concentrate precisely on the work
carried out so far concerning polymer-composite coatings for corrosion
protection.
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