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CORROSION PROTECTION FOR METALLIC SUBSTRATES

This invention relates to corrosion protection for metallic substrates. In particular, this
application relates to corrosion protection for metallic substrates such as but not

limited to aluminium and aluminium alloys.

Some known compositions for use in offering corrosion protection to metallic
substrates are generally known as inhibitive coatings and compositions. Such
coatings and compositions are primarily applied as primers because they function
by reaction of constituents / pigments of the coating with a metallic substrate. The
inhibitive mechanism relies on passivation of the metal and the build-up of a layer of
oxides as well as metallic complexes on the surface of the metallic substrate. The
oxides and metallic complexes impede the tfransport of aggressive species to the

metal of the substrate.

The active constituents / pigments of inhibitive coatings are typically marginally
water soluble and produce active species which inhibit the ongoing corrosion of the
metallic substrate. The active constituents / pigments currently used are commonly
chromates but other species such as phosphates, molybdates, nitrates, borates and
silicates are also used. The selection of active constituents / pigments is increasingly
subject to regulatory pressures due o increased concerns for the environment and

health and safety.

Current regulations in the European Union restrict the materials which can be used in
inhibitory coatings. Chrome(VI) compounds have been subject to authorisation
under REACH (2008 Annex XIV). Other legislative measures relating fo anticorrosive
pigments include the ELV (End of Life vehicle) directive which has seen the phase
out of lead pigments from 2003 and Cr{Vl} in primers and pre-treatments from 2007.
Other regulations include WEEE (Waste Electrical and Electronic Equipment Directive
2006) and RoHS (Restriction of Hazardous Substances Directive 2002) directives
which restricted use of Cr(Vl) in white goods. In the US OSHA (Occupational Safety
and health Administration regulation 2006) reduced employee permissible exposure
to Cr{VI) 52ug/m3 to 5ug/m3. Zinc phosphate is also becoming of increasing concern

given that it is foxic to aquatic organisms and may cause long-term adverse effects
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in the aquatic environment. Accidental ingestion of the active constituents /
pigments may be damaging to the health of the individual. Soluble zinc salts

produce irritation and corrosion of the alimentary tract with pain, and vomiting.

The mechanism of inhibitive pigmenfs is based on the partial dissolution of the
pigment by water diffused into the coating. At the surface of the substrate the
dissolved ions react and form a reaction product that passivates the surface. [t is
critical that the active constituents / pigments are sufficiently highly soluble o
release ions for reaction. Too high a solubility can, however, result in blistering of the
coating. An ideal inhibitive coating should form a barrier against water and
detrimental ions while simultaneously releasing sufficient quantity of inhibitor ions.
These two requirements are antagonistic in principle and the inhibitive coating
requires a balance between the barrier properties of the coating (the lower the
permeability the better the barrier properties) and in the ability of pigment to solvate
and the ions created to fransfer o the coating substrate interface (the higher the

permeability the greater the solvation and fransfer of ions).

Other known compositions for use in offering corrosion protection to metallic
substrates comprise a carrier medium and graphene platelets at a quantity of at
least 0.1 wt%. The graphene platelets may be dispersed directly into the carrier
medium, for example a typical coating resin system including, but not limited to:
crosslinkable resins, non-crosslinkable resins, thermosetting acrylics, aminoplasts,
urethanes, carbamates, polyesters, epoxies, silicones, polyureas, silicates,
polydimethyl siloxanes using methods such as triple roll mills. Alternatively, the
graphene may be introduced via a solvent dispersion in which support resins and
dispersants may be used to deliver optimum dispersion and stabilisation. Such
solvent dispersions may be made using combination of ultrasonics and beadmill
processing. The incorporation of graphene info a resin enables the delivery of
graphene in a traditional coating format and as such deliverable by any of the
traditional methods available (brush, roller, airspray, airless, electrostatic spray, rotary
atomising, dip coating, flow coating, curtain coating, and electrocoating). The
graphene will, depending on concentration of incorporation and applied dry film
thickness, result in multiple layers of graphene platelets in the coating. The presence

of multiple layers of graphene platelets provides a complex and tortuous path for
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the penetration of water and the dissolved oxygen or ions it carries through the

coating.

There is provided a composition suitable for coating a metallic substrate that is
susceptible to corrosion characterised in that the composition comprises a carrier
medium, 2D material/graphitic platelets, and one or both of conductive carbon
black particles and carbon nanotubes in which the 2D material/graphitic platelets
comprise: nanoplates of one or more 2D materials and or nanoplates of one or more
layered 2D materials and or graphite flakes in which the graphite flakes have one
nanoscale dimension and 25 or less layers, the conductive carbon black particles
have a mean particle size in the range of 1 nm fo 1000 nm, and the carbon

nanotubes are single or multiwalled

In an aspect, there is provided acomposition suitable for coating a metallic
substrate that is susceptible to corrosion, in which the substrate is aluminium, an
aluminium alloy, or a magnesium based alloy, wherein the composition comprises a
carrier medium, 2D material/graphitic platelets, and one or both of conductive
carbon black particles and carbon nanotubes, in which the 2D material/graphitic
platelets comprise nanoplates of one or more 2D materials and or nanoplates of
one or more layered 2D materials and or graphite flakes in which the graphite flakes
have one nanoscale dimension and 25 or less layers, the conductive carbon black
particles have a mean particle size in the range of 1 nm to 1000 nm, and the carbon
nanotubes are single or multiwalled, in which the 2D material/ graphitic platelets are
comprised of one or more of graphene, layered graphene, and or graphite flakes in
which the graphite flakes have one nanoscale dimension and 25 or less layers, and
in which at least 50% of the graphene, layered graphene, and or graphite flakes
have an electrical conductivity greater than around 2.15x107 S/m at 20°C, in which

the carrier medium is electrically non-conductive.

In another aspect, there is provided a coating system for a metallic substrate that is
susceptible to corrosion, in which the substrate is aluminium, an aluminium alloy, or
a magnesium based alloy, for creation of a first coating on the metallic substrate,

and, subsequently, a second coating over the first coating characterised in that the

first coating comprises a composition as defined above, and the second coating is
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formed from a second composition which comprises a carrier medium and 2D
material/graphitic platelets in which the 2D material/graphitic platelets comprise

more than 0.1 wi% of the second composition.

In another aspect, there is provided a method of freatment of a metallic substrate,
in which the substrate is aluminium, an aluminium alloy, or a magnesium based alloy,

in which the substrate is coated with a composition as defined above.

In another aspect, there is provided a method of treatment of a metallic substrate,
in which the substrate is aluminium, an aluminium alloy, or a magnesium based alloy,

in which the substrate is freated with the system as defined above.

2D materials (sometimes referred to as single layer materials) are crystalline materials
consisting of a single layer of atoms. Layered 2D materials consist of layers of 2D
materials weakly stacked or bound to form three dimensional structures. Nanoplates
of 2D materials and layered 2D materials have thicknesses within the nanoscale or
smaller and their other two dimensions are generally at scales larger than the

nanoscale.

2D materials used in the composition of the present invention may be graphene (C),
graphyne (C), phosphorene (P), borophene (B), or a 2D in-plane heterostructure of

two or more of the aforesaid materials.

Layered 2D materials may be layers of graphene (C), graphyne (C), phosphorene
(P), borophene (B), or a 2D vertical heterostructure of two or more of the aforesaid
materials.

The preferred 2D material is graphene.

Preferred graphene materials are graphene nanoplates, bilayer graphene

nanoplates, trilayer graphene nanoplates, few-layer graphene nanoplates, and

graphene nanoplates of 6 to 10 layers of carbon atoms. Graphene nanoplates

3a
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typically have a thickness of between 0.3 nm and 3 nm, and lateral dimensions

ranging from around 100 nm to 100 pm.

Graphite flakes with at least one nanoscale dimension are comprised of at least 10
layers of carbon atoms. Preferred graphite flakes are graphite flakes with nanoscale
dimensions and 10 to 20 layers of carbon atoms, graphite flakes with nanoscale
dimensions and 10 to 14 layers of carbon atoms, graphite flakes with nanoscale
dimensions and 25 or less layers of carbon atoms, graphite flakes with nanoscale
dimensions and 20 to 25 layers of carbon atoms. It is preferred that the graphite

flakes have lateral dimensions ranging from around 100 nm to 100 pum.

In some embodiments of the present invention the 2D material/graphitic platelets
are graphene platelets. Graphene platelets comprise one of or a mixture of two or
more of graphene nanoplates, bilayer graphene nanoplates, few-layer graphene

nanoplates, and/or graphite flakes with hanoscale dimensions and 25 or less layers.

In some embodiments of the present invention the 2D material/graphitic platelets

comprise between 0.002 wt% and 0.09 wi% of the composition.

In some embodiments of the present invention the total weight of the 2D
material/graphitic platelets, conductive carbon black particles, and carbon

nanotubes comprises between 0.002 wit% and 0.09 wt% of the composition.

In some embodiments of the present invention at least 50 wi% of the 2D
material/graphitic platelets comprise graphite flakes with nanoscale dimensions and

25 or less layers.

In some embodiments of the present invention the 2D material/graphitic platelets
and conductive carbon black particles and or carbon nanotubes in combination
comprise between 0.002 wi% and 0.004 wt% of the composition, between 0.003 wt%
and 0.004 wi% of the composition between 0.0026 wit% and 0.04 wi% of the
composition, between 0.0026 wi% and 0.0035 wt% of the composition, between
0.006 wt% and 0.009 wit% of the composition, around 0.003 wi% of the composition,

or around 0.03 wt% of the composition.
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In some embodiments of the present invention the 2D material/graphitic platelets
comprise between 0.002 wt% and 0.004 wt% of the composition, between 0,003 wt%
and 0.004 wi% of the composition between 0.0026 wt% and 0.04 wt% of the
composition, between 0.0026 wt% and 0.0035 wt% of the composition, between
0.006 wi% and 0.009 wt% of the composition, around 0.003 wi% of the composition,

or around 0.03 wt% of the composition.

In some embodiments of the present invention the ratio of the weight of the 2D
material/graphitic platelets to the total weight of the 2D material/graphitic platelets
and conductive carbon black particles and or carbon nanotubes is 50%, 60%, 70%,
80%, 20%, 30%, 40 %, between 50 and 60%, between 50 and 70%, between 50 and
80%, between 20 and 50%, between 30 and 50%, between 40 and 50%, between 20
and 80%, between 30 and 70%, or between 40 and 60%.

A coating using such compositions has been found to have a packing density of the
combined 2D material/graphitic platelets, conductive carbon black particles, and
or carbon nanotubes which is sufficiently low that substantially all of the 2D
material/graphitic platelets, conductive carbon black particles, and or carbon
nanotubes are fully encapsulated within the carrier medium and the majority of the
2D material/graphitic platelets, conductive carbon black particles, and or carbon
nanotubes are not in physical and / or electrical contact with any other 2D
material/graphitic platelets, conductive carbon black particles, and or carbon

nanotubes.

This full encapsulation of the 2D material/graphitic platelets, conductive carbon
black particles, and or carbon nanotubes in the carrier medium and the lack of
contact between the 2D material/graphitic platelets, conductive carbon black
particles, and or carbon nanotubes has surprisingly been found to have
considerable benefits. In particular, because none of the 2D material/graphitic
platelets, conductive carbon black particles, and or carbon nanotubes are in
contact with each other or the metdllic substrate in the coating / composition as
applied they cannot cause the formation of any galvanic cells on the surface of the

substrate.
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An uncoated / protected metal substrate will oxidize / corrode at a rate dependent
on the environmental conditions in which the substrate is located. If the
environmental conditions include moisture then the oxidation tends to be more

rapid than when the environmental conditions are dry.

It has been found that when a coating using a composition according to the first
aspect of the present invention is damaged sufficiently for the metallic substrate to
be exposed, some of the 2D material/graphitic platelets, conductive carbon black
particles, and or carbon nanotubes are driven into contact with the metallic
substrate in the area of the damage and / or some of the 2D material/graphitic
platelets, conductive carbon black particles, and or carbon nanotubes are exposed
to the atmosphere in the damaged faces of the coating. The exposed 2D
material/graphitic platelets, conductive carbon black particles, and or carbon
nanotubes will then, especially in the presence of moisture, catalyse the oxidation of

the metallic substirate.

When the metallic substrate is aluminium or an alloy of aluminium, electrochemical

oxidation may occur.

This is predominantly an electrochemically-driven redox process where the oxidation
half reaction at the anodic sites proceeds as follows:
Al > APB* + 3e-

The complimentary reduction process which occurs at the cathodic sites on the metal
surface proceeds as follows:
O2 +2H20 + 4e- > 40H-

By their very nature, the above oxidation and reduction reactions are coupled by
electron transfer, and the reaction of their ionic products as follows:
AR* + 30H 2> Al{OH)s

Overdll, the electrochemical oxidation of aluminium is as follows:
4Al + 6H20 + 302 > 4AI(OH)3
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The aluminium hydroxide may then be transformed into alumina by hydration:
Al{OH)3 2 Al203.3H20

The alumina (Al203.3H20) layer is normally 5-10 nanometres thick and is formed as
soon as the metal comes into contact with an oxidising environment. The alumina
has a dual nature and consists of a compact and stable inner oxide layer covered
with a porous, less stable outer layer which is more susceptible to
corrosion/dissolution with the result that the corrosion resistance of the aluminium
substrate is dependent on the stability of the oxide layer. The alumina layer is of a

much lower electrical conductivity than the aluminium.

It has been found that the catalysation of the aluminium oxidation both increases
the rate of oxidation of the aluminium fo alumina and causes that oxidation to
continue until a thick layer of alumina has built up and sealed the aluminium
substrate and the exposed 2D material/graphitic platelets, conductive carbon black
particles, and or carbon nanotubes from the atmosphere. As a result, the presence
of the 2D material/graphitic platelets, conductive carbon black particles, and or
carbon nanotubes in the composition according to the first aspect of the present
invention at the quantities discussed above causes the coating formed from that
composition to be self-healing because the alumina formed heals the damage to

the coating.

The self-healing nature of the coating has an additional benefit in that because any
damage to the coating is rapidly closed by the alumina, the chances of water
entering the interface between the aluminium substrate and the coating,
subsequently propagating out from the area of damage, and causing delamination

of the coating are substantially reduced.

Further benefits of the composition according to the first aspect of the present

invention are as follows:

The 2D material/graphitic platelets, conductive carbon black particles, and or

carbon nanotubes used in the present invention do not have the proven
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environmental detriments that are known to exist for phosphates, chromates,

molybdates, nitrates, borates or silicates.

The 2D material/graphitic platelets used in combination with carbon nanotubes of
the present invention are a relatively new technology and it is not yet known
whether they may themselves have any environmental defriment. If they are found
to give rise to environmental problems then the levels of the 2D material/graphitic
platelets, and carbon nanotubes are so low that those environmental detriments will

be minimised.

The 2D material/graphitic platelets, conductive carbon black particles, and or
carbon nanotubes in the present invention are generaily of lower density than
phosphates, chromates, molybdates, nitrates, borates or silicates leading to lighter
coatings. This is particularly so given the quantities of 2D material/graphitic platelets,
conductive carbon black particles, and or carbon nanotubes in the present

invention.

In some embodiments of the present invention more than 50%, 60%, 70%, 80% 90% or
95% of the 2D material/graphitic platelets are graphene and have an electrical
conductivity greater than around 2.15x107 S/m at 20°C or around 3.5x107 S/m at
20°C. Such high levels of conductivity assist in the catalysation of the oxidation of

the exposed metal substrate.

In some embodiments of the present invention more than 50%, 60%, 70%, 80% 90% or
95% of the conductive carbon black particles have an electrical conductivity
greater than around 1.0x104 S/m at 20°C. Such high levels of conductivity assist in

the catalysation of the oxidation of the exposed metal substrate.

In some embodiments of the present invention more than 50%, 60%, 70%, 80% 90% or
95% of the carbon nanotubes have an electrical conductivity greater than around
1.00x10¢ S/m at 20°C. Such high levels of conductivity assist in the catalysation of the

oxidation of the exposed metal subsirate.
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in some embodiments of the present invention the 2D material/graphitic platelets
have a particle size distribution in which D50 is equal to or less than 50 um, equal to
or less than 30 um, equal to or less than 20 um, or equal to or less than 15 um. The
processing of the 2D material/graphitic platelets may be carried out by a friple roll
mill, with gap sizes of 15/5 micons at 3 passes, bead milling, ultrasonication, ultra high
speed dispersion or other appropriate known fechniques. Parficle size may be
measured on a Malver Mastersizer 3000 by dilution of the carrier resin in a suitable

solvent after which the D50 particle sizes are measured.

In some embodiments of the present invention the carrier medium is an electrical

insulator.

In some embodiments of the present invention the carrier medium is selected from
known crosslinkable resins, non-crosslinkable resins, thermosetting acrylics,
aminoplasts, urethanes, carbamates, polyesters, epoxies, silicones, polyureas,
silicates, polydimethyl siloxanes, and mixtures and combinations thereof. The
selection of the appropriate carrier medium will be dependent on the intfended
circumstances of use for the composition according to the first aspect of the present

invention.

In some embodiments of the present invention the carrier medium is plastically
deformable once it has set / cured. The characteristic of the carrier medium being
plastically deformable once it has set / cured has the result that it has sufficient
flexibility not to expose large areas of substrate when damaged. Such a
characteristic of the carrier medium will have the effect that damage to the coating
using a composition including such a carrier medium will be relatively localised to
the cause of the damage and it is unlikely that the damage will propagate away

from the location or cause of the damage.

In some embodiments the strength of adhesion of the carrier medium to the metallic
substrate is such that an impact or pressure of sufficient force that the coating is
damaged but that the metallic substrate is not deformed does not cause the

coating to separate from the metaliic substrate.
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In some embodiments of the present invention the composition further comprises a
solvent and or a dispersant. These will affect the handling and or applicafion
properties of the composition and the ease of formulation of the composition

respectively.

According to a second aspect of the present invention there is provided a coating
system for a metallic substrate that is susceptible to corrosion in which the system
comprises the creation of a first coating on the metallic substrate, and,
subsequently, a second coating over the first coating characterised in that the first
coating is formed from a composition according to the first aspect of the present
invention, and the second coating is formed from a second composition which
comprises a carrier medium and 2D material/graphitic platelets in which the 2D

material/graphitic platelets comprise more than 0.1 wt% of the second composition.

In some embodiments of the second aspect of the present invention, the 2D
material/graphitic platelets of the second composition comprise graphene platelefts.
In some embodiments the graphene platelets of the second composition comprise
one of or a mixture of fwo or more of graphene, graphene oxide, and / or reduced
graphene oxide nanoplates, bilayer graphene, bilayer graphene oxide, and / or
bilayer reduced graphene oxide nanoplatelets, few-layer graphene, graphene
oxide, and / or reduced graphene oxide nanoplatelets, and / or graphite flakes in

which the graphite flakes have one nanoscale dimension and 25 or less layers.

In some embodiments of the second aspect of the present invention, the 2D
material/graphitic platelets of the second composition comprises one or a mixture of
graphene (C), graphene oxide, reduced graphene oxide, hexagonal boron nitride
(hBN), molybdenum disulphide {MoS2), tungsten diselenide (WSe2), silicene (Si),
germanene (Ge), Graphyne (C), borophene (B), phosphorene (P), or a 2D in-plane

heterostructure of two or more of the aforesaid materials.
Layered 2D materials may be layers of graphene (C), graphene oxide, reduced

graphene oxide, hexagonal boron nitride (hBN), molybdenum disulphide (MoSa),

tungsten diselenide (WSe2), silicene (Si), germanene {Ge), Graphyne (C), borophene

10
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(B}, phosphorene (P), or a 2D vertical heterostructure of two or more of the aforesaid

materials.

The coafing system of the second aspect of the present invention has the benefit
that the first and second coats can have different properties and, as a result, offer

superior protection to the metdallic substrate than either coating alone.

In some embodiments of the second aspect of the present invention the 2D
material/graphitic platelets of the second composition comprises between 0.1 wit%
and 20 wt% of the composition, between 0.1 wi% and 6.0 wt% of the composition, or
between 0.1 wt% and 0.5 wt% of the composition. Such a composition will, as a
result, depending on the concentration of incorporation of the 2D material/graphitic
platelets and the applied dry film thickness, result in mutltiple layers of 2D
material/graphific platelets in the coating. The presence of multiple layers of 2D
material/graphitic platelets provides a complex and tortuous path for the
penetration of water (and any dissolved oxygen or ions it carries) through the
coating. That path is expected to be significantly longer than the actual thickness of

the second coating.

In some embodiments of the second aspect of the present invention more than 50%,
60%, 70%, 80% 90% or 95% of the 2D material/graphitic platelets of the second
composition / coating have an electrical conductivity which is less than the
electrical conductivity of more than 50%, 60%, 70%, 80% 90% or 95% of the 2D
material/graphitic platelets, conductive carbon black particles and or carbon

nanofubes of the first composition / coating.

In some embodiments of the second aspect of the present invention more than 50%,
60%, 70%, 80% 90% or 95% of the 2D material/graphitic platelets of the second
composition / coating have an electrical conductivity of around or less than 2.0x10%
S/m at 20°C.

According to a third aspect of the present invention there is provided a method of
treatment of a metallic substrate in which the substrate is coated with a composition

according to the first aspect of the present invention. The coating of the metallic

11
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substrate may be by brushing, spraying, dipping or other appropriate application

technigques.

In some embodiments of the third aspect of the present invention the metallic

substrate is aluminium, an aluminium alloy, or a magnesium based alloy.

According to a fourth aspect of the present invention there is provided a method of
treatment of a metdllic substrate in which the substrate is freated with the system
according to the second aspect of the present invention. The coating of the
metallic substrate and, subsequently, the first coating may be by brushing, spraying,

dipping or other appropriate application techniques.

In some embodiments of the fourth aspect of the present invention the metallic

substrate is aluminium, an aluminium alloy, or a magnesium based dlloy.

Further advantages, properties, aspects and features of the present invention will

become apparent from the following description of exemplary embodiments:
EXPERIMENTAL RESULTS

Various loadings, including blends, of different carbon types (graphene
nanoplatelets, conductive carbon black {CB) and single wall carbon nanotubes
(SWCNTs) of varying conductivity, shown in see Table 1, were incorporated info an

gpoxy system in the quantities shown in Table 2.

The epoxy system used was an epoxy resin with and epoxy equivalent weight of 171-
175 g/eq and the Grade 1 and Grade 2 graphene platelets had a particle size with
a D50 of less than 50 um. Control A is the epoxy system with no graphene included,

and Control B is no formulation atf all. Thatis Control B is bare, untreated metal.

The epoxy system and carbon material were weighed out using a 4 decimal place

analytical balance.

12
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Each of Formulations 1 to 10, Control A and Control B were applied to two
aluminium panels. The aluminium panels were each made of aluminium 5005 alloy,
an alloy with the following composition Magnesium (Mg} 0.50 - 1.10 wi%, Iron (Fe) 0.0
- 0.70 wit%, Silicon (Si) 0.0 - 0.30 wt%, Zinc (Zn) 0.0 - 0.25 wi%, Manganese (Mn) 0.0 -
0.20 wi%, Copper (Cu) 0.0 - 0.20 wi%, Others (Total) 0.0 - 0.15 wi%, Chromium (Cr) 0.0
- 0.10 wt%, Other (Each) 0.0 - 0.05 wit%, Aluminium (Al) Balance. Each Formulation
and Confirol was applied by spray application, using a conventional gravity-fed gun,
through a 1.2 mm ftip, resulting in dry film thicknesses ranging from 40-60 pm on the
aluminium panels. The panels were cured for 1 week at ambient temperature,

before commencing festing.

One panel for each Formulation and Confrol was scribed with a 225 mm scribe using
a knife. Care was taken that the scribes were as consistent as possible throughout
due to relatively small surface area of study. The panels for each Formulation and
Control were tested in duplicate in both scribed and unscribed forms. Scribed samples
were studied because they offer an immediate study of a bare metal surface which
may be contacted with an electrolyte without having to observe the lengthy

breakdown/degradation of the film coating e.g. due to water uptake.

All electrochemical measurements were recorded using a Gamry 1000E potentionstat
in conjunction with a Gamry ECM8 multiplexer to permit the concurrent testing of up
to 8 samples per experiment. Each individual channel was connected to a Gamry
PCT-1 paint test cell, specially designed for the electrochemical testing of coated

samples.

Within each paint test cell, a conventional three-electrode system was formed, the
bare aluminium, epoxy coafed aluminium, and scribed coated epoxy aluminium
panels were the working electrode, a graphite rod served as a counter electrode and
a saturated calomel electrode (SCE) served as the reference electrode. All tests were

run using a 3.5 wt% NaCl electrolyte.

For all samples, electrochemical testing consisted of corrosion potential
measurements (Ecorr) followed by potentiodynamic polarisation scans. Since this work

is focussed on the change in elecfrochemical properties over time, each cycle of

13
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experiments was conducted at approximate intervais of 2 hours over a period of 1

week for all samples.

Potentiodynamic polarisation scans were carried out in order to generate Tafel
polarisation curves. These curves were produced as a result of applying a potential of
250 mV from the open circuit potential (500 mV sweep) at a scan rate of 0.5
mV/second with a sample period of 1 second, over a coated sample area (working
electrode areq) of 14.6 cm2. Data fitting to the Tafel region was carried out using the
Gamry Echem Analyst software in order to exiract values for the anodic and cathodic
Tafel constants, Ecor, and corrosion rate. These values were then plotted for the time

duration of the experiment.

All corrosion potential (Ecor) measurements were recorded against the SCE reference

electrode.,

Potentiodynamic polarisation scans permit considerable amounts of information on
electrode processes to be determined. Through this technique, information on
corrosion rate, pitting susceptibility, passivity and anode/cathode behaviour of an
electrochemicadl system may be obtained. During such scans, the driving force of the
anodic/cathodic reactions (potential) is varied and the net change in reaction rate
(the current) is measured. Tafel plots are usually displayed with the applied potential
on the y axis and the logarithm of the measured current on the x axis, where the top
half above the corrosion potential represents the anodic portion of the plot and the
pbottom half below the corrosion potential represents the cathodic portion of the plot.
The Tafel region or active region is usually a straight line and represents electron
transfer i.e. the metal oxidation reaction for the anode and the oxygen reduction
process in the case of the cathode. The intersection point of back extrapolation of
the anodic and cathodic Tafel slopes represents the corrosion current, from which a
corrosion rate may pbe determined. The gradient of the Tafel slopes themselves is
equivalent to the Anodic/Cathodic Tafel constants, measured in volts/decade, and
these values are a measure of the degree of increase in the overpotential required to

increase the reaction rate (the current) by a factor ten.

14



10

15

20

25

30

WO 2019/155207 PCT/GB2019/050322

Beyond the Tafel regions, when an extended potential range is applied, additional
useful features may be observed in the polarisation data. In the case of the anode,
one such feature is known as the passivation potential. As the applied potential
increases above this value, a decrease in the measured current density is observed
until a low, passive current density is achieved; the point at which the current density
undergoes no change with an increase in applied potential (passive region). Beyond
this point, if the applied potential permits and is sufficiently positive, the current rapidtly
increases: the breakaway potential. For aluminium dlloys, this breakaway potential

may be due to alocalised breakdown in passivity (pitting).
EXAMPLE DATA

The data in Tables 3a and 3b demonstrates the electrochemical values obtained for
samples which have scribe damage, and intact coatings. It shows the corrosion
potential (Econ) The anodic and cathodic currents, and corrosion rate in um per year
and mils per year. This data is used to construct Tafel plots which in themselves

demonstrate whether the corrosion mechanism is by barrier, or passivation.

For the hybrid samples, including carbon black particles, single wall carbon
nanofubes and graphene Grade 1, and blends thereof, the coatings were not
studied in an unscribed state since no effect on the corrosion of the substrate was
observed with fully intact coatings. This is due to the fact that corrosive species such

as water, ions or oxygen are prevented from interacting with the substrate.

The Tafel plot showing passivation occurring with Formulations 2 and 10 when

scribed is shown in Table 4. The plots are labelled with the formulation number.

The near flat gradient of the upper curve in Table 4 is consistent with passivation
occurring at the substrate in this case an aluminium alloy. When no scribe is present,
the coating itself acts as a barrier, and no passivation occurs as water and oxygen
are not present at the substrate. The Tafel plot showing no passivation occurring

with Formulation 2 when unscribed is shown in Table 5
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CLAIMS

1 A composition suitable for coating a metallic substrate that is susceptible to
corrosion, in which the substrate is aluminium, an aluminium alloy, or a magnesium
based alloy, wherein the composition comprises a carrier medium, 2D
material/graphitic platelets, and one or both of conductive carbon black particles
and carbon nanotubes, in which the 2D material/graphitic platelets comprise
nanoplates of one or more 2D materials and or nanoplates of one or more layered
2D materials and or graphite flakes in which the graphite flakes have one nanoscale
dimension and 25 or less layers,

the conductive carbon black particles have a mean particle size in the range
of T nm to 1000 nm, and the carbon nanotubes are single or multiwalled,

in which the 2D material/ graphitic platelets are comprised of one or more of
graphene, layered graphene, and or graphite flakes in which the graphite flakes
have one nanoscale dimension and 25 or less layers, and

in which at least 50% of the graphene, layered graphene, and or graphite
flakes have an electrical conductivity greater than 2.15x107 S/m at 20°C, in which

the carrier medium is electrically non-conductive.

2 A composition according to claim 1 in which the 2D material/ graphitic
platelets are comprised of one or more of graphene, graphyne, phosphorene,
borophene, a 2D in-plane heterostructure of two or more of graphene graphyne
phosphorene and or borophene, layered graphene, layered graphyne, layered
phosphorene, layered borophene, a 2D vertical heterostructure of two or more of
graphene graphyne phosphorene and or borophene, and or graphite flakes in

which the graphite flakes have one nanoscale dimension and 25 or less layers.

3 A composition according to claim 1 or 2 in which the 2D material/ graphitic
platelets and conductive carbon black particles and or carbon nanotubes in
combination comprise between 0.002 wi% and 0.09 wi% of the composition,
between 0.002 wit% and 0.004 wt% of the composition, between 0.0026 wt% and 0.04
wi% of the composition, between 0.0026 wt% and 0.0035 wt% of the composition,
between 0.006 wi% and 0.009 wt% of the composition, around 0.003 wt% of the

composition, or around 0.03 wt% of the composition.
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4 A composition according to claim 1 or 2 in which the 2D material/ graphitic
platelets comprise between 0.002 wt% and 0.0?2 wt% of the composition, between
0.002 wi% and 0.004 wt% of the composition, between 0.0026 wt% and 0.04 wt% of
the composition, between 0.0026 wi% and 0.0035 wt% of the composition, between
0.006 wt% and 0.009 wt% of the composition, around 0.003 wi% of the composition,

or around 0.03 wi% of the composition.

5 A composition according to any of claims 1 to 4 in which the ratio of the
weight of the 2D material/graphitic platelets to the total weight of the 2D
material/graphitic platelets and conductive carbon black particles and or carbon
nanotubes is 50%, 60%, 70%, 80%, 20%. 30%, 40 %, between 50 and 60%, between 50
and 70%, between 50 and 80%, between 20 and 50%, between 30 and 50%,
between 40 and 50%, between 20 and 80%, between 30 and 70%, or between 40
and 60%.

6 A composition according to any of claims 1 to 5 in which at least 50% of the
2D material/ graphitic platelets and conductive carbon black particles and or
carbon nanotubes are not in physical and or electrical contact with any other 2D
material/ graphitic platelets and conductive carbon black particles and or carbon

nanotfubes.

7 A composition according to any of claims 1 to 6 in which at least one of the
2D material/ graphitic platelets and conductive carbon black particles and or
carbon nanotubes have a particle size distribution with a D50 of less than 30 um, less

than 20 um, or less than 15 um.

8 A composition according to any of claims 1 to 7 in which the 2D material/

graphitic platelets have an electrical conductivity greater than 3.5x107 S/m at 20°C.
9 A composition according to any of claims 1 to 8 in which at least 50% of the

conductive carbon black particles have an electrical conductivity greater than
1.0x104 S/m at 20°C.
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10 A composition according to any of claims 1 to 8 in which at least 50% of the
carbon nanotubes have an electrical conductivity greater than 1.00x10¢ S/m at
20°C.

11 A composition according to any of claims 1 to 10 in which at least 50 wt% of
the 2D material/ graphitic platelets are comprised of graphite flakes with nanoscale

dimensions and 25 or less layers.

12 A composition according to any of claims 1 to 11 in which the carrier medium
is selected from crosslinkable resins, non-crosslinkable resins, thermosetting acrylics,
aminoplasts, urethanes, carbamates, polyesters, epoxies, silicones, polyureas,

silicates, polydimethyl siloxanes, and mixtures and combinations thereof.

13 A composition according to any of claims 1 to 12 in which the carrier medium

is plastically deformable once it has set / cured.

14 A composition according to any of claims 1 to 13 in which the composition

further comprises a solvent.

15 A composition according to any of claims 1 to 14 in which the composition

further comprises a dispersant.

16 A coating system for a metallic substrate that is susceptible to corrosion, in
which the substrate is aluminium, an aluminium alloy, or a magnesium based alloy,
for creation of a first coating on the metallic substrate, and, subsequently, a second
coating over the first coating characterised in that the first coating comprises a
composition according to any of claims 1 to 15, and the second coating is formed
from a second composition which comprises a carrier medium and 2D
material/graphitic platelets in which the 2D material/graphitic platelets comprise

more than 0.1 wt% of the second composition.

17 A coating system according to claim 16 in which the 2D material/graphitic
platelets of the second composition one of or a mixture of two or more of graphene,

graphene oxide, reduced graphene oxide nanoplates, hexagonal boron nitride,
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molybdenum disulphide, tungsten diselenide, silicene, germanene, Graphyne,
borophene, phosphorene, a 2D in-plane heterostructure of two or more of
graphene, graphene oxide, reduced graphene oxide nanoplates, hexagonal boron
nitfride, molybdenum disulphide, tungsten diselenide, silicene, germanene,
Graphyne, borophene, phosphorene, bilayer graphene, bilayer graphene oxide,
bilayer reduced graphene oxide nanoplatelets, few-layer graphene, few-layer
graphene oxide, few-layer reduced graphene oxide nanoplatelets, graphite flakes
in which the graphite flakes have one nanoscale dimension and 25 or less layers,
layered hexagonal boron nitride (hBN), molybdenum disulphide (MoS:), fungsten
diselenide (WSe2), silicene (Si), germanene (Ge), Graphyne (C), borophene (B),
phosphorene (P), and or a 2D vertical heterostructure of two or more of the

aforesaid materials.

18 A coating system according to claim 16 or 17 in which the 2D
material/graphitic platelets of the second composition comprise between 0.1 wit%
and 20 wi% of the composition, between 0.1 wt% and 6.0 wt% of the composition, or

between 0.1 wi% and 0.5 wi% of the composition.

19 A coating system according to any of claims 16 to 18 in which more than 50%
of the 2D material/graphitic platelets of the second composition have an electrical
conductivity which is less than the electrical conductivity of more than 50% of the

graphene platelets of the first composition.

20 A coating system according to any of claims 16 to 19 in which more than 50%
of the 2D material/graphitic platelets of the second composition have an electrical

conductivity of around or less than 2.0x105 S/m at 20°C.
21 A method of treatment of a metallic substrate, in which the substrate is

aluminium, an aluminium alloy, or a magnesium based alloy, in which the substrate is

coated with a composition according to any of claims 1 to 15.
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22 A method of freatment of a metallic substrate, in which the substrate is
aluminium, an aluminium alloy, or a magnesium based alloy, in which the substrate is

treated with the system according to any of claims 16 to 20.
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