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Preface

The title of this book has been chosen to reflect the combination of basic knowledge and
applied science on paints and coatings. The dizzying advance of the science of materials
prompted editors to try to produce a book that occupies that space with a scientific and
technological approach.

The book is also intended to raise awareness of many underlying knowledge aspects for
the successful use of new materials for the formulation and manufacture of paints and
coatings that simultaneously exhibit efficiency, are economical, and meet requirements that
seek to reduce pollution.

Researchers specializing in painting technology and materials science in general, the aca‐
demic community that participates in postgraduate teaching tasks, and particularly the pro‐
fessionals who make up the productive sector surely have different expectations in reading
this book. Editors want at least some of the above objectives to be achieved; thus, this book
will have reached its purpose.

The introductory chapter, “Protection of Materials,” describes aspects related to metallic cor‐
rosion and failures as well as the action of fire on several materials.

The section “Metallic Corrosion and Failures” includes four chapters; they describe innova‐
tive methods of surface treatment to control the kinetics of metallic corrosion.

The first chapter reports on the novel results obtained for high-performance silica-
poly(methyl methacrylate) (PMMA) and silica-epoxy coatings, containing active corrosion
inhibitors, such as cerium salts; also, it compares their properties with results reported for a
variety of hybrid coatings prepared by different approaches and formulations.

Other chapters, since electrodeposition is a low-cost and low-temperature method both for
producing metal matrix composite coatings and for attending the combined mechanisms of
corrosion and erosion, describe monolayer and multilayer alloy systems deposited by apply‐
ing this process (composite coatings through the codeposition of nanoparticles).

The following chapter reports a proposal for reducing the predominant asset of the invest‐
ment cost for proton exchange membrane (PEM) electrolyzer by using protective and easily
upscalable coating technologies. Vacuum plasma spraying, a versatile technology for apply‐
ing various types of coatings to a wide range of surfaces, is described to produce highly sta‐
ble and multifunctional coatings for cost-effective interconnectors of PEM electrolyzers.

The next chapter refers to the production of thin films (nanocoatings); it is a technological
field with many applications to elaborate materials with new properties to be used as corro‐



sion protection of traditional metals. Two hydrophobic corrosion coatings for possible use
over aluminum heat exchanger geothermal power plants are described.

The section “Fire Action on Materials” includes a chapter in which fire retardant coatings
are studied; this issue is very important since fire causes human and economic loss. Fire re‐
tardant coatings are often required to protect a wide range of both flammable and nonflam‐
mable products against fire. The degree of fire retardancy mainly depends on the efficiency
of formulations as well as on coating thickness, the type of substrates, etc. The wood behav‐
ior protected by using fire-retardant coatings is explained.

Finally, the editors want to point out that they hope that this book will become a reference
work that offers a satisfactory answer to the questions related to painting technology for
researchers, postgraduate teachers, and specialists in the production sector.

Carlos A. Giudice
National Technological University, La Plata Regional Faculty

Argentina

Guadalupe Canosa
Research and Development Center in Coatings Technology

National Technological University, La Plata Regional Faculty
Argentina
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Chapter 1

Introductory Chapter: Protection of Materials

Guadalupe Canosa and Carlos Alberto Giudice

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69853

1. Introduction

The science and technology of materials have as objective provided access to specific knowl-
edge in this field and besides generated matters of interest for the development of original
researches leading to new materials and, as a consequence, to proper protection methods to
achieve high economic impact.

Since iron and steels constitute a group of widely used materials in civil and industrial
construction, this chapter describes firstly the fundamental concepts of metal corrosion and
the most frequent failures originating on service. Besides, in this chapter, it was considered of
interest to include aspects inherent to the physicochemistry of fire and its mechanism of
spreading because of the significant human and material losses produced year after year by
action of the fire.

It is appropriate to mention that the different chapters of this book describe innovative
methods of surface treatment to control the kinetics of metallic corrosion and the action of fire
on several materials.

2. Metallic corrosion and failures

Accidents arising from themetallic corrosion can produce injury or death of people by explosion,
fire, and so on. The economic losses are classified into direct and indirect; the first includes the
replacement of corroded materials, labor, periodic maintenance (coatings, cathodic protection,
inhibitors in closed circuits, etc.) while the last involve aspects such as the discontinuity in the
productive system, the loss and the contamination of raw materials and finished goods, and so
on. The indirect losses are usually between 8 and 10 times the direct ones.

In industrialized countries, the total economic losses reach values between 3.5 and 4.5% of
gross national product, despite applying all available technologies. It should also be mentioned

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



that the frequency of failure in metals by the various forms of corrosion reaches an average
level of 60% (the remaining 40% is due to mechanical failures).

Metallic corrosion is usually defined as the destructive attack of a metal by chemical or electro-
chemical reaction with the environment [1]. Chemical corrosion involves the alteration of a
metal in a non-ionic medium, such as gases or non-condensed vapors, high temperature, and
so on. On the other hand, the electrochemical corrosion occurs with a simultaneous transport of
electricity through the metal and the electrolyte (saline, atmosphere, seawater, etc.).

The most common metallic corrosion takes place electrochemically; it requires, as it is already
put, electrical conductivity. Metals are electronic conductors of first specie while solutions and
pure liquids are electrolytes of second specie.

Metallic or electronic conductors transport electricity through the electrons. The metals consist
of a relatively rigid network of positive ions and of mobile electrons. When an electrical
potential is applied, the electrons move in one direction while the positive ions remain static;
the quoted electricity transport is produced without appreciable movement of matter. Since the
electrons have a negative charge, the direction in which they move is the opposite at which is
conventionally considered as positive current.

Meanwhile, the electrolytes carry the electric current through ions, that is, with a significant
movement of matter. Ions are atoms or groups of atoms that have lost or gained electrons,
reaching in this way positive charges (loss of electrons) or negative (gain of electrons), Figure 1.
The positive ions (cations) move in the direction of current and the negative ions (anions) in the
opposite one.

The determinant factors of metallic corrosion are the heterogeneity of metal (phases in alloy,
remainder mechanical stresses, etc.) and/or of electrolyte (gradients of concentration, differen-
tial aeration, etc.). Meanwhile, the chemical nature of electrolyte (ion conductivity or equiva-
lent) significantly influences the kinetics of the corrosive process and the geometry of the
corrosion cell (higher conductivities usually favor the location of electrodes more distant from
each other than solutions of high resistivity).

Figure 1. Corrosion mechanism.
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A measure of the electrochemical kinetics (rate of reaction on electrode) is given by the
equation i ¼ z F V, where i is the current density (current per unit area of electrode), z the
number of equivalents per mole, F the Faraday constant (96,500 Coulomb/equivalent), and V
the rate of reaction in moles per unit area and time.

The abovementioned heterogeneity leads at the metal-solution interface to a gradient of elec-
tric potential between two adjacent areas. From a thermodynamic point of view, the quoted
potential gradient is correlated with a difference of free energy ΔG. This is a thermodynamic
function that is used as a criterion of spontaneity; it depends only on the initial and the final
states, that is, that it is independent of the path: it decreases its value in a spontaneous
transformation, either of physical or of chemical nature at constant temperature and pressure.
Accordingly, it is possible to conclude that metal surfaces with high free energy are thermody-
namically unstable and therefore tend to spontaneously evolve into a state of lower energy and
greater stability.

The free energy is related to the electromotive force of a corrosion cell through the equation
ΔG ¼ - z F E, where E is the reversible potential in volt, z the number of equivalent by mol, and
F the Faraday constant.

Consequently, ΔG is the electrical work carried out by corrosion cell; it is observed that a
reaction occurs spontaneously, at a constant temperature and pressure, when the value of E is
positive.

Electrochemical corrosion is actually a network of shorted galvanic cells arranged on the
metallic surface. Metal dissolves in the anode areas in equivalent relation to the reaction that
takes place in the cathodic areas. In general, the anodic reaction is faster in almost all media,
that is, that cathodic reaction is usually the decisive stage of the overall speed of corrosion
process.

The cathodic reaction, in deaerated solutions, involves the reduction of protons (fast in acid and
slow in neutral and alkaline media); instead, the quoted reaction, in aerated solutions, is
accelerated by the reduction of dissolved oxygen:

2 Hþ þ 2 e $ H2 (1)

O2 þ 2 H2O þ 4 e $ 4HO� (2)

In both cases, there is an alkalization of the cathodic area, either by the decrease of the
concentration of protons or directly by the generation of hydroxyl groups.

Meanwhile, the anodic reaction involves loss of electrons, from atoms of higher free energy,
arranged on the metallic surface:

Fe0 $ Feþ2 þ 2 e (3)

Fe0 $ Feþ3 þ 3 e (4)

As a result of the ferrous and/or ferric ions reacting with ions hydroxyl of the medium for
generating hydroxides, acidification of the anodic area occurs.

Introductory Chapter: Protection of Materials
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The sum of the anodic and cathodic hemi-reactions, in aerated media, is as follows:

Fe0 þ H2O þ 1=2 O2 $ Fe OHð Þ2 (5)

2 Fe0 þ 3 H2O þ 3=2 O2 $ 2Fe OHð Þ3 (6)

The reaction in a corrosion cell involves the formation of hydrated ferrous oxide (ferrous
hydroxide), which forms a first barrier for the diffusion of oxygen (polarization). This hydrox-
ide is white in its pure state and has a pH of 9.5 in saturated solution. In a second sequential
reaction, the hydrated ferrous-ferric oxide, which is the intermediate layer, is formed. This
product, black in color, has magnetic properties. Subsequently, the reaction leads to the gener-
ation of hydrated ferric oxide, which makes up the third (external) layer of the oxidized
system. This compound is orange/dark red in color and has a nearly neutral pH in saturated
solution; exists as αFe2O3 (non-magnetic, with higher free negative energy of formation, i.e.,
more stable) and as γFe2O3 (magnetic).

On the other hand, the failures of metals take place by different causes due to the great amount
of variables involved; as previously mentioned, the frequency of failure in the metals by
corrosion reaches average levels of 60% in the different productive sectors. The types of
corrosion failure and their frequency are given in Table 1.

Uniform corrosion. It is characterized in that the cathodic and anodic areas are modified alter-
nately in space and time; as examples, it is possible to cite the case of a metal in direct contact
with a solution of reduced electrical conductivity (the corrosion products, due to the reduced
distance between the electrodes, are deposited simultaneously on the anodic and cathodic
areas controlling the kinetics of process) and also the case in which the metal is exposed to

Type of failure Failure frequency, %

Uniform corrosion 31.2

Corrosion-fatigue and corrosion under tension 23.4

Corrosion by pitting 15.7

Inter-granular corrosion 10.2

Corrosion-erosion, corrosion-wear and corrosion-cavitation 8.4

High-temperature corrosion 2.3

Corrosion by welding 2.1

Thermo-galvanic corrosion 2.0

Galvanic corrosion and corrosion in concentration cells 1.4

Corrosion by electrolysis 1.1

Corrosion by selective attack 1.0

Microbial corrosion 0.7

Corrosion by hydrogenation 0.5

Table 1. Types of failure and frequency.
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high temperature in a relatively dry atmosphere. Preventive measures generally include
selecting suitable materials for each aggressive medium, changing or inhibiting the electrolyte
(closed systems), specifying resistant coatings, and designing anodic protection (passivation).

Corrosion fatigue. It is characterized by the action of alternating tensions in the presence of a
corrosive medium. The causes are basically the same that can be attributed to static fatigue but
adding cyclic loads. The deteriorating effect of combined fatigue and corrosion is much greater
than the sum of individual damages. The most suitable measures to avoid this type of corro-
sion are to eliminate the cyclic tensions, increase the size or thickness in critical sections, reduce
the concentration of stresses or redistribute them, provide sufficient flexibility to diminish
over-fatigue by thermal expansion, control the vibration or shocks, eliminate the sudden
changes in loads, temperature, or pressure, specify the right surface finishing, and select the
appropriate protective system.

Corrosion under tension. It consists of premature breakage caused by the combined action of
corrosive medium and residual or applied stress on the piece of metal, that is, that it takes
place by combining high efforts and the presence of an electrolyte. Efforts by static charges in
the metal surface and corrosive action that diminishes the section of the piece may exceed the
elastic limit and even the breaking load. The forms of controlling this failure are to reduce
mechanical tensions, ensure a sufficient flexibility, increase the size of the critical sections,
select materials in the joints with a similar expansion coefficient, design adequate protection,
and use a medium of suitable nature and composition.

Corrosion by pitting. It is a localized phenomenon that produces an appreciable penetration in
the metal, generating either cavities or a discontinuity of the protective coating that lead to the
formation of a concentration cell. To avoid this pathology, it is convenient to control the
properties and the main characteristics of protective film (dry and wet adhesion, thickness,
permeability, etc.), select a good geometry to prevent attacks, and specify properly the electro-
lytic medium.

Inter-granular corrosion. It is the preferred attack on grain boundaries of a metal or an alloy; it is
characterized by a selective deterioration and an inter-crystalline cracking along inter-granular
streaks (e.g., in stainless steels in chrome-deprived areas). Frequently, the specifications con-
template to select materials with a suitable thermal treatment for each particular case and
realize weldings that do not generate temperatures superior to those used in the pretreatment
of material.

Corrosion-erosion. The failure generated by the relative movement of the electrolytic medium
(generally accelerated by abrasion due to the presence of solid particles in suspension) releases
the corrosion products adhered to metal (depolarization) and also causes surface wear. For
satisfactory corrosion-erosion control, it is appropriate to decrease the fluid velocity to achieve
laminar movement, suppress the localized turbulence and the discontinuous flows, eliminate
the abrupt changes in the direction of flow (aligning sections of ducts), avoid the obstructions,
increase the material thickness in critical areas, design anodic parts so they can be changed
quickly, specify the surface roughness, select the suitable coatings, and carry out cathodic
protection.

Introductory Chapter: Protection of Materials
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Corrosion wear. It is defined as the deterioration located at the interface between two surfaces in
contact, accelerated by a relative movement of sufficient amplitude to produce slippage.
Generally, it occurs under heavy loads and instantaneous movements produced by high-
frequency vibrations; the wear of surface-protective film (inorganic primers, organic coatings,
etc.) can initiate a corrosion process. The main prevention methods to avoid corrosion wear are
to eliminate the transmission of vibrations, introduce barriers between metals that slip,
increase the load to slow the movement, provide protective layers to porous materials or use
suitable lubricants, isolate those moving parts of the static ones, and finally increase the
abrasion resistance.

Corrosion cavitation. It is associated with vapor bubbles arranged inside the liquid that collapse
on the surface of the solid. Repeated collapses on a metal surface can deteriorate the protective
film and severely deform the surface, fracturing it or generating fatigue. Low-pressure areas
are created by divergent flows, vibrations, and so on. To control these damages, it is very
important to select conditions that diminish absolute pressure, reduce hydrodynamic pressure
differences, control the vibration, design the system to avoid formation or accumulation of
bubbles, prevent the entry of dispersed air, select resistant materials or coatings, specify the
finishing polishing, use cathodic protection, and so on.

Corrosion by high temperature. It is associated to the effect of atmospheric conditions and the
presence of gases, metals, and/or molten salts at high temperature; the kinetics depends on the
nature of the metals, the composition of the medium, and the time of exposure. The reduced
dimensional stability of the corrosion products (hydration/dehydration by thermal changes)
produces tangential cutting stress to the surface leading to the partial detachment of the
different oxide layers, generating heterogeneities that favor corrosive processes. The most
recommended therapies are to select materials stable to the thermal action, adjust the nature
and/or composition of the medium, and regulate, if possible, the contact time.

Corrosion by welding. A weld can have low corrosion resistance due to the chemical nature of
the electrode (e.g., it should be used with those having a low hydrogen content), to the residual
stress and to the metallurgical structure of the weld zone. Corrosion in welding joints can be
avoided by careful selection of materials, of the technique used, and of the type of finishing.

Thermo-galvanic corrosion. It is the result of the operation of a galvanic cell generated from a
temperature gradient; the heating and the heat dissipation in heterogeneous form are the
responsible factors for the formation of this cell. The most efficient actions are to avoid point
heating and/or unequal cooling, use a continuous and adherent coating, and introduce
thermostated components from the outside to the system.

Galvanic corrosion. It involves the corrosion associated with the current resulting from the
contact of different electrodes (metals of dissimilar chemical nature) arranged in a conducting
electrolyte that closes the circuit of the cell. The most important preventive measures are to
eliminate interaction of diverse metals or to produce a complete dielectric insulation, avoid
contact of a small anode and a large cathode, extend the distance between dissimilar metals
in conductive media, design the anodic parts that can be easily replaced or apply thicker

New Technologies in Protective Coatings8
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temperature gradient; the heating and the heat dissipation in heterogeneous form are the
responsible factors for the formation of this cell. The most efficient actions are to avoid point
heating and/or unequal cooling, use a continuous and adherent coating, and introduce
thermostated components from the outside to the system.

Galvanic corrosion. It involves the corrosion associated with the current resulting from the
contact of different electrodes (metals of dissimilar chemical nature) arranged in a conducting
electrolyte that closes the circuit of the cell. The most important preventive measures are to
eliminate interaction of diverse metals or to produce a complete dielectric insulation, avoid
contact of a small anode and a large cathode, extend the distance between dissimilar metals
in conductive media, design the anodic parts that can be easily replaced or apply thicker
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protective films, use suitable protective systems and regulate the degree of aeration, tempera-
ture, composition, or movement of the medium that is suitable for the metal coupling.

Corrosion by concentration cells. It is made up of a galvanic cell in which the electromotive force
is due to the concentration difference of one or more reagents. The main causes are given either
by differential aeration (different partial pressure of oxygen) generated in cracks, adherent
deposits, and deep depressions that influence the diffusional process of oxygen and the
existence of gradients of concentrations in the electrolyte generated by different causes. The
most effective measures are to reduce surface irregularities especially in areas of heat transfer
or where chemical reagents or oxygen are introduced, design drainage and a uniform environ-
ment, select forms that allow easy cleaning and application of protective layers, remove solids
in suspension by filtration, use continuous welds, suppress porosity and cracking, and elimi-
nate fibrous and/or absorbent packings.

Corrosion by electrolysis. It is generated by a current flow, that is, electric currents generally of an
alternating nature, which cannot be controlled; they are often originated by sources external to
the structure (e.g., bad ground connections, etc.), which enter through a conducting medium.
It is convenient to connect properly the equipment to ground, isolate the apparatus from
structures, use non-conducting fluids, eliminate errant or vagabond current sources, and
incorporate sacrificial (cathodic protection) plates in the anodic areas near insulation joints.

Corrosion by selective attack. It is based on a process of extracting a soluble component from an
alloy; generally, the percolation of the alloy occurs by the action of a solvent on an element of
the metal (e.g., zinc, aluminum, etc.), which separates and consequently generates a corrosive
action. The most appropriate measures involve selecting materials suitable for performing
efficiently in the electrolytic medium in which the part or structure is inserted, reducing the
aggressiveness of the medium if feasible (e.g., in closed systems), and using suitable protection
methods.

Microbial corrosion. Bacteria and fungi, individually or together, and the subproducts of the
biological activity attack the metal and/or the coating. The mentioned products (e.g., organic
and inorganic acids and alkalis) display a significant aggressiveness to materials. Conse-
quently, considering the causes described, it is convenient to avoid contamination, use specific
biocides, control chemically the environment, select properly the protective coatings, and clean
the surfaces as often as necessary.

Corrosion by hydrogenation. It is manifested by the reduction of the mechanical resistance
produced by the inclusion of hydrogen gas in the crystal structure of the metal. The most
common causes are linked to an inadequate de-oxidation and, fundamentally, to an oversizing
of the cathodic protection. The most suitable therapies are to perform a suitable surface
preparation, select properly coating systems, induce compressive stresses, heat the metallic
substrate to 90–150�C, and systematically control the electrical potential of the metal substrate
modified by the cathodic protection.

It is worth mentioning that coating systems are the most convenient methods for controlling
the kinetics of metallic corrosion from a technical-economical viewpoint [2–6].
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3. Fire action on materials

Fire is an energetic manifestation that constantly accompanies human activity; therefore, the
emerging risk must be assumed.

Fire develops strongly exothermic chemical reactions, starting when oxidizer and combustible
are in a sufficient energetic state (activation energy). The combustible includes substances that
are not in their maximum oxidation state; in general, any material containing carbon and/or
hydrogen can be oxidized and therefore be combustible. The most important oxidizer is air,
which is composed in its fifth part by oxygen; during combustion, the other components
remain unchanged (except at very high temperatures) and accompany the products of com-
bustion in the fumes. Part of the energy released in the reaction is dissipated, generating an
increase in the temperature of the medium and the remainder is transferred to the reaction
products providing the activation energy for the process to continue; if this is not enough, the
combustion stops.

The knowledge of the physicochemical theory of combustion has allowed the development of
products and systems of defense against fires. Nevertheless, the losses occasioned continue to
be one of the greatest tragedies of modern civilization. Taking into account the current tech-
nology of fire-retardant treatments (impregnation, coatings, etc.), it is important to mention the
generic concept of “passive protection against fire,” in which the efficiency is independent of
human activity.

The research and development studies are thus significant to reduce the combustibility of
materials and the speed of propagation of the flame front as well as to keep during the
conflagration the mechanical properties of structures based on either combustible and non-
combustible materials. The design of the constructions also plays a very important role.

The true magnitude of the fire problem is remarkable when considering the human and
material losses occurring year after year. Thus, for example, 25% of the deaths caused by fire
are due to people remain trapped inside buildings; the majority of victims are younger than 10
or older than 70 years. Considering accident deaths, those caused by the fire action are only
surpassed by the car crashes.

With regard to economic losses, they reach in many countries a value nearly to 0.25% gross
national product. Fire generates significant problems in civil constructions, ships, offshore
structures and industrial plants; in many cases, the use of both untreated materials and
conventional coatings contribute to the fire spreading.

Often, there are also significant indirect losses of difficult evaluation such as the decrease of
income by the total or partial interruption of the activity of a company, the decrease in
customers, the increase of replacement costs of installations and equipment, and so on. It is
estimated that out of every five companies that have had a major fire, four of them disappear
within three years of the incident.

In relation to cultural heritage and historical buildings, material losses are remarkable. For
example, the Argentinian Theater of La Plata (Buenos Aires, Argentina) was completely
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destroyed by a fire and the Theater della Scala (Venice, Italy) was seriously affected by another
conflagration, in the decades of the 70 and 90 of the previous century, respectively.

As a consequence of the spectacular fires in historic and massive concurrence buildings, many
countries adopted regulations for the control of materials flammability. The latter led to
developments of intrinsically fire-resistant materials, retardant treatments, and a large number
of test methods to evaluate the reaction to fire of the materials. It is also important to mention
that for many years now, insurance companies have found that the way to deal with fire is
through the prevention and the use of fire-proofing materials.

Stability of construction materials. The fire action on construction materials is significant; thus,
for example, calcareous collapses rapidly by dilation and by contraction during drying.

Concerning the concrete, it exhibits satisfactory response to high temperatures if perfectly
anchored. For its part, reinforced concrete presents adequate behavior up to 300–330�C if its
aggregates are small in size; the iron framework begins to lose resistance when reaching a
critical temperature of 500–550�C.

As regards gypsum, it is gradually dehydrated above 120�C and up to 180�C, loosing cohesion
at 700–800�C.

The load-bearing iron and steel structures (made by forging or rolling) are plastically
deformed by the action of heat, essentially when the pressure leads to lose their static equilib-
rium; at approximately 500�C, these materials halve their structural strength.

Wood and wood products were widely used in the construction of historic buildings; in spite of
behaving like combustible materials and to be vulnerable in cases of fire, in general they display
a considerable fire resistance (small decrease of area attributable to the low thermal conductiv-
ity of the superficially formed carbonaceous layer). Untreated wood begins to burn at 300�C but
that treated with suitable fire retardants does not release so much smoke (the gases are non-
toxic and non-combustible). The losses in cases of conflagration are always lower than in the
constructions with iron and other metals and, once the origin of the fire has been eliminated, the
wood is characterized by exhibiting a behavior corresponding to a self-extinguishing material.

All the abovementioned values have a singular meaning, since the average temperature of the
fire ranges usually between 700 and 800�C.

Fire spreading. The speed of propagation of the flames plays a preponderant role in the advance
of the fire front; as mentioned, the toxicity of gases and fumes is a significant variable. The
room propagation involves the three forms of heat transfer (convection, radiation, and con-
duction): in the interior of a building, by conduction through the walls when the thermal
insulation is reduced or by convection when there are open stairs while between adjacent
buildings by radiation through the openings, doors, and windows.

It is worth mentioning that in the buildings under construction, expansion, or demolition, the
probability of fire is particularly high during (i) the heating, welding, and cutting processes;
(ii) the transport of flammable liquids and materials; and (iii) the use of electrical equipment
with precarious installations.
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Total thermal load and fire load. It is significant to determine the degree of risk and adequate
security measures, particularly for civil buildings designed to permanently or transiently
accommodate a large number of people (schools, libraries, hospitals, hotels, restaurants, audi-
toriums, theaters, cinemas, shops, etc.) and industrial units built to store and/or manufacture
products, equipment, and appliances (petrochemicals, automotive terminals, medical labora-
tories, sawmills, etc.).

The total combustion risk of a building is calculated by considering the caloric content of the
building (fire load including the building itself) and the enthalpy level of the content (fire load
involving human lives and properties). The Pourt method was developed from the value of fire
load and is widely used to determine the total risk of buildings; the fire charge density, cal-
culated by dividing the fire load by the building surface, is also a widely considered variable.

Performance of coatings in fire. Coatings in particular and coating systems in general play well-
defined actions against fire action [7–19]; they may

• Promote the spreading. Generally, conventional coatings have a low ignition point, so by
thermal action they release combustible gases, which ignite and release caloric energy; the
last one in turn becomes the energy of activation that promotes the spreading of confla-
gration front.

• Display inertia. Some commercial products of reduced efficiency do not alter the fire
performance of the bare substrate or only achieve a limited retarding action.

• Delay evolution or extinguish fire. The retarding effect interrupts, in one or more stages,
the combustion; the process ends in an acceptable lapse, often before the ignition takes
place, Figure 2.

Testing methods. The analysis of the current regulations in the world indicates the existence of a
great number of tests of different characteristics to determine the reaction, the resistance, and
the stability against fire of the constructive elements. The results depend on the type and shape
of the specimen, the intensity and time of action of the external energy source, and so on.

Figure 2. Left, panel without treatment and right, film of intumescent coating, both after the fire action.
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The main variables considered include the size and position of specimen, the type and magni-
tude of energy source, the way and rate of heating, the duration of test, and valued indices; the
fire performance varies according to the method applied.

In many occasions, the abovementioned is a technological barrier for the export/import of
either fire retardants or treated materials. A political decision must be taken to impose com-
mon test methods at least at the regional or continental level, resulting in adequate reproduc-
ibility, that is, that in the case of operators working in different laboratories or in the same
laboratory at different times, achieve comparable individual results (low dispersion of the
mean value) by using the same method on an identical material.
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Abstract

A variety of organic-inorganic hybrids have been designed to act as anticorrosive coat-
ings of metallic substrates. Among them, epoxy-silica and poly(methyl methacrylate) 
(PMMA)- silica hybrids, prepared by the sol-gel process and deposited onto steel or 
aluminum alloys, have demonstrated high anticorrosive efficiency combined with high 
thermal and mechanical resistance. Lignin, carbon nanotubes, and graphene oxide have 
been incorporated into PMMA-silica hybrids as reinforcement agents, and cerium (IV) 
as corrosion inhibitor. Both hybrids were characterized in terms of their structural and 
thermal characteristics using different pectroscopies, microscopies and thermogravimet-
ric analysis. Both hybrids present homogeneous nanostructure composed of highly con-
densed silica nanodomains covalently bonded to the polymeric phase. The transparent 
coatings with a thickness of 2–7 μm have low surface roughness, high adhesion to metal-
lic substrates, elevated thermal stability, and excellent barrier behavior. Electrochemical 
impedance spectroscopy showed for coated samples a high corrosion resistance of up to 
50 GΩ cm2 and durability >18 months in saline solution. Further improvement of corro-
sion resistance, thermal and mechanical stability was achieved by incorporation of lignin, 
carbon nanotubes, and graphene oxide into PMMA-silica matrix, and a self-healing effect 
was observed after Ce(IV) addition. The results are compared and discussed with those 
recently reported for a variety of hybrid coatings.

Keywords: organic-inorganic hybrids, anticorrosive coatings, corrosion inhibitors, 
nanocomposites, self-healing, sol-gel process
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1. Introduction

Since the discovery of copper in prehistoric times, an extensive diversity of metallic materi-
als has emerged, as pure metals or metal alloys. Brass, bronze, steel, titanium, and alumi-
num alloys are currently the most applied metallic materials, notwithstanding the natural 
tendency to suffer corrosion under aggressive conditions and thus return to their original ore. 
To overcome issues related with economical losses and lack of safety, occasioned by metal 
corrosion, several protection methods have been developed, including the use of:
new alloys with higher corrosion resistance, but in addition to the high cost associated 
with their development, the use of new alloys requires the replacement of the metallic 
components;
corrosion inhibitors, substances which reduce or even eliminate corrosion, when present in 
suitable concentrations in the corrosive medium. Inhibition is accomplished by one or a com-
bination of several mechanisms, such as adsorption, forming a ultrathin film with a thickness 
of only few molecular layers; in form of visible bulky precipitates, which coat the metal sur-
face; or other common methods consisting of the combination of adsorption, conversion, and 
oxidation processes to form a passive layer. Some examples of most applied inhibitors are 
phosphates, chromates, silicates, hydroxides, carbonates, sulfates, aldehydes, amines, nitro-
gen heterocyclic compounds, urea, among others [1];
cathodic protection that uses a sacrificial metal to protect the metallic structure of interest. It 
is commonly used to prevent corrosion in large port structures, offshore platforms, and pipe-
lines to transport water, oil, and gas;
conversion layer produced by converting the metal surface into a corrosion-resistant form. 
The main processes include anodizing, phosphatizing, and chromating, and they are fre-
quently used as pretreatment for subsequent overcoats [1]. Anodizing is based on the for-
mation of a protective surface layer, formed by oxides and hydroxides, by application of an 
external current. In an electrochemical cell, the surface of the metal anode is transformed into 
an oxide layer of defined thickness, which improves significantly the corrosion resistance 
and the adhesion of subsequent paints. This method is frequently applied to protect alumi-
num alloys but can be used also for titanium, zinc, magnesium, and other metal substrates. 
Besides the presence of microscopic fissures in the anodizing coating that can lead to corro-
sion, another drawback is the susceptibility of the oxide layer to chemical dissolution in the 
presence of high- and low-pH environments. Phosphatizing is mostly applied on steel sub-
strates to produce an insoluble and porous phosphate layer that serves as an excellent base for 
coatings. For instance, car bodies have been phosphatized prior to the application of coatings 
for many years [1]. Alternatively, surface passivation using chromate conversion coatings has 
been used especially to protect aluminum alloys in the aerospace industry, for metal fittings 
and for packaging steel [2, 3]. Such coatings are formed by the reduction of Cr(VI) species to 
hydrated Cr2O3; however, the conversion process as well as the final coating retains a small 
amount of unreacted Cr(VI), a highly toxic species which can be released to the environ-
ment. Recently, increasing efforts are focused on the development of innovative eco-friendly 
alternatives due to increasingly strict legislation regulations which demand a reduction of 
hexavalent chromates usage [3];
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protective coatings applied on metal surfaces result in a barrier between the metal and the 
corrosive medium, thus preventing or minimizing the corrosion process.

The use of coatings on metallic surfaces has various advantages, such as relatively low costs, 
environmental compatibility, and the possibility to apply them on metallic components 
already in use. Consequently, different kinds of protective coatings have been developed, 
comprising metallic, inorganic, organic, or organic-inorganic materials. The application of 
many metal coatings, such as chromium, zinc, nickel, aluminum, and copper, involves usu-
ally inherent pollution and toxicity-related problems. The most widely used metallic coating 
is zinc, commonly deposited on carbon steel by hot-dip on a molten zinc bath, process called 
galvanization, after which the metal substrate acquires a zinc-rich top layer with a thickness 
of approximately 10 μm. Inorganic coatings comprise ceramics (silica, titania, zirconia, alu-
mina), glass, carbon, etc [1]. Although the inorganic coatings present higher corrosion resis-
tance compared to bare substrates, they usually exhibit residual porosity and stress-induced 
cracks, which limit their use as efficient corrosion barrier as they allow the diffusion of cor-
rosive species to the underlying metal [4, 5]. Organic materials such as epoxy, poly(methyl 
methacrylate) (PMMA), polyurethane (PU), polyesters, fluoropolymers, and related paints, 
combined with anticorrosive primer containing various types of pigments, are widely applied 
as protective coatings. This is justified by the simplicity of deposition, their dense and homo-
geneous structure, and consequently high corrosion resistance in aggressive environments. 
However, their lack of thermal stability, mechanical resistance and adhesion to metallic sur-
faces can result in serious restriction of their long-term stability.

Organic-inorganic hybrids stand for a class of materials formed by the combination of a poly-
meric and a ceramic phase, resulting in a nanocomposite material with unique properties. 
New functionalities result from the synergy of both components, achieved by a careful adjust-
ment of the nature, proportion, and the type of interaction at the interface of both phases. One 
of the most used methodologies to produce organic-inorganic hybrid materials is the sol-gel 
process, which allows due to its versatility to control the structure and the functional prop-
erties. Through hydrolysis and condensations reactions, the sol-gel route allows the obtain 
high purity, homogeneous, and structurally tuneable materials, which have a wide range of 
applications such as catalysts, drug release systems, photochromic devices, biosensors, trans-
parent insulating films, and anticorrosive coatings with excellent barrier properties [6]. The 
latter characteristic is related to the possibility to prepare a dense organic-inorganic network 
structure by linking both phases covalently on the molecular scale, and furthermore, the abil-
ity to covalently bond the inorganic phase with metallic substrates, leading to highly adherent 
coatings. Consequently, intense research efforts are presently focused on the development of 
organic-inorganic hybrid coatings in form of passive barrier layers with low permeability for 
corrosive species such as chloride ions, water, and oxygen.

There are various methodologies to investigate the corrosion protection efficiency of coated 
metals; however, the most applied electrochemical techniques are electrochemical impedance 
spectroscopy (EIS), potentiodynamic polarization, and chronopotentiometry. Among them, 
EIS allows for a deeper analysis of the electrolyte/coating/substrate systems, due to the pos-
sibility to fit the data using equivalent electrical circuits, which permit to extract important 
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electrochemical parameters such as coating capacitance, pore resistance, double layer capaci-
tance, charge transfer resistance, water uptake, diffusivity, among others. Additional meth-
ods like salt spray test and immersion techniques are used according to different norms for 
the qualitative and quantitative evaluation of corrosion zones, pitting, and for the determina-
tion of corrosion rates. To evaluate the electrochemical performance of the protective system 
for a given corrosive environment and coating thickness, the most important criteria are (i) 
the magnitude of the initial impedance modulus obtained by EIS at low frequency, defined 
as corrosion resistance; (ii) the values of the open circuit potential, obtained by chronopoten-
tiometry; and (iii) the time evolution of both parameters, to evaluate the long-term stability 
of the coatings. For industrial application, another important aspects have to be considered 
such as the simplicity of the synthesis process, low costs of reagents, and their environmental 
compatibility.

One example of an efficient corrosion protection of mild steel was recently reported for 
a hybrid system combining an epoxy-siloxane topcoat with an epoxy primer containing 
micaceous iron oxide and zinc phosphate pigments [7]. The electrochemical measurements 
showed a high-impedance modulus of up to 100 GΩ cm2, remaining stable for more than 
1 year in contact with 3% NaCl solution. The authors attribute the excellent protection to 
the high resistance of the coating against water uptake provided by suitable epoxy/primer 
combination and the relatively high thickness (~140 μm) of this coating system. In another 
recent study, Ammar et al. [8] report on high-performance hybrid coatings based on 
 acrylic-silica polymeric matrix reinforced by SiO2 nanoparticles, applied to mild steel with 
a thickness of 75 μm by brush coating. EIS measurements confirmed the high-corrosion 
protection efficiency with an impedance modulus of more than 10 GΩ cm2, decreasing one 
decade after 90 days of immersion in 3.5% NaCl solution. Visuet et al. [9] obtained similar 
results for polyurethane/polysiloxane hybrid coatings containing TiO2 as pigment. The EIS 
analysis showed that coatings loaded with 10-wt% TiO2 (75 μm thick) were able to with-
stand 263 days, in 3.5% NaCl solution, with almost unaltered corrosion resistance of about 
100 GΩ cm2. Their model proposes that the TiO2 pigment works as a charge (ionic) storage 
surfaces, thus enhancing the barrier property of the coating against electrolyte uptake.

The above results demonstrate that elevated anticorrosive performance is usually achieved 
for sophisticated barrier coatings with an average thickness in the order of dozens to hun-
dreds micrometers. For the market, however, which aims on economic and efficient solutions, 
elevated thickness, and complexity of the coating system, implies elevated material costs and 
weight increase, issues that are hardly to be accepted, especially by the aerospace industry. In 
this regard, dos Santos and coauthors [10] have successfully prepared highly efficient PMMA-
silica coatings having a thickness of only ~2 μm, which were able to withstand aggressive 
saline/acid (0.05 mol L−1 NaCl + 0.05 mol L−1 H2SO4) and 3.5% NaCl environments for up to 
105 and 196 days, respectively, maintaining the corrosion resistance in the GΩ cm2 range. 
The excellent performance of the primer free coating was explained by the high connectivity 
of reticulated sub-nanometric silica domains densely interconnected by short PMMA chain 
segments. Another results that confirmed the viability of thin hybrid films as efficient cor-
rosion barrier have been reported in the study of Harb et al. [11]. The authors showed that 
the addition of cerium (IV) salt into PMMA-silica system results in a further improvement 
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of the corrosion resistance and durability of the coatings applied to polished carbon steel by 
dip-coating. The electrochemical behavior of ~1.5 μm thick films reached for a Ce/Si molar 
ratio of 0.7% an impedance modulus of about 10 GΩ cm2 (NaCl 3.5% solution) and remained 
stable within one order of magnitude for 304 days, a performance typically observed for high 
performance paint systems. The remarkable anticorrosive protection has been associated with 
the role of Ce(IV) as oxidation agent leading to an enhancement of the overall connectivity 
of the hybrid network, induced by the enhanced polymerization of organic and inorganic 
moieties.

In contrast to coating system designed as passive barrier, recent trends aim on the develop-
ment of active multifunctional anticorrosive coatings with self-healing ability, high-thermal 
stability, and mechanical resistance, among other functionalities. Inspired by biological sys-
tems, the self-healing ability involves the complete recovery of the original properties of the 
material after suffering macroscopic lesions, induced by mechanical or chemical processes. 
Various strategies have been used to prepare self-healing coatings, usually containing an 
active compound, whether stored in microcapsules or incorporated into the coating. They 
can be activated by temperature increase, UV, pH gradient, breaking of capsules, or changes 
in the chemical environment [12, 13]. A number of studies report on the use of cerium salts 
(chloride and nitrates) and ceria nanoparticles as inhibitors, preventing corrosion by the self-
healing ability in affected areas of inorganic, organic, and hybrid coatings. The resulting 
substantial lifetime increase is attributed to the formation of insoluble oxides and hydrox-
ides in the corroded zones [3, 11, 14–17]. On the other hand, significant improvements of 
thermal and mechanical properties have been achieved by incorporation of clays, lignin, 
carbon nanotubes, graphene oxide, and graphene into polymeric or organic-inorganic matri-
ces [18–20].

This chapter reports on recent results obtained for high-performance PMMA-silica and 
epoxy-silica hybrids coatings, correlating their structural properties with the corrosion pro-
tection efficiency, accessed by potentiodynamic polarization and electrochemical impedance 
spectroscopy. Moreover, several interesting finding are presented regarding PMMA-silica 
hybrids reinforced with lignin, carbon nanotubes, and graphene oxide to improve their ther-
mal and mechanical properties, as well as some recent results on active corrosion inhibition 
by the self-healing ability of Ce(IV) containing PMMA-silica coatings.

2. Experimental

2.1. Epoxy-silica and PMMA-silica hybrid synthesis

All reagents used to epoxy-silica and PMMA-silica hybrids synthesis were purchased 
from Sigma-Aldrich and used as received, apart from the methyl methacrylate (MMA) 
monomer, which had been distilled before use to remove the polymerization inhibitor. 
The molecular structures of the epoxy-silica and PMMA-silica hybrid precursors are pre-
sented in Figures 1 and 2, respectively, and the synthesis procedures are summarized in 
Figure 3.
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Figure 2. Molecular structures of the PMMA-silica hybrid precursors.

Epoxy-silica hybrids were prepared from the curing reaction of poly(bisphenol A-co-
epichlorohydrin), glycidyl end-capped (DGEBA, Mn = 377 g/mol) with diethyltriamine 
(DETA) as hardener, and (3-glycidoxypropyl)methyltriethoxysilane (GPTMS), as coupling 
agent between the organic and inorganic phase, combined with the sol-gel hydrolysis and 
condensation reactions of tetraethoxysilane (TEOS) and GPTMS. In the first step, DGEBA and 
GPTMS were mixed with DETA in tetrahydrofuran (THF) solvent during 4 h at 70°C and 25 
min at 25°C, under constant stirring in a reflux flask. In the next step, TEOS, ethanol, and acid-
ified water (pH 1 using nitric acid) were added to the reflux system at room temperature and 
stirred for an additional 1 h. At this stage, the sol-gel reactions take place, as shown below, 
where the alkoxide precursors (TEOS and GPTMS) are hydrolyzed, forming Si–OH groups, 
Eq. (1), which subsequently condense with an initial alkoxide molecule, Eq. (2), or another 
Si–OH group, Eq. (3), yielding Si–O–Si bond and eliminating alcohol or water, respectively. 

Figure 1. Molecular structures of the epoxy-silica hybrid precursors.
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The homogeneous and transparent sols were used for the film deposition by dip-coating onto 
A1020 carbon steel.

  ≡Si‐OR +  H  2   O ⇄ ≡Si‐OH + ROH  (1)

  ≡Si‐OR + HO‐Si≡ ⇄ ≡Si‐O‐Si≡ + ROH  (2)

  ≡Si‐OH + HO‐Si≡ ⇄ ≡Si‐O‐Si≡ +  H  2   O  (3)

Two series of epoxy-silica hybrids were prepared, varying the amount of GPTMS or TEOS 
and keeping the molar concentrations of other compounds constant (Figure 4). In order to 
ensure a fully cured thermosetting, DETA was added in a proportion that resulted in one 
oxirane group for each hydrogen atom of the amine groups.

PMMA-silica hybrids have been prepared by the radical polymerization of methyl meth-
acrylate (MMA) and 3-(trimethoxysilyl)propyl methacrylate (MPTS, also known as TMSM) 
using benzoyl peroxide (BPO), as thermal initiator of the polymerization, and tetrahydrofu-
ran (THF) as solvent. The sol-gel route has been used to perform the hydrolytic condensation 
of tetraethoxysilane (TEOS) and MPTS, using ethanol and acidified water (pH 1 using nitric 
acid), during 1 h at room temperature. In the presence of acidified water, alkoxide precursors 
(TEOS and MPTS) are hydrolyzed and subsequently condensed to form Si–O–Si bonds. After 
mixing the organic and inorganic precursor, the obtained transparent and homogeneous sols 
were used to deposit few micrometer thick films onto A1020 carbon steel or AA2024 alumi-
num alloy substrates.

Figure 3. Synthesis procedures used to prepare epoxy-silica and PMMA-silica hybrids.
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To investigate the relation between structure and barrier properties, the hybrids films were 
prepared at different synthesis conditions (Table 1), varying the ratio between the organic to 
inorganic phase (MMA/TEOS), the temperature (80–100°C) and time (2–4 h) of the organic 
precursor reaction, as well as the BPO/MMA molar ratio (0.01–0.1). The molar ratios of H2O/
Si = 3.5 and ethanol/H2O = 0.5 were kept constant. Ce(IV) salt (ammonium cerium nitrate), 
lignin, carbon nanotube (CNT), and graphene oxide (GO) were added separately as modifier 
to the inorganic precursor of the PMMA-silica hybrid.

Carbon steel 1020 (25 mm × 20 mm × 5 mm), a ferrous alloy with low carbon content, and 2024 
aluminum alloy (20 mm × 20 mm × 1 mm) have been used as substrates. Low-carbon steels are 
produced in large quantities at relatively low costs and widely used in automobilist, construc-
tion, oil industries, etc [21]. Although the use of ferrous alloys is economically viable due to the 
low cost and versatility, corrosion is the great obstacle when it comes to the durability of these 
materials that undergo severe corrosion in contact with humid environments, low amounts 
of chloride ions and acid solutions in general. The 2000 and 7000 series of aluminum alloys, 
containing roughly 4.3–4.5% copper, 0.5–0.6% manganese, 1.3–1.5% magnesium, are widely 
used in the aerospace industry due to their improved mechanical properties; however, they 
are susceptible to enhanced corrosion especially at the grain boundaries. Prior to deposition, 
all substrates had been sanded with 100, 300, 600, and 1500 grit emery paper, washed with iso-
propanol for 10 min in an ultrasound bath and dried under a nitrogen stream. The deposition 
of the hybrids coatings was performed by dip-coating (Microchemistry—MQCTL2000MP) at 
a rate of 14 cm min−1, with 1 min of immersion and air-drying during 10 min at room tempera-
ture. This procedure was performed three times for each sample. The coated substrates and 

Figure 4. Epoxy-silica hybrids sample names and compositions.
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the remaining solution, placed in Teflon holders, were cured for 24 h at 60°C and then 3 h at 
160°C to ensure the liberation of all volatile species and the densification of the hybrid matrix.

2.2. Characterization techniques

Structural and morphological characteristics have been investigated using nuclear magnetic reso-
nance spectroscopy (NMR), X-ray photoelectron spectroscopy (XPS), small angle X-ray scattering 
(SAXS), atomic force microscopy (AFM) and thermogravimetric analysis (TGA). The anticorro-
sive properties of coated samples were evaluated by exposure of the coated samples to standard 
3.5% saline and saline/acid solutions, using electrochemical impedance spectroscopy (EIS).

The thickness of the coatings was determined using a Filmetrics F3-CS optical interference 
system. An Agilent Technologies Model 5500 atomic force microscope was used to obtain 
AFM topography images, in tapping mode, with 1 × 1 μm, of the hybrid coatings deposited 
on the metallic substrates. 29Si nuclear magnetic resonance spectroscopy (29Si-NMR) measure-
ments of the hybrid powders were performed in a 300-MHz Varian Inova spectrometer, using 
a Larmor frequency of 59.59 Hz and tetramethyl silane (TMS) as an external standard. The 

Samples MMA:MPTS:TEOS 
molar ratio

BPO/MMA molar 
ratio

Organic phase 
synthesis

Filler Reference

M2 2:1:2 0.01 70°C/2 h – [22]

M4 4:1:2 0.01 70°C/2 h – [22]

M8 8:1:2 0.01 70°C/2 h – [22]

M10 10:1:2 0.01 70°C/2 h – [22]

M8_4h 8:1:2 0.01 80°C/4 h – [18]

M8_4h_E0.2 8:1:2 0.01 80°C/4 h [10]

M8_T80B0.01 8:1:2 0.01 80°C/4 h – –

M8_T90 8:1:2 0.01 90°C/4 h – –

M8_T100 8:1:2 0.01 100°C/4 h – –

M8_B0.05 8:1:2 0.05 80°C/4 h – –

M8_B0.10 8:1:2 0.10 80°C/4 h – –

M8_Ce 8:1:2 0.01 70°C/2 h Ce/Si molar ratio: 
0.1, 0.2, 0.3, 0.5, 0.7, 
1, 3, 5%

[11]

M8_lignin 8:1:2 0.01 70°C/2 h lignin: 0.05, 0.10, 
0.50, 1.00 wt.%

[20]

M8_CNT 8:1:2 0.01 and 0.05 80°C/4 h CCNT/Si molar ratio: 
0.05%

[18]

M8_GO 8:1:2 0.01 and 0.05 80°C/4 h CGO/Si molar ratio: 
0.05%

[18]

Table 1. PMMA-silica hybrid preparation conditions.
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CasaXPS processing software was used for spectral deconvolution using Gauss profiles. XPS 
was carried out in a UNI-SPECS UHV surface analysis system, using the Mg Kα radiation 
(hν = 1253.6 eV) and pass energy of 10 eV to record the high-resolution spectra. The near 
surface composition was determined from relative peak intensities of carbon (C 1s), oxygen 
(O 1s) and silicon (Si 2p) corrected by Scofield’s atomic sensitivity factor of the correspond-
ing elements. To study the oxidation state of Ce (Ce 3d) and the local bonding structure of 
carbon (C 1s), oxygen (O 1s), and silicon (Si 2p) of the coatings, the spectra were deconvoluted 
applying Voigt profiles and Shirley’s background subtraction using the CasaXPS software. 
SAXS experiments were carried out at the SAXS-1 beamline in the National Synchrotron Light 
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3. Results and discussion

A number of interesting results have been obtained for novel epoxy-silica and PMMA-silica 
hybrid coatings, concerning their nanostructural properties, modified by the variation of 
 synthesis conditions or by addition of nanofillers, in form of lignin, carbon nanotubes, and 
graphene oxide. The main purpose of this work was to relate these properties with the 
barrier characteristics, in terms of corrosion resistance and durability in aggressive envi-
ronments and to compare the obtained results with those reported for a variety of hybrid 
coating systems. For the fine tuning of the performance of both coating systems toward an 
efficient and stable anticorrosive barrier, it is crucial to obtain detailed information on the 
formation process of the hybrid network and the structural and compositional properties of 
the nanocomposites.

3.1. Epoxy-silica hybrid

Bisphenol stands for a group of chemical compounds with two hydroxyphenyl function-
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the Bisphenol A (BPA) and the Bisphenol F (BPF) (Figure 5). Epoxy resins can be produced 
from the combination of bisphenol, such as bisphenol A, with epichlorohydrin (IUPAC name: 
2-(chloromethyl)oxirane)) to give, for example, bisphenol A diglycidyl ether (Figure 6). The 
epoxy resins present in general poor thermal, mechanical, and chemical stability, properties 
which are however significantly improved when a curing agent is added. Most curing agents 
are composed of nitrogen-containing molecules that have a functionality equal or superior 
of three (f ≥ 3), which provides cross-linking between the bisphenol segments. The function-
ality is the number of available bonding sites, such as f = 4 for diamino diphenyl methane 
(4 hydrogens prone to provide bond), f = 6 for triethylene tetraamine, and f = 5 for diethyl-
enetriamine (Figure 7). Curing reactions by DETA proceed by SN2 nucleophilic attack of the 
curing agent to the less-substituted carbon in the oxirane ring, resulting in its opening and 
formation of an OH group. The nitrogen of the amine group can attack another epoxy ring 
resulting in a highly branched polymer system, known as a thermoset, which presents high 
thermal stability and mechanical resistance [23]. This second nucleophilic attack of nitrogen 
can occur at the epoxy group of the resin or another molecule containing epoxy group, such 

Figure 5. Common epoxy resin precursors.

Figure 6. Bisphenol A diglycidyl ether.

Figure 7. Common curing agents.
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as (3-glycidoxypropyl)trimethoxysilane (GPTMS) to produce an organic-inorganic hybrid 
structure (Figure 8).

Simultaneously to the curing reaction, the sol-gel reactions of hydrolysis and condensation 
take place to produce the silica inorganic phase. GPTMS and TEOS Si–O–R groups, in pres-
ence of acidified water, become Si–OH through the hydrolysis reaction, and posteriorly, the 
Si–OH groups can condense with another Si–OH group or an initial Si–O–R group, forming 
Si–O–Si bonding and eliminating water or alcohol, respectively.

The surface characterization of the epoxy-silica hybrids deposited on carbon steel has shown 
that the coatings are uniform, transparent, smooth, and crack free (Figure 9). AFM images 

Figure 8. Molecular structure of the epoxy-silica hybrid.

Figure 9. Representative image (a), and AFM image (b), of T1/G1 epoxy-silica hybrid coating deposited on carbon steel.
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with an area of 1 μm2 were used to obtain the surface roughness of the coatings. Table 2 sum-
marized all RMS surface roughness and thickness values determined for epoxy-silica hybrids 
of T-series (TEOS variation) and G-series (GPTMS variation). With increasing GPTMS and 
TEOS fraction, a significant increment of the surface roughness can be observed. The data sug-
gest that increasing concentration of TEOS has a larger impact on the surface roughness than 
that of GPTMS, probably due to the formation of silica domains of larger size. Measurements 
of the films thickness indicate for all samples of the G-series a constant value of about 1.7 μm, 
while for films of the T-series the thickness varies from 2 to 3 μm, except for the T1.5 sample 
having 6.7 μm.

Samples Thickness 
(μm)

RMS 
roughness 
(nm)

Cd (%) α Rg (nm) d (nm) T0 (°C) EIS lifetime 
(days)

T0 3.0 0.3 – – – 3.7 – –

T0.5 2.0 0.7 85.0 3.8 – 4.2 306 2

T1/G1 1.6 1.2 83.8 3.2 0.8 – 293 5

T1.5 6.7 0.3 87.1 3.9 0.8 – 314 42

T2 3.3 2.6 87.8 3.5 0.8 – 295 1

T2.5 1.8 5 – 3.4 0.8 – 302 4

G0.0 1.0 – – 3.8 – – – –

G0.5 1.8 0.6 87.8 1.8 1.5 – 285 55

G1.5 1.8 0.4 94.7 4.0 0.6 – 297 –

G2 1.6 1.0 – 4.0 0.4 – 304 1

G2.5 1.8 1.4 – 4.0 0.3 – 306 2

Table 2. Properties of epoxy-silica hybrids: film thickness (optical interferometry); surface roughness (AFM); degree 
of polycondensation, Cd, (29Si-NMR); Porod coefficient, α, radius of gyration, Rg, and correlation distance, d, (SAXS); 
temperature of the limit of thermal stability T0 in N2 atmosphere (TGA); and coating lifetime in 3.5% NaCl (EIS).

G0.5 G2.5 T0.5 T2.5

XPS Nominal XPS Nominal 
(at.%)*

XPS Nominal XPS Nominal

Si 2p 4.8 4.3 6.3 6.0 4.4 4.0 7.5 7.6

C 1s 67.7 71.0 62.7 66.0 70.1 71 62.1 61.8

O 1s 25.5 22.0 28.1 25.0 22.9 22.3 28.1 28.1

N 1s 2.0 2.5 2.8 3.5 2.5 3 2.4 2.6

C/Si 14.1 16.9 10.0 11.0 15.9 19 8.3 8.1

*XPS experimental error ±5%.

Table 3. Comparison between XPS and calculated nominal atomic concentrations for epoxy-silica coatings.
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Table 3 shows that results of the quantitative XPS analysis are in good agreement with those 
obtained for the nominal composition for both series of samples. As expected, the data show 
an increase of silicon and oxygen atomic concentration for the G and T-series, while nitrogen 
content increases slightly only for the G-series due to the higher DETA content. As the struc-
ture of GPTMS contains also carbon atoms, its addition leads to a less pronounced increase of 
the Si content. As a consequence, for the G-series the decrease of the C/Si ratio from 14.1 (G0.5) 
to 10.0 (G2.5) was smaller than that observed for the T-series from 15.9 (T0.5) to 8.3 (T2.5).

The chemical bonding structure of the inorganic network can be characterized according to 
the proportion of different Si species having a fixed number of oxygen bridging silicon atoms 
bonded to one (central) silicon atom. A common notation is Qj for orthosilicates (0 ≤ j ≤ 4), such 
as TEOS, and Tj for organically modified silicates (0 ≤ j ≤ 3), such as GPTMS, where j gives the 
number of Si–O–Si bridges attached to the silicon atom.

Figure 10 shows the 29Si NMR spectra, fitted with Gaussian components, used to extract the 
proportion of Qj and Tj species. It can be observed that the Q4 and T3 peaks (−107 ppm and −62 
ppm, respectively) have the highest intensities in relation to the other components related to 
lower network connectivity. The degree of connectivity of the inorganic phase, the so-called 
degree of polycondensation, Cd, has been determined from the fitted 29Si NMR spectra using 
the following equation:

Figure 10. 29Si-NMR spectra obtained for epoxy-silica hybrids. Inset: schematic representation of the TJ and QJ species, 
where ‘R’ indicates OH or OCH3 or OCH2CH3 groups.

New Technologies in Protective Coatings32



Table 3 shows that results of the quantitative XPS analysis are in good agreement with those 
obtained for the nominal composition for both series of samples. As expected, the data show 
an increase of silicon and oxygen atomic concentration for the G and T-series, while nitrogen 
content increases slightly only for the G-series due to the higher DETA content. As the struc-
ture of GPTMS contains also carbon atoms, its addition leads to a less pronounced increase of 
the Si content. As a consequence, for the G-series the decrease of the C/Si ratio from 14.1 (G0.5) 
to 10.0 (G2.5) was smaller than that observed for the T-series from 15.9 (T0.5) to 8.3 (T2.5).

The chemical bonding structure of the inorganic network can be characterized according to 
the proportion of different Si species having a fixed number of oxygen bridging silicon atoms 
bonded to one (central) silicon atom. A common notation is Qj for orthosilicates (0 ≤ j ≤ 4), such 
as TEOS, and Tj for organically modified silicates (0 ≤ j ≤ 3), such as GPTMS, where j gives the 
number of Si–O–Si bridges attached to the silicon atom.

Figure 10 shows the 29Si NMR spectra, fitted with Gaussian components, used to extract the 
proportion of Qj and Tj species. It can be observed that the Q4 and T3 peaks (−107 ppm and −62 
ppm, respectively) have the highest intensities in relation to the other components related to 
lower network connectivity. The degree of connectivity of the inorganic phase, the so-called 
degree of polycondensation, Cd, has been determined from the fitted 29Si NMR spectra using 
the following equation:

Figure 10. 29Si-NMR spectra obtained for epoxy-silica hybrids. Inset: schematic representation of the TJ and QJ species, 
where ‘R’ indicates OH or OCH3 or OCH2CH3 groups.

New Technologies in Protective Coatings32

   C  d   =    T   1  + 2  T   2  + 3  T   3   _________ 3   +    Q   1  + 2  Q   2  + 3  Q   3  + 4  Q   4   ______________ 4   × 100  (4)

The Cd values of Table 3 show a high connectivity of the inorganic network with a clear 
predominance of a tetra-substituted TEOS and a tri-substituted GPTMS sites. Furthermore, 
it seems that an increase of GPTMS favors the Q4 and T3 structures, yielding a highly cross-
linked inorganic network reaching about 95% connectivity for G1.5 sample, while the varia-
tion of TEOS does not change the Cd values significantly, remaining in the range of 85–88%. 
More information on the structure and size of the inorganic domains was obtained by small 
angle X-ray scattering (SAXS) measurements.

The SAXS technique allows to access the nanostructural characteristics of the inorganic net-
work due to the higher electronic density of silica compared that of the polymeric matrix. 
The log-log plots of scattering intensities I (q) recorded for different fractions of GPTMS and 
TEOS (Figure 11) show three main characteristics: a linear decay located at low q values, cor-
responding to the Porod region; a Gaussian decay in the mid q-range, corresponding to the 
Guinier regime; and a broad correlation peak superimposed to the Guinier region, observed 
only for T0.0 and T0.5 samples. The former feature, in the mid q-range, is characteristic of 
a diluted set scatters, while the latter is the result of the interferences of the scattered X-ray 
caused by the concentrated set of nano-objects.

These scattering patterns have been already observed for other silica-polymer hybrids [24, 25] 
and attributed to a hierarchical organization of silica nano-domains. Accordingly, we 
propose that the nanostructure of the hybrid can be described by a two-level hierarchical 
model, corresponding to a diluted or concentrated (T0.0 and T0.5) set of silica nanopar-
ticles inside the aggregation zones embedded in the polymer matrix. In the case of the 
diluted system, the size of the smaller particles was determined, in terms of the radius 
of the gyration, Rg, by fitting the Gaussian decay observed in the mid q-range using the 

Figure 11. SAXS curves of T-series (a), and G-series (b), where the black lines represents the fits used to calculate the 
Porod coefficient (α) for q < 1 (except for the G0.5 sample, which presents α at q>1), and the radius of the gyration (Rg) 
for q >1. (The intensities were shifted to obtain a better visualization of the curves).
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Guinier model: I(q) = I0 exp (−Rg q2/3), where I0 is the scaling factor. However, this was 
only possible for scattering curves, which did not present an overlapping correlation peak. 
Therefore, values for Rg and those for the correlation distance, d ≈ 2π/q, have been obtained 
only for a restricted number of samples (Table 2). Except for T0.0, the form of the scatter-
ing objects was determined by fitting the curves using the Porod model: I ∝ q−α, where α 
is the Porod exponent. α ≈ 4 indicates a bi-phase system formed by set of nearly isometric 
scattering objects with a smooth surface, while for smaller values, a rough surface (fractal) 
is expected.

The results indicate that the inorganic phase consists of aggregates with relatively smooth sur-
face and an average spacing of several nanometers (d ≈ 4 nm). These domains have been formed 
by agglomeration of smaller silica particles with a size of about 1 nm (0.3 < Rg < 1.5 nm).

Some clear correlations between these parameters and the increasing silica concentration of 
the G- and T-series could be established. For the G-series, the evolution of the SAXS pattern 
evidences the role of GPTMS in controlling the size of primary silica particles and they aggre-
gation. The power law decay over a decade and α = 3.8 observed for the hybrid prepared 
only with TEOS (G0.0) characterizes the scattering by the surface of very large silica particles 
(>30 nm). The addition of a small amount of GPTMS (G0.5 sample) reduces the size of silica 
particles more than ten times (Rg = 1.5 nm) and prevents further aggregation, as evidenced 
by extended plateau at q < 0.1 nm. These unique features suggest for G0.5 sample an elevated 
nanostructural homogeneity, which might be responsible for the superior corrosion protec-
tion performance of this material (Table 2). In the case of the T-series, the correlation peak 
disappears for higher TEOS content and the linear decay shifts to higher q-values. These fea-
tures evidence that TEOS addition favors the formation of more open aggregates, leading to 
a less compact nanostructure.

The thermal properties of the hybrids were studied by thermogravimetry under nitrogen 
flow. Table 2 shows the temperature of the limit of thermal stability, T0, for all epoxy-
silica hybrids, defined as the temperature of 5% weight loss during the annealing pro-
cess. The hybrids presented a thermal stability of about 300°C, relatively high values 
compared with those of other polymeric and hybrid materials [18, 22]. This advanta-
geous property comes from the highly cross-linked structure provided by the curing 
agent (DETA) combined with the high polycondensation degree of the silica phase, as 
revealed by 29Si NMR.

The anticorrosive performance of the hybrids was assessed by EIS measurements, in a 3.5% 
NaCl saline solution at 25°C. The hybrid coatings deposited on carbon steel were attached to 
an electrochemical cell, and after verifying a constant value of the open-circuit potential, the 
impedance measurements were performed as a function of time until a significative drop of 
the impedance modulus occurred. This time period was defined as lifetime of the coating, 
listed in Table 2. The impedance modulus at low frequency of the Bode plot is generally used 
as an indicator of the anticorrosive performance of the coating, with values higher than 0.1 
GΩ cm−2 typically considered an excellent protection. The corrosion resistance of the films 
generally decreases with time, caused by the penetration of electrolyte into the protective 
layer through zones of residual porosity and defects.
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The Nyquist and Bode plots obtained after 1 day of immersion in 3.5% NaCl solution are 
presented in Figure 12. It can be observed that two samples containing intermediate TEOS 
to GPTMS ratios (T1.5 and G0.5) presented the highest impedance modulus of 0.9 and 0.2 
GΩ cm2, respectively, and showed also the longest lifetime of several weeks (Table 2). These 
 coatings show at higher frequencies (>1 Hz), a capacitive behavior with a phase angle higher 
than −80° extending over a range of 4 decades, characteristic for an efficient anticorrosive 
barrier layer. In contrast, for formulations with excess of TEOS or GPTMS, both the corrosion 
resistance and lifetime values show considerably lower values.

The results of the structural analysis indicate that the excellent barrier properties, found for 
coatings with intermediate TEOS to GPTMS ratio, result from a highly reticulated hybrid struc-
ture combining a number of favorable properties, such as a high polycondensation degree of 
the inorganic phase, a extremely smooth surface, indicating a very homogeneous distribution 
of silica nanodomains, high thermal stability, as well as an adequate quantity of the silica phase 
which ensures a good adhesion of the film to the metallic substrate. Although the corrosion 
protection efficiency of the best epoxy-silica coatings, reported so far [7, 26, 27], is comparable 
with results presented in this work, it may profit from their 10–100 times higher thickness.

Figure 12. Nyquist and Bode plots of (a) series T and (b) series G of the epoxy-silica coatings deposited on carbon steel, 
compared to those of bare carbon steel, after 1 h of immersion in 3.5% NaCl solution.
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3.2. PMMA-silica hybrids

Poly(methyl methacrylate), also known as acrylic and Pexiglas®, is a rigid, low cost, nontoxic, 
transparent and colorless thermoplastic polymer, extensively used as optical lenses, protec-
tive coatings, optical fibers, and as an alternative to glass in windows as well as a  variety of 
household appliances. The introduction of an inorganic component, such as silica, improves 
the thermal stability, mechanical strength, and the adhesion to metallic substrates, the latter 
property being an essential feature for a high-efficiency coatings. The covalent bond between 
the PMMA and the silica phase can be achieved by the addition of 3-(trimethoxysilyl)propyl 
methacrylate (MPTS), a coupling agent formed by an alkoxy-silane group attached by a non-
hydrolysable Si–C bond to the acrylic tail, which polymerizes with PMMA chains, while the 
inorganic part reacts with the silica precursor (TEOS), yielding an organic-inorganic hybrid 
structure, shown in Figure 13.

A variety of PMMA-silica hybrids have been studied, changing the organic/inorganic phase 
proportion, the amount of thermal initiator, the synthesis temperature and time, as well as the 
ethanol-to-water ratio. Furthermore, cerium salt has been added to the PMMA-silica matrix 
as corrosion inhibitor, and lignin, carbon nanotubes, and graphene oxide as fillers. The main 
results, found for pure PMMA-silica hybrids, are summarized in Table 4, those obtained 
using additives will be discussed in the following sections.

Similar to epoxy-silica coatings, PMMA-silica hybrids deposited on metallic substrates were 
homogeneous, transparent and had a very smooth surface. Structural analysis of PMMA-
silica hybrids, performed by AFM, SAXS, NMR and XPS, has shown that the nanostructure 
is formed by a dense amorphous network of ramified silica-siloxane cross-link nodes, cova-
lently interconnected by short PMMA chain segments [10, 22]. Varying the MMA/MPTS molar 
ratio from 2 to 10, NMR and SAXS results have shown that the M8 sample (MMA/MPTS = 8) 
 presented the highest degree of polycondensation (83.9%) of the silica nanoparticles with an 
average radius of 0.8 nm, spaced by PMMA segments over an average distance of 4.6 nm. This 
coating exhibited also an excellent adhesion to the substrate (detachment force > 3.5 MPa) and 
the best anti-corrosion performance [10, 22]. EIS and potentiodynamic polarization results 
have shown that the M8 coating deposited on carbon steel acts as a very efficient corrosion 
barrier, increasing the total corrosion resistance by almost 6 orders of magnitude (>1 GΩ cm2) 
and reducing the current densities by more than 4 orders of magnitude (<0.1 nA cm−2), com-
pared to the bare steel substrate [22]. Furthermore, XPS analysis confirmed that no corrosion-
induced changes had occurred after 18 days of immersion in 3.5% NaCl solution [22].

Increasing the synthesis temperature from 70 to 80°C and the time of reaction from 2 to 4 h 
(sample M8_4h), an increase in the amount of polymeric phase was detected yielding a more 
compact and durable coating (56 days) [18, 22]. After optimizing also the ethanol-to-water 
ratio of the inorganic phase to a value of 0.2, the corrosion resistance and lifetime were fur-
ther increase to 196 days in 3.5% NaCl (M8_4h_E0.2 coating, Table 4) [10]. Other important 
finding was the improvement of the corrosion resistance by hot deposition (M8_T80B0.01), 
which enhances the reaction between the inorganic phase and the metal substrate, improving 
the coating adhesion. This sample has been also deposited on Al2024 substrate and tested 
in saline (Figure 14a) and saline/acid environment (Figure 14b). This coating highlights a 
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finding was the improvement of the corrosion resistance by hot deposition (M8_T80B0.01), 
which enhances the reaction between the inorganic phase and the metal substrate, improving 
the coating adhesion. This sample has been also deposited on Al2024 substrate and tested 
in saline (Figure 14a) and saline/acid environment (Figure 14b). This coating highlights a 
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Figure 13. Molecular structure of the PMMA-silica hybrid.

Samples Thickness 
(μm)

RMS 
roughness 
(nm)

Cd (%) T0 (°C) |Z| (GΩ cm2) EIS lifetime 
(days)

Reference

M2 1.5 – 80.9 – ~0.001 – [21]

M4 – – 79.7 – ~0.01 – [21]

M8 3 0.3 83.9 – ~1 18 [21]

M10 – – 75.8 – ~0.001 – [21]

M8_4h 2.8 0.4 78.0 205 ~0.1 56 [18]

M8_4h_E0.2 2.0 0.5 82.0 230 ~3 196 [10]

M8_T80B0.01 2.8 – – 230 ~3 40 –

M8_
T80B0.01*

3.0 – – – ~50 560 –

M8_T90 2.6 – – 238 ~5 34 –

M8_T100 2.5 – – 250 ~0.1 35 –

M8_B0.05 5.0 – – 270 ~10 42 –

M8_B0.10 9.7 – – 223 ~10 >186 –

*Al2024 substrate.

Table 4. Properties of PMMA-silica hybrid coatings: film thickness (optical interferometry); surface roughness (AFM); 
degree of polycondensation, Cd, (29Si-NMR); limit of thermal stability T0 in N2 atmosphere (TGA); impedance modulus 
|Z|, after 1 day exposure to 3.5% NaCl solution (EIS); and coating lifetime in 3.5% NaCl (EIS).
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Figure 14. Time dependence of Nyquist and Bode plots of the M8_T80BPO0.01 PMMA-silica coating deposited on 
Al2024 substrate in contact with a) in 3.5% NaCl solution and b) 0.05 mol L−1 NaCl + 0.05 mol L−1 H2SO4 solution.

 corrosion resistance of up to 50 GΩ cm2, in saline environment, showing only a small per-
formance decrease to 0.1 GΩ cm2 after 560 days exposure. This is to our best knowledge the 
highest durability, obtained so far for hybrid coatings in standard saline solution. Also in 
contact with a saline/acid solution (0.05 mol L−1 H2SO4 + 0.05 mol L−1 NaCl), this about 3-μm 
thick coating presented a high corrosion resistance (20 GΩ cm2), remaining almost unchanged 
during its lifetime of 87 days. It is interesting to note that the phase angle dependence has a 
capacitive behavior (θ ≈ −90°), over a frequency range of 6 decades, a behavior close to that of 
an ideal capacitor, highlighting the extraordinary performance of this coating.

PMMA-silica hybrids have been also prepared at different synthesis temperatures of the 
organic precursor (80–100°C) and different BPO/MMA molar ratio (0.01–0.1), using the well-
established MMA/MPTS molar ratio of 8 [22]. The increase in the synthesis temperature did 
not influence significantly the structure, the thermal properties and the corrosion resistance, 
however, the increase of the BPO amount led to an increase of the polymerization degree, 
thermal stability of 40°C (BPO0.05), and also of the anticorrosive efficiency (Table 4). The 
sample M8_BPO0.05 and M8_BPO0.10 presented an impedance modulus of 10 GΩ cm2 in a 
saline medium (3.5% NaCl), remaining essentially unchanged during more than 6 months of 
exposure (M8_BPO0.10).
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3.3. PMMA-silica hybrid modified with Ce(IV) salt for self-healing ability

After identifying the optimum proportion of polymeric and silica phase for the formation of a 
highly ramified structure (MMA/MPTS/TEOS molar ratio = 8/1/2), increasing molar percent-
age of Ce(IV) ions (0.1% < Ce/Si < 5%) have been added to the inorganic precursor to enhance 
the passivating character of the films [11].

NMR, XPS, and SAXS results, summarized in Table 5, have revealed the active role of Ce(IV) 
in the PMMA-silica matrix. The correlation of XPS and NMR data evidenced that the Ce(IV) 
concentration is directly related to the polycondensation degree (Cd) and the degree of Ce(IV) 
reduction, both decreasing with increasing cerium concentration. Low concentrations of 
cerium lead to an enhanced polycondensation of the siloxane/silica phase, with connectivity 
of the inorganic phase up to 87%. For low doping levels of Ce/Si < 0.7%, SAXS results have 
revealed increasing values of radius of gyration, Rg, suggesting an active role of Ce(IV) as oxi-
dation agent in the enhanced growth of a cross-linked and polycondensed inorganic phase. 
Detailed investigation of the structural effects of cerium species has shown that reduction of 
Ce(IV) ions not only catalyzes a higher connectivity of the silica phase, but also enhances the 
polymerization of organic moieties. The resulting enhancement of the overall network con-
nectivity leads to an improvement of the thermal stability of the hybrids, as evidenced by the 
results of the thermogravimetric analysis [11].

The electrochemical assays, performed by EIS and potentiodynamic polarization curves, 
have shown that the PMMA-silica coatings containing intermediate concentrations of cerium 
present a combination of high-corrosion resistance (~10 GΩ cm2), elevated overpotential 
stability at low-current densities (<10−11 A), as well as excellent long-term stability of up to 
304 days. Compared to the bare carbon steel substrate, the coated samples showed up to 
6 orders of magnitude higher impedance modulus and up to 6 orders of magnitude lower 
 current densities [11].

For coatings containing elevated Ce(IV) doping levels (Si/Ce = 5%), the self-healing effect was 
observed, induced by the formation of insoluble cerium oxides and hydroxides in corrosion 
affected regions. The presence of these phases in the near surface region was evidenced by 
XPS O 1s spectra and by scanning electron microscopy, showing the presence of nanopits 
(<300 nm). It was suggested that these phases were formed by reactions of Ce(III) and Ce(IV) 
with water and residual hydroxyl groups of the hybrid. The self-healing process prevented 
the progression of the corrosion process for more than 13 months keeping the corrosion resis-
tance constant above 0.01 GΩ cm2. The excellent anticorrosive efficiency achieved by PMMA-
silica coatings containing cerium can be related to a double effect of Ce(IV), combining the 
densification of the hybrid network with the formation of insoluble cerium species in regions 
affected by pitting [11].

3.4. PMMA-silica hybrid reinforced with lignin, carbon nanotubes and graphene oxide

Lignin is a macromolecule present in the cell walls of terrestrial plants that confers rigidity 
and impermeability, usually corresponding to 15–30% of the dry weight of wood (Figure 15a). 
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Presently, millions of tons of lignin are generated from biodiesel and ethanol production, and 
most part is incinerated to generate electric energy. However, nobler applications have been 
found to add value to this biomass, such as the reinforcement of different classes of materials. 
Properties, such as low density, low abrasive character, hydrophobicity, and low cost, make 
lignin ideal to use as filler in polymeric and organic-inorganic hybrid matrices [20].

Carbon nanotubes (CNTs) and graphene oxide (GO) (Figure 15b and c) are also very inter-
esting nanofillers for the structural reinforcement of polymeric and hybrid materials, due to 
their exceptional thermal, chemical, and mechanical resistance. Both present a hexagonal sp2 
arrangement of carbon atoms, forming extremely stable cylindrical and monolayer structures, 
respectively. Graphene oxide has been obtained from oxidation and exfoliation of graphite, 
yielding a graphene layer containing oxygen functional groups such as epoxy, hydroxyl, and 
carboxyl [18].

PMMA-silica hybrids reinforced with 0.05, 0.10, 0.50 and 1.00 wt.% of lignin have been 
deposited on carbon steel by dip-coating, producing about 2.5 μm thick coatings (Table 6). 
Optical microscopy and optical microscopy and atomic force microscopy showed that lig-
nin was well dispersed in the hybrid matrix, and all coatings presented a low RMS  surface 
roughness between 0.3 and 0.4 nm. The introduction of lignin in the PMMA-silica hybrid 
increased the water contact angle of the film surface from 79.3° to 87.9°, the  hardness from 
22.9 to 30.9 HV, and the scratch resistance (critical load for delamination) from 55 to 80 mN. 
In addition, the thermal degradation events, obtained by thermogravimetric analysis (TGA) 
under nitrogen atmosphere, were shifted to higher temperatures with lignin addition, due 
to its phenolic structure which has the ability to trap radicals formed during the depoly-
merisation. Besides increasing the thermal stability of the polymeric phase, it acts also as 
UV stabilizer [20].

The electrochemical tests performed by EIS showed that the PMMA-silica coatings containing 
lignin act as efficient diffusion barriers, with corrosion resistance higher than 0.1 GΩ cm2 after 

Properties Ce(IV)/Si molar fraction (%)

0 0.1 0.2 0.3 0.5 0.7 1 3 5

Cd (%) 82.8 87.1 – 83.6 82.7 79.3 78.5 77.6 77.3

XPS 
Ce(IV) 
fraction 
(%)

– – – 28.5 ± 4 37.2 ± 3 46.4 ± 2.5 48.5 ± 2.5 55.5 ± 2 60.4 ± 1.5

Rg (nm) 0.9 1.1 1.8 2.3 2.3 1.9 1.9 – –

|Z| (GΩ 
cm2)

~0.5 ~0.5 – – ~0.1 ~10 ~5 – ~0.5

Lifetime 
(days)

42 85 – 96 – 304 65 48 404

Table 5. Properties of PMMA-silica hybrids containing different amounts of Ce(IV): degree of polycondensation, Cd, 
(29Si-NMR); percentage of the Ce(IV) oxidation state (XPS Ce 3d spectra); radius of gyration, Rg, (SAXS); and impedance 
modulus, |Z|, after 1 day exposure to 3.5% NaCl solution (EIS).
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Sample Thickness 
(μm)

T0 
(°C)

Critical load 
(mN)

|Z| 
(GΩ cm2)

EIS lifetime 
(days)

Reference

M8 (70°C/2 h) 2.4 170 55 ~0.1 18 [20]

M8_lignin_0.50 wt.% 2.6 180 65 ~0.5 – [20]

M8_lignin_0.10 wt.% 2.5 200 80 ~0.5 50 [20]

M8_lignin_0.50 wt.% 2.7 190 66 ~0.01 – [20]

M8_lignin_1.00 wt.% 2.7 195 56 ~0.005 – [20]

M8_BPO001
(80°C/4 h)

2.8 205 78 ~0.5 56 [18]

M8_BPO001_
CNT_0.05%

5.7 220 – ~0.1 43 [18]

M8_BPO001_
GO_0.05%

3.1 275 94 ~1 203 [18]

M8_BPO005
(80°C/4 h)

3.5 208 84 ~1 21 [18]

M8_BPO005_
CNT_0.05%

6.6 209 133 ~10 7 [18]

M8_BPO005_
GO_0.05%

5.5 216 148 ~5 168 [18]

Table 6. Properties of PMMA-silica hybrids containing lignin, CNT or GO: film thickness (optical interferometry); limit 
of thermal stability T0 in N2 atmosphere (TGA); critical load for delamination (microscrach test); impedance modulus 
|Z|, after 1 day exposure to 3.5% NaCl solution (EIS); and coating lifetime in 3.5% NaCl (EIS).

Figure 15. Molecular structure of (a) lignin, (b) carbon nanotube, and (c) graphene oxide.
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exposure to 3.5% NaCl aqueous solution. For intermediate lignin content of 0.10 wt.% the 
coatings presented best results with an impedance modulus of 0.5 GΩ cm2, remaining almost 
unchanged after 50 days of exposure to aggressive environment [20].

Recent studies on the inclusion of carbon nanotubes and graphene oxide in hybrid and poly-
mer matrices have shown excellent results in terms of increased mechanical strength, scratch 
and wear resistance, thermal stability, adhesion to metallic substrate, hydrophobicity, and 
electrical conductivity [18, 19, 28–30]. Despite all of these advances, a simultaneous improve-
ment not only of mechanical and thermal stability but also of anticorrosive efficiency of pro-
tective coatings has been accomplished only recently by the incorporation CNT and GO in a 
PMMA-silica matrix [18].

To synthesize the CNT and GO modified PMMA-silica hybrids, first, the single-walled car-
bon nanotubes and graphene oxide were dispersed in a water/ethanol, adding in the case of 
CNTs dodecyl sulfate surfactant (SDS) as dispersant. Then, the carbon nanostructures were 
added to the inorganic precursor solution of the PMMA-silica hybrid at a carbon (CNT or 
GO) to silicon (TEOS and MPTS) molar ratio of 0.05% in two different matrices, prepared at 
BPO/MMA molar ratios of 0.01 and 0.05. As the function of BPO as a thermal initiator is to 
produce radicals that initiate the polymerization process of MMA, an increased BPO content 
results in enhanced polymerization degree in the hybrid. The transparent hybrids deposited 
on A1020 carbon steel substrates by dip coating presented thickness values between 2.8 and 
6.6 μm (Table 6), a good dispersion of the carbon nanostructures, and a very smooth surface 
(0.3–0.5 nm RMS surface roughness) [18].

Microscratch and wear tests, performed with a spherical-conical diamond tip of 10 μm radius, 
confirmed for the PMMA-silica coatings that both additives, CNT and GO, improved the 
scratch resistance (increase of the friction coefficient by 0.1−0.2), adhesion to the metallic sub-
strate (no delamination for M8_BPO001_CNT up to 240 mN) and wear resistance (smooth 
and shallow wear track after 50 cycles). The superior behavior of CNT containing coatings 
was attributed to their property to act as rigid obstacles for the scratch tip. Results of the ther-
mogravimetric analysis have shown that the addition of CNT and GO to the BPO0.01 matrix 
and to a smaller extent to the BPO0.05 matrix, increased the thermal stability of the hybrids up 
to 70°C for GO containing samples (Table 6). This improvement was attributed to interaction 
between carbon nanostructures and macroradicals generated during the process of depoly-
merisation combined with a 2D barrier effect of GO, hindering molecular diffusion through 
the matrix and thus providing an improved thermal resistance [18].

Results of electrochemical impedance spectroscopy in 3.5% NaCl solution showed that PMMA-
silica coatings reinforced with CNTs and GO had an improved anticorrosive efficiency, with 
impedance modulus of ~1 GΩ cm2 and ~10 GΩ cm2 for the BPO0.01 and BPO0.05 matrix, 
respectively. Besides the improved barrier property, GO containing coatings presented also 
a prolonged lifetime of up to 203 days. This was attributed to the two dimensionality of the 
GO structure that provides an enhanced barrier effect against the propagation of corrosive 
species. Furthermore, it was suggested that both carbon nanostructures act as densifiers of 
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the nanocomposite and also as negatively charged repulsive agents for chloride anions, thus 
improving barrier property of the coating. Based on the equivalent circuit used to fit the EIS 
data, this notable barrier behavior was interpreted, in terms of two distinct dielectric layers, 
one related to a porous water uptake zone at the coating/electrolyte interface and the other 
corresponding to the underlying unaffected film region, having three orders of magnitude 
higher resistivity [18].

3.5. Advances in organic-inorganic hybrid coatings for corrosion protection

To be able to evaluate the relevance of the obtained results, it is important to place them in the 
context of the state of the art in the field of anticorrosive coatings. In the last decade, the con-
cept of organic-inorganic hybrids as protective coating has been intensely investigated using 
different approaches involving a variety of organic and inorganic precursor reagents, resulting 
in a number of promising coatings systems. The most widely applied formulations for hybrid 
phases used to prepare high-performance anticorrosive coatings are based on epoxy-silica 
(Table 7) and acrylic-silica (Table 8) hybrids, and to a lower extent on polyurethane-silica, 
polyurethane-silica-zirconia and other epoxy systems (Table 9). As can be inferred from these 
data, the electrochemical barrier properties, obtained for different hybrid formulations, have 
achieved a notable performance in the last years, making these novel nanocomposites very 
promising candidates for efficient corrosion protection of metallic surfaces. This is  justified 
especially when considering that a high-corrosion resistance and long durability in aggressive 
environments can be achieved by thin films with thicknesses of less than 10 μm, resulting in 
substantially reduced material costs compared to conventional high-performance coating sys-
tems. More specifically, regarding the epoxy-silica hybrid system, the results presented in this 
work and those listed in Table 7 show that different compositions applied to distinct alloys 
can provide a very effective long-term corrosion protection [7, 26, 27]. Very promising results 
were also achieved for PMMA-silica coatings [8, 10, 31], with the highest observed durability 
of more than 560 days in 3.5% NaCl, and for hybrids containing reinforcement and inhibi-
tor agents [11, 18]. Moreover, for some polyurethane-silica and polyurethane-zirconia-silica 
systems, it has been demonstrated that they also have a high potential to be used as efficient 
anticorrosive barrier layers [9, 32].

All these results demonstrate the wealth of possibilities to prepare nanocomposite materials 
based on organic-inorganic hybrids in the form of highly efficient anticorrosive coatings. 
The optimization of the barrier property can be achieved by the careful adjustment of the 
precursor proportions, including coupling agents and additives, together with the condi-
tions of synthesis, deposition, and thermal treatment. However, the main key for this task is 
an in-depth knowledge of the formation mechanisms as well as the compositional and struc-
tural properties of the material. Based on this information, it was shown that a relatively 
simple preparation process yields highly efficient and very durable anticorrosive films. They 
unite three essential perquisites for an appropriate coating system: a high  corrosion resis-
tance, long-term stability, and environmental compatibility. Considering also the simplicity 
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of the sol-gel process and the low material consumption, which scales with the film thick-
ness, these about 5-μm thick hybrid films constitute from the economical and environmental 
point of view a very interesting alternative for conventional protective coating systems.

Hybrid Synthesis Substrate Deposition/
thickness (μm)

EIS: |Z| (GΩ 
cm2), lifetime 
(days), solution

Polarization 
Icorr (A cm−2) 
Ecorr (V),  
reference electrode

Reference

Epoxy-
GPTMS-TEOS

Sol-gel Carbon steel Dip-coating/6.7 ~1
42
3.5% NaCl

_
−0.08
Ag/AgCl

[This 
work]

Epoxy-APTES-
ZnO

Sol-gel Mg alloy 
AZ31

Dip-
coating/~12

~1
35
0.05 M NaCl

_ [33]

Epoxy-APTES _ Carbon steel Spray/125 ~100
21
0.1 M Na2SO4

_ [27]

Epoxy-SiO2 Sol-gel Mg alloy Dip-coating/- ~100
7
3.5% NaCl

_ [34]

Epoxy-APTES Solution 
intercalation 
method

Mild steel Brush 
method/70–80

~10
30
3% NaCl

_ [35]

Epoxy-APTES-
tetrathiol

Sol-gel Al alloy 
AA2024-T3

Single 
blade/150

~1
350
0.5 M NaCl

_ [26]

Epoxy-
polysiloxane

Commercial Cold rolled 
low carbon 
steel

Air-less 
spray/70

~100
467
3% NaCl

_
−0.65
SCE

[7]

GPTMS-
MTEOS-TEOS

Sol-gel Al alloy 
AA2024-T3

Dip-coating/25 ~0.1
38
5% NaCl

_ [36]

Epoxy-APTES _ Mg alloy 
AZ31

Dip-coating/14 ~10
31
0.5 M NaCl

_ [37]

Epoxy-
GPTMS-
MTEOS/-

Sol-gel Al alloy 
AA2024

Dip-coating/~8 ~1
51
0.05 M NaCl

10−10

−0.3
Ag/AgCl

[38]

GPTMS: (3-glycidoxypropyl)trimethoxysilane; TEOS: tetraethoxysilane; APTES: aminopropyl-triethoxysilane; tetrathiol: 
pentaerythritol tetrakis(3-mercaptopropionate); MTEOS: methyl-triethoxysilane; SCE: standard calomel electrode.

Table 7. Principal preparation parameters and results reported for epoxy-silica coatings applied for corrosion protection 
of metallic surfaces, including corrosion resistance |Z|, current density, Icorr, and corrosion potential, Ecorr.
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−0.08
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work]
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Dip-
coating/~12
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35
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0.1 M Na2SO4
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~10
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3% NaCl

_ [35]

Epoxy-APTES-
tetrathiol

Sol-gel Al alloy 
AA2024-T3

Single 
blade/150

~1
350
0.5 M NaCl

_ [26]

Epoxy-
polysiloxane

Commercial Cold rolled 
low carbon 
steel

Air-less 
spray/70

~100
467
3% NaCl

_
−0.65
SCE

[7]

GPTMS-
MTEOS-TEOS

Sol-gel Al alloy 
AA2024-T3

Dip-coating/25 ~0.1
38
5% NaCl

_ [36]

Epoxy-APTES _ Mg alloy 
AZ31

Dip-coating/14 ~10
31
0.5 M NaCl

_ [37]

Epoxy-
GPTMS-
MTEOS/-

Sol-gel Al alloy 
AA2024

Dip-coating/~8 ~1
51
0.05 M NaCl

10−10

−0.3
Ag/AgCl

[38]

GPTMS: (3-glycidoxypropyl)trimethoxysilane; TEOS: tetraethoxysilane; APTES: aminopropyl-triethoxysilane; tetrathiol: 
pentaerythritol tetrakis(3-mercaptopropionate); MTEOS: methyl-triethoxysilane; SCE: standard calomel electrode.
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Hybrid/additive Synthesis Substrate Deposition/
thickness (μm)

EIS: |Z| (GΩ 
cm2), lifetime 
(days), solution

Polarization 
Icorr (A cm−2)  
Ecorr (V),  
reference  
electrode

Reference

PMMA-MPTS-
TEOS/-

Radical 
polymerization 
and sol-gel

Al alloy 
AA2024

Dip-coating/~3 ~50
more than 560
3.5% NaCl

_
−0.68 Ag/AgCl

[This work]

PMMA-MPTS-
TEOS/-

Sol-gel 316L 
stainless 
steel

Dip-coating/~2 ~0.01
36
3.5% NaCl

10−9

0.1
Ag/AgCl

[14]

GMA-EHA-
GPTMS-TEOS/-

Sol-gel Al alloys 
AA1050

Spin-
coating/~1

~1
21
0.1 M NaCl

_ [39]

PMMA-MPTS-
TEOS/-

Sol-gel A1010 
carbon steel

Dip-
coating/1.5–3

~1
18
3.5% NaCl

10−10

−0.3
Ag/AgCl

[22]

PMMA-
MPTS-TEOS/
Ce(IV)

Radical 
polymerization 
and sol-gel

A1010 
carbon steel

Dip-coating/~2 ~10
304/404
3.5% NaCl

10−11

+ 0.3
Ag/AgCl

[11]

PMMA-MPTS-
TEOS/
lignin

Radical 
polymerization 
and sol-gel

A1020 
carbon steel

Dip-coating/~2 ~0.5
50
3.5% NaCl

_ [20]

PMMA-MPTS-
TEOS/-

Radical 
polymerization 
and sol-gel

A1010 
carbon steel

Dip-
coating/1.5–2

~5
196
3.5% NaCl

_ [10]

PMMA-
MPTSTEOS/
Ce

Sol-gel Mild steel Dip-
coating/~26

~10
362
3.5% NaCl

10−12

+ 0.35
SCE

[31]

Acrylic 
resin-SiO2/-

Solution 
intercalation 
method

Mild steel Brush 
method/75

~10
90
3.5% NaCl

_ [8]

Acrylic resin-
silanol-ZnO/-

Solution 
intercalation 
method

Mild steel Brush 
method/75

~10
30
3.5% NaCl

_ [40]

PMMA-MPTS-
TEOS/CNTs, GO

Radical 
polymerization 
and sol-gel

A1020 
carbon steel

Dip-
coating/3–6

~3
211
3.5% NaCl

_
+0.58
Ag/AgCl

[18]

PMMA: poly(methyl methacrylate); MPTS: 3-(trimethoxysilyl)propyl methacrylate; TEOS: tetraethoxysilane; GMA: 
glycidyl methacrylate; EHA: 2-ethylhexyl acrylate; GPTMS: (3-glycidoxypropyl) trimethoxysilane;CNTs: carbon 
nanotubes; GO:graphene oxide; SCE: standard calomel electrode.

Table 8. Principal preparation parameters and results reported for acrylic-silica coatings applied for corrosion protection 
of metallic surfaces, including corrosion resistance |Z|, current density Icorr, and corrosion potential Ecorr.
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4. Conclusions

Structural, thermal, mechanical, and electrochemical characterization of novel epoxy-
silica and PMMA-silica hybrid coatings have shown that their properties are extremely 
dependent of the hybrid precursors proportion, time and temperature of synthesis, and 
addition of fillers. After a careful adjustment of the preparation conditions, these homo-
geneous and transparent hybrid coatings present a defect-free very smooth surface, low 
porosity, a highly cross-linked silica network, excellent adhesion to the metallic substrate, 
elevated thermal stability, and especially an excellent anticorrosive performance. Epoxy-
silica and PMMA-silica films with thicknesses of less than 10 μm exhibit a dense and 
highly reticulated nanostructure, resulting in enhanced thermal stability combined with 

Hybrid/additive Synthesis Substrate Deposition/
thickness (μm)

EIS: |Z| (GΩ 
cm2), lifetime 
(days), solution

Polarization,
Icorr(A cm−2),
Ecorr (V),
reference electrode

Reference

Polyurethane 
APTES-TEOS/-

_ AA3003 
H14

Drawdown 
bar/75

~100
263
3.5%NaCl+0.1M 
HCl

_ [9]

Polyurethane-ZrO2-
SiO2/-

Sol-gel Carbon 
steel

Spray/40–55 ~100
226
3.5% NaCl

_ [32]

Epoxy-polyaniline-
ZnO/-

Chemical 
oxidative 
method

Carbon 
steel

Dip-coating/118 ~1
90
3.5% NaCl

_
−0.05
(SCE)

[41]

Polyetherimide-HA/- _ Mg alloy 
AZ31

Dip-coating/~4 ~1
101
Hank’s solution

_ [42]

Epoxy-LDH/- _ Al alloy 
AA2024-T3

Spray/55 ~1
18
0.05M NaCl

_ [43]

Epoxy-HS/8-
hydroyquinoline

_ Al alloy 
AA2024-T3

Dip-coating/~25 ~1
90
0.5M NaCl

_ [44]

Epoxy-CaCO3 _ Al alloy 
AA2024-T3

Dip-coating/~30 ~1
41
0.5M NaCl

_ [45]

Epoxy-ester-siloxane-
urea

_ Al alloy 
AA2024-T3

Drop-
coating/130–140

~0.1
70
3.5% NaCl

10−10

−0.4
SCE

[46]

APTES: aminopropyltriethoxysilane; TEOS: tetraethoxysilane; HA: hydroxyapatite; LDH: Layered double hydroxide; 
HS: halloysites; CaCO3: calcium carbonate; SCE: standard calomel electrode.

Table 9. Principal preparation parameters and results reported for a varied of hybrid coatings applied for corrosion 
protection of metallic surfaces, including corrosion resistance |Z|, current density Icorr, and corrosion potential Ecorr.
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4. Conclusions

Structural, thermal, mechanical, and electrochemical characterization of novel epoxy-
silica and PMMA-silica hybrid coatings have shown that their properties are extremely 
dependent of the hybrid precursors proportion, time and temperature of synthesis, and 
addition of fillers. After a careful adjustment of the preparation conditions, these homo-
geneous and transparent hybrid coatings present a defect-free very smooth surface, low 
porosity, a highly cross-linked silica network, excellent adhesion to the metallic substrate, 
elevated thermal stability, and especially an excellent anticorrosive performance. Epoxy-
silica and PMMA-silica films with thicknesses of less than 10 μm exhibit a dense and 
highly reticulated nanostructure, resulting in enhanced thermal stability combined with 

Hybrid/additive Synthesis Substrate Deposition/
thickness (μm)

EIS: |Z| (GΩ 
cm2), lifetime 
(days), solution

Polarization,
Icorr(A cm−2),
Ecorr (V),
reference electrode

Reference

Polyurethane 
APTES-TEOS/-

_ AA3003 
H14

Drawdown 
bar/75

~100
263
3.5%NaCl+0.1M 
HCl

_ [9]

Polyurethane-ZrO2-
SiO2/-

Sol-gel Carbon 
steel

Spray/40–55 ~100
226
3.5% NaCl

_ [32]

Epoxy-polyaniline-
ZnO/-

Chemical 
oxidative 
method

Carbon 
steel

Dip-coating/118 ~1
90
3.5% NaCl

_
−0.05
(SCE)

[41]

Polyetherimide-HA/- _ Mg alloy 
AZ31

Dip-coating/~4 ~1
101
Hank’s solution

_ [42]

Epoxy-LDH/- _ Al alloy 
AA2024-T3

Spray/55 ~1
18
0.05M NaCl

_ [43]

Epoxy-HS/8-
hydroyquinoline

_ Al alloy 
AA2024-T3

Dip-coating/~25 ~1
90
0.5M NaCl

_ [44]

Epoxy-CaCO3 _ Al alloy 
AA2024-T3

Dip-coating/~30 ~1
41
0.5M NaCl

_ [45]

Epoxy-ester-siloxane-
urea

_ Al alloy 
AA2024-T3

Drop-
coating/130–140

~0.1
70
3.5% NaCl

10−10

−0.4
SCE

[46]

APTES: aminopropyltriethoxysilane; TEOS: tetraethoxysilane; HA: hydroxyapatite; LDH: Layered double hydroxide; 
HS: halloysites; CaCO3: calcium carbonate; SCE: standard calomel electrode.

Table 9. Principal preparation parameters and results reported for a varied of hybrid coatings applied for corrosion 
protection of metallic surfaces, including corrosion resistance |Z|, current density Icorr, and corrosion potential Ecorr.
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high corrosion resistance and long durability in saline environment. Exceptional barrier 
properties, especially on aluminum alloy, were found for PMMA-silica hybrids prepared 
at a 8MMA:1MPTS:2TEOS molar ratio, 4 h/80°C of synthesis, and BPO/MMA molar ratio 
of 0.01. This coating highlights a corrosion resistance of about 50 GΩ cm2 and a lifetime 
of more than 18 months in saline solution. Nanofillers have been successfully added to 
the PMMA-silica matrix to improve the anticorrosive performance and to reinforce the 
hybrid structure. Carbon nanotubes and graphene oxide incorporated into the PMMA-
silica matrix resulted in a multifunctional material, which combines an excellent anticorro-
sive performance with improved adhesion, anti-scratch and heat-resistant properties, thus 
extending the application range of these coatings to abrasive environments. Furthermore, 
it has been shown that added Ce(IV) ions act as oxidation agents during the formation of 
the hybrid matrix, leading to densification process that improves the barrier property of 
the coatings. In addition, the active corrosion inhibition provided by formation of insoluble 
cerium species in regions affected by corrosion, known as self-healing ability, resulted in 
a prolonged the lifetime of the coatings. The great progress achieved in the last couple of 
years in the development of organic-inorganic hybrids makes these materials very promis-
ing candidates for new-generation high-performance protective coatings.
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Abstract

Electrodeposition is a low-cost and low-temperature method for producing metal matrix 
composite coatings. The electrodeposition of Ni matrix/Ni-Cr-B particles is considered 
as the co-deposition of Ni-Cr-B particles in a Ni matrix, resulting in nanocomposite 
coatings that can offer good wear and corrosion resistance between other applications. 
For comparison, the electrodeposition of Ni films and their wear and corrosion evalu-
ation were also carried out under the same conditions. Some coatings usually contain 
oxide or carbide particles in micrometer size and are electrodeposited in a nickel matrix; 
however, the use of the mechanical alloying process offers the possibility to reduce the 
particle size in the order of nanometers obtaining solid solutions, amorphous phases, 
or intermetallic compounds during the development of new alloys to be co-deposited, 
improving the engineering materials properties. This kind of nanocomposite can be 
used in industrial components with an irregular geometry exposed in aggressive envi-
ronments such as the energy generation and oil industry.

Keywords: co-deposition, nanocomposite coating, erosion-corrosion resistance

1. Introduction

Surface is responsible for the serviceability of the components and the surface engineering is a 
multidisciplinary activity dedicated to modify the surface according to their functional neces-
sity and where the substrate do not have the capacity. Surface characteristics for engineering 
applications and in our daily life are:

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



• Decorative and esthetic

• Thermal barrier

• Better mechanical properties

• Electronic or electrical properties

• Corrosion resistance

• Wear resistance between others

As indicated by other authors, these properties can be enhanced by microstructural changes 
and phase transformations (metallurgically), by deformations (mechanically), by chemical 
reactions, and diffusion that modify the surface chemistry or by adding coatings by physical 
and chemical methods [1]. Industrial plant efficiency can be affected by corrosion and wear 
damage in such a way that the economic losses associated with this failure mechanism can be 
quantified as a percentage of a country’s gross domestic product annually. In some cases, the 
corrosion like a failure mechanism may initiate or precede to the wear failure or vice versa, 
depending of the medium nature; however, the combined effect of corrosion and wear can 
reduce the component life drastically.

The use of more alloyed steels to improve the surface hardness and corrosion resistance 
means to use expensive steels with respect to the carbon or low alloy steels, so that several 
efforts have been made for the protection against corrosion-erosion but with a low efficiency 
such as the use of inhibitors and the applications of cathodic or anodic currents.

Use of organic, inorganic or metallic coatings have been a good alternative for corrosion 
and wear protection where the proper selection depends on the accessibility, component 
size, environment conditions (composition, concentration, pressure, and temperature), and 
cost; nevertheless, the wide variety of coatings and process development for a lot of corro-
sive and wear environments are not enough yet, considering which exist different corrosion 
forms depending on the mechanism of attack that combined with the types of wear, reduc-
ing the possibility of getting the best protection.

Tribocorrosion is the concept that explains the surface degradation mechanism when 
mechanical wear and chemical/electrochemical processes interact with each other [2]. 
Many industries show damages associated with the tribocorrosion mechanism such as 
aeronautic, geothermic energy generation, paper industry, and making steel to name a few. 
To solve the combined failure mechanisms of corrosion and erosion, different alloy systems 
deposited with the same process have been studied in monolayers as well as multilayers; 
in this context, the techniques combination, which can offer a variety of coatings with the 
enough thickness of corrosion protection, with the homogeneous dispersion of fine parti-
cles, high hardness, and lubricant properties, has motivated the development of composite 
coatings where the electrodeposition techniques can offer metal matrix composite coatings, 
though the co-deposition of nanoparticles with superior properties at low cost.
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2. Development of nanocomposite

2.1. Electrochemical nanocomposite coatings (ENC)

Electrodeposition or electroplating process is defined as the deposition of a coating by electrolysis, 
depositing a substance on an electrode immersed in an electrolyte by the application of electric 
current through the electrolyte [1]. Modification of the electroplating process includes the occlu-
sions of metallic or nonmetallic particles dispersed in the bath to obtain a composite coating.

Oxides, carbides, silicides, refractory, metallic, and organic powders such as SiC, SiO2, Al2O3, 
and TiO2 have been electrodeposited with pure metals to increase strength, harness, wear, 
and corrosion resistance at the surface with a particle size in the order of microns and current 
density of 20–200 mA/cm2 with agitation. The incorporation of a homogeneously dispersed 
second phase in a metal matrix offers new engineering properties. During the co-deposition, 
small metal particles added to the plating bath are deposited or embedded simultaneously 
into a metallic matrix during the electrolytic process [3]. The properties of the composite 
coating depend on the nature, distribution, and size of the particles in combination with the 
metallic matrix. The development of a lot of alloying systems by powder metallurgy offers 
to the composite coating technology, the alternative to increase the opportunities in the solu-
tions of corrosion and wear failures.

Commercial electrolytic baths such as nickel, chromium, copper, and zinc are the metallic 
matrix, and the dispersed phase is an insoluble solid with nanometric particle size and known 
morphology, which remains on the cathode surface by agitation and overgrown with the 
metal electrodeposition [4]. Since the 1970s, the electrodeposited composite coatings have 
been improved and have been published in some theoretical models that describe the adsorp-
tion and electrophoretic migration of particles, until the incorporation of a corrective factor to 
account for the effects of adsorption and hydrodynamic conditions [5].

Figure 1 reported by Low et al. shows the general process of the co-deposition of particles into 
decoating, which include: (i) formation of ionic clouds around the particles, (ii) convective 
movement toward the cathode (convection layer), (iii) concentration boundary layer (diffu-
sion layer), (iv) electrical double layer followed by (v) adsorption and encapsulated of parti-
cles. Some theories consider only the transport of particles due to electrophoresis, mechanical 
entrapment, adsorption, and convective diffusion [5].

Additional to the typical process variables in electroplating such as bath constituents, tem-
perature, pH, current density, agitation, and surfactants is necessary to consider the variables 
that toward the name of electrochemical co-deposition to obtain composite coatings; these 
parameters are concentration, size, type, and shape of the particles between others.

Microstructure of the particles can modify the kinetic in such a way γ-Al2O3 deposition with 
copper requests less particle concentration than α-Al2O3 [6]. The influence of the particle size 
and shape are associated with the surface relation, affecting the adsorption of the particles 
on the cathode, the adsorption of ions on the particle surface, and the suspension stability 
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during the co-deposition process. Temperature have a great influence in each co-deposition 
systems, for example, Ni-Al2O3 is not affected by the temperature on the percentage of embed-
ded particles; on the other hand, the density of particles in the system Ni-Cr increased with 
the temperature up to 50°C [7].

2.2. Nickel matrix nanocomposite

Nickel matrices electrochemical nanocomposite coatings are characterized by the high hard-
ness, corrosion–erosion resistance, and good appearance and which depends on the dis-
persed particles whose affinity with nickel could be correlated with their position in the 
electromotive force series (emf).

Diamond particles with a spherical shape and a concentration of 30 g/L in the bath were electro-
deposited in a nickel matrix. Differences in the diamond to nondiamond ratio of carbon forms 
modified the adsorption characteristics and the quantity of diamond particles in coating (0.2–1 
wt%). Largest density of particles into the nickel coating was achieved with the minimum dia-
mond to nondiamond ratio, improving wear resistance and microhardness from 250 to 440 kg/m2 
with respect to pure nickel coating [4]. Hard materials like WC and SiC in a nickel matrix are used 
in engine block of aluminum alloys with good results in abrasion protection.

The expansion of the electrochemistry of composite materials to new areas includes applica-
tion in electrocatalysis where hydrophobic Ni + PTFE composite electrodes for electrochemical 
reactions of water soluble organic substrates reported the evolution of oxygen and hydrogen 

Figure 1. Process involved in the co-deposition of particles into metallic coating [5].
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at a lower overpotential on Ni + PTFE than on pure Ni. Combinations with LaNiO3, RuO2, 
metallic powders, TiO2, and FeS reported that the most efficiency in catalysis was observed 
with the Ni + RuO2 composite. The development of composites for photoelectrocatalysis 
applications consists of an electrochromic matrix and a semiconducting dispersed phase. In 
this case, the semiconductor particles are optically excited and electrons are transferred from 
the conduction band to the electrochromic material, which change color because of redox 
reaction. Secondary lithium batteries have been investigated with polypyrrole (Ppy) matrix 
with high concentration of MnO2 particles [6].

Composite coatings for dry self-lubricating surfaces in automotive and industrial applica-
tions were studied by the co-deposition of graphite and MoS2 nanoparticles in a nickel matrix, 
obtaining a low friction coefficient of 0.5 and with the double the wear resistance with respect 
to the steel substrate. CrAlY powder in cobalt or nickel matrix have been co-deposited with 
better results with respect to the same coating deposited with plasma sprayed because of less 
porosity. Aluminum particles co-deposited in a nickel matrix and heat treatment reported a 
nickel–aluminum intermetallic coating with excellent oxidation resistance [1].

2.3. Nanomaterials by mechanical alloying

Scientists and engineers have developed alternative processes to synthesize new materials 
that by the conventional methods are expensive or complicate. Rapid solidification process 
(RSP) and mechanical alloying (MA) are two such processing methods to produce equilib-
rium and metastable phases. MA was implemented to produce oxide dispersion strength-
ened (ODS) nickel and iron based superalloys for applications in the aerospace industry in 
1966 [8].

MA is a dry powder processing technique involving cold welding, fracturing, and reweld-
ing between clean surfaces in contact with elemental or combined powders exposed to high-
energy collision in a high-energy ball mill. Development by Benjamin to produce an oxide 
dispersion-strengthening alloy with γ′ precipitation hardening in nickel-based superalloys 
intended for gas turbine applications. The alloying of immiscible elements is possible by MA, 
increasing the solubility limit with respect to the equilibrium diagrams.

Elemental powders mixture is loading with grinding medium (ceramic or hardened steel) in a 
stainless-steel container sealed after be exposed at vacuum cycle and under inert atmosphere 
to avoid reaction with the ambient. Usually, 1–2 wt% of a process control agent (stearic acid 
or alcohol) is normally added to maintain an equilibrium between the welding and fracture 
events, especially when ductile–ductile mixture is milled. The high-energy mills are SPEX 
mill (10 g of powder), attritors (few pounds of powder), or planetary mills with two or more 
containers can be processed at a time. Since, the 1980s have been synthesized many alloy 
phases including equilibrium and supersaturated solid solutions, crystalline and quasicrys-
talline intermediate phases, and amorphous or glassy alloys [8]. Reduction of grain size of few 
nanometers (<100 nm) of powder mixtures by MA introduced the concept of nanocrystalline 
materials before the concept of nanotechnology. The research, technology development, and 
innovations in MA have applications in different industrial requests as is shown in Figure 2.
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During the particles reduction by fracturing and rewelding of the powders, the reaction 
area increases and the diffusion distance between particles is minimized with the introduc-
tion of many crystal defects as a function of the time during MA [9]. Thermal energy of the 
particles produce that all the atoms vibrate about their equilibrium position, resulting in 
a jump of an interstitial atom to an adjacent interstice after the atoms of the parent lattice 
must be forced apart into higher energy position. Activation energy for diffusion is equal 
to the sum of the activation energy to form a vacancy and the activation energy to move the 
vacancy, written as:

  ΔQ = Δ  Q  f   + Δ  Q  m    (1)

where ∆Qf is the activation energy for creating vacancies and ∆Qm the activation energy 
for moving vacancies with the temperature increase that is produced during the collisions 
between particles until it reaches the diffusion temperature.

Energy stored by the accumulate deformation during MA is associated with the creation of 
dislocations and grain boundaries in the deformed material, if there is sufficient activation 
energy by deformation process, interstitial and substitutional atoms can move in crystal lat-
tices from one atomic site to another, promoting the diffusion process. The formation of large 
number of defects (dislocation and vacancies) generated by thermal energy in conventional 
process in MA is active by mechanical deformation during the high-energy collision between 
powder particles, being the activation energy for the diffusion that obey the first law of Gibbs 
of diffusion written as:

  D =  D  o   exp  [  
−  (Δ  Q  f   + Δ  Q  m  ) 

  __________ RT  ]   (2)

Figure 2. Potential applications of mechanically alloyed products [8].
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where D is the diffusion coefficient, Do is the diffusion coefficient where T = 0, R is the univer-
sal gas constant, and T is the temperature in Kelvin.

Equation (2) establishes that at the same value of D, a decrease in activation energy is equivalent to 
an increase in temperature, situation that is present punctually during the particle size reduction 
and the increase of surface energy where the localized temperature can increase considerably. It is 
believed that lowering activation energy is present in the MA process [9]. In the melting process, 
the diffusion is controlled by thermal energy; in mechanical alloying, formation of new alloys is 
determinate by both thermal and mechanical energies. By creating nanometer crystalline through 
repeated fracturing and cold welding of powder particles, diffusion take place through the grain 
boundaries, increasing the solubility limits inclusive in difficult alloying systems.

2.4. Ni-Cr-B nanocomposite coatings

2.4.1. Experimental

Mechanical alloying process was implemented to synthetize nanoparticle with a nominal 
composition of Ni-20Cr-10B (wt%) from elemental Ni, Cr, and B of 99.95, 99.80, and 99.5% 
purity, respectively. The powders were loaded in steel vials with hardened balls of 4.76 and 
12.7 mm in diameter. The charged vial was evacuated with a vacuum pump for 20 min and 
then filled with argon gas in a glove box. Ethyl alcohol (1.5 c.c.) was used as the process con-
trol agent (PCA) to prevent the agglomeration of powders during milling. The high-energy 
equipment used was the SPEX mill 800 with a powder to ball weight ratio of 6:1 and a total 
sample weight of 28 g. The powders were processed until complete 40 h of milling. The phase 
structure of milled powders was characterized with X-ray diffraction (XRD) using a Bruker 
D8 advanced diffractometer with Cu Kα radiation (λ = 1.54056 nm) and operated at 40 kV and 
40 mA. Powder morphology and particle size (maximum milling time) were characterized by 
using a JEOL 2000 scanning electron microscopy (SEM). Validation of particle size was made 
with a Zeta Sizer equipment model Malvern MPT-2.

Ni-Cr-B powders synthetized by MA and with average particle size of 95 nm in diameter were 
added in Ni-matrix with the electrochemical deposition process from a nickel sulfate bath contain-
ing 270 g/L NiSO4⋅6H2O, 50 g/L NiCl⋅6H2O, 35 g/L H3BO3 and 2 g/L of Ni-Cr-B as  nanoparticles 
dispersed under constant magnetic agitation (600 rpm). The pH value of the bath was 4.3 after 
loading the Ni-Cr-B nanoparticles at constant temperature of 328 K (55°C). Low carbon steel 
plate with size of 50 mm × 20 mm × 2 mm was used as substrate after abraded it with SiC paper 
of grades 320, 430, 600, and 1000 and cleaned with ultrasonic in distilled water. Ni plate (99.9% 
purity) with similar dimensions to the steel was used as a cathode. The current density of 5.8 
A/dm2 was applied during 40 min. For comparison, nickel coating was also deposited with the 
same parameters and the same bath but without adding of Ni-Cr-B particles.

Surface morphology of the composite was characterized by SEM; cross-sectional was pre-
pared to measure the coating thickness in function of deposition time by optical microscopy. 
Measurements of the Vickers microhardness were performed on the cross-sectional by using 
a microhardness tester under a load of 0.45 N for 15 s according to the ASTM E140 standard; 
the final reported value was the average of 10 measurements.
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The friction and wear test were performed at room temperature without lubricant on a ball-
on-disc type tribometer with a constant rotation speed of 200 rpm, a constant radius of 2.5 mm 
and load of 2 N. Hardened steel balls of 10 mm of diameter were used; the test lasted for 1 h 
for a total distance of 188 m and the value reported was an average of three measurements. 
After wear test, the worm surfaces were evaluated with optical microscopy.

Corrosion resistance of the coatings was evaluated using the anodic polarization method. The 
equipment used was a potentiostat/galvanostat BioLogic® with EcLab software. Open circuit poten-
tial was monitored until equilibrium was reached and then, the polarization technique was applied 
with an over potential of ±1 V with a scan rate of 1 mV/s. A typical three electrodes configuration 
with composite coating as working electrode (WE), platinum mesh as counter electrode (CE), and 
calomel as reference electrode (RE) were used and immersed in NaCl solution at 3.5 wt% prepared 
with distilled water [11]. Optical microscopy was used to evaluate the corrosion mechanism in the 
nickel and composite coatings and their comparison with the corrosion observed at the substrate.

2.4.2. Results and discussion

2.4.2.1. Mechanical alloying of powders

After 40 h of milling, the XRD characterization shows a solid solution (SS) of chromium and 
boron in nickel matrix (Figure 3) with a minimum particle size of 95 nm immersed in an acicu-
lar morphology. Initial powder particles of nickel change from angular to acicular powder 
particles (Figure 4) because of the introduction of two dense structures (bcc from Cr and hcp 

Figure 3. XRD pattern of the mixture Ni-20Cr-10B after 40 h of MA.
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from B) [10]. High ductility of nickel permits that two elements with similar atomic radio can 
be introduced in their structure. The final powder showed a high reactivity because of the 
high reduction in particle size and to the high stored energy by deformation.

2.4.2.2. Surface morphology in the coating

Table 1 shows the nickel electroplating thickness and the composite coating thickness at dif-
ferent process time, where the thickness reported was of 13.749 and 22.018 μm to the nickel 
and composite coatings, respectively at maximum process time. The difference in thickness 
with or without particles corresponding with the dispersion and over saturation of particles 
at the coating, resulting in a difference of 8.269 μm in thickness at 2400 s, that can mean the 
particles deposition without being encapsulated by the Ni matrix. During the first two steps, 
particles deposition was not detected in the Ni coating.

Figure 5 shows the typical morphology of the nickel electroplating that correspond with a 
pyramidal morphology and is reported that the surface morphology of the composite coating 
with 2100 s of deposition, where is observed a homogeneous dispersion of particles that in 
more proportion are encapsulated in the Ni matrix, identifying some coarse particles depos-
ited over the first encapsulated particles.

When the electrodeposition time is enough, the steeps of boundary layer, electrical double 
layer, and the encapsulated particles are reduced by the oversaturation of particles that were 

Figure 4. Initial morphology of Ni powders and acicular morphology in the SS after 40 h of milling.

Time (s) Identification code Thickness (μm)

Ni Ni–Ni-Cr-B

1200 – 7.033 –

1500 – 9.427 –

1800 P1 9.629 14.357

2100 P2 10.365 15.843

2400 P3 13.749 22.018

Table 1. Average thickness of Ni coating and Ni–Ni-Cr-B composite coating vs process time.
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transferred in the last two steps (formation of ionic clouds and convective movement) [12]. 
For these reasons, some particles without being encapsulated are deposited over the first 
covered particles at the Ni matrix [13]. Figure 6 shows the composite coating deposited at 
2400 s where some conglomerate particles are deposited over the first layer of particles cov-
ered by nickel. This second layer shows coarse particles that could be with less adherence at 

Figure 5. Nickel electroplated surface and Ni–Ni-Cr-B composite coating at 2100 s of process respectively.

Figure 6. Composite coating deposited at 2400 s where some particles are conglomerates.
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the substrate and be removed under abrasive wear conditions; however, this situation was 
not observed.

2.4.2.3. Hardness and wear resistance

Figure 7 shows the hardness from the samples P1, P2, and P3 in comparison with the nickel 
coating and substrate. Hardness composite coating is approximately 60% upper than the elec-
troplating Ni coating and much more than the substrate. This hardness value is in average 
similar to obtained by heat treatment in an alloyed steel (59 HRc) for automotive and wear 
applications.

Friction coefficient from the substrate, Ni coating, and Ni–Ni-Cr-B composites are reported in 
Figure 8. Lubricant condition of the composite coating is observed with the minimum friction 
coefficient of 0.5 with respect to the Ni plating of 0.64 and carbon steel of 0.72. Differences in 
the co-deposition time for the composite coatings (samples P1, P2, and P3) do not represent 
changes in the friction coefficient independently that exist various particles density at the 
surfaces or in the case where exist an overdeposition of particles or conglomerates at the 
maximum process time, indicating the friction coefficient reported represents the composite 
coating nature.

Width of friction marks and appearance shows an adhesive wear condition for the Ni plating 
and composite coatings [14]; however, less footprint width was observed for the composite 

Figure 7. Vickers hardness of the composite coatings from the samples P1, P2, and P3 with respect to the Ni coating and 
substrate hardness.
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coatings as is shown in Figure 9. Summarized of tribology properties is shown in Table 2, 
where the lowest friction coefficient and highest hardness reported in the composite coatings, 
represents a coating that can be used under abrasive operation conditions.

Figure 8. Friction coefficient of carbon steel, pure Ni, and Ni–Ni-Cr-B composite coatings (samples P1, P2, and P3).

Figure 9. Footprint width for the coatings after evaluating their wear resistance for: (A) carbon steel substrate, (B) Ni 
plating coatings, and (C) Ni–Ni-Cr-B composite coating.
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2.4.2.4. Corrosion resistance

Polarization plots show that the corrosion resistance of the Ni and Ni-Cr-B composites coatings 
are slightly similar, but with a higher resistive behavior for the composite coating when moving 
toward less current density as is reported in Figure 10. Minimum passive region in the anodic 
area was observed for Both coatings. Corrosion resistance in millimeters per year (mmpy) is 
reported in Table 3, where the composite coating reported good corrosion resistance; however, 

Sample Friction coefficient Footprint (μm) Hardness (Hv)

Substrate 0.72 506 93.54

Ni coating 0.64 284.47 377.86

Ni–Ni-Cr-B composite 0.50 213.12 690.6

Table 2. Summarize of the physical properties from the composite and Ni coatings.

Figure 10. Polarization curves of substrate, Ni plating, and Ni–Ni-Cr-B composite coating, tested in an electrolyte of 3.5 
wt% of NaCl.

Sample Vcorr (mmpy)

Substrate 2.120

Nickel 0.0093

Ni-Cr-B P1 0.0032

Ni-Cr-B P2 0.0037

Ni-Cr-B P3 0.0037

Table 3. Corrosion resistance in mmpy in the Ni plating and composites coatings.
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due to the matrix Ni, the concentration of Ni-Cr-B particles, size, and morphology, not represent 
a significative difference in the corrosion resistance with respect to nickel coating, being evident 
the improvement in the abrasión resistance. The general corrosion mechanism observed in the 
substrate in NaCl was reduced in high magnitude in the nickel matrix composites.

3. Conclusions

Solid solutions of Cr and B in Ni were obtained after 40 h of MA from the elemental powders 
with a minimum particle size of 95 nm and with an acicular morphology. Due to the high 
ductility of the mixture and the high deformation energy obtained at the maximum milling 
time, the nanoparticles were grouped in conglomerates of the order or microns. Different coat-
ing thickness were obtained in the Ni plating and composites coatings in function of process 
time, obtaining a differential in thickness between the Ni pure and Ni-composite in the order of 
5.47–8.26 microns and which corresponds with the increase of thickness added by the Ni-Cr-B 
particles, representing a more dispersion and concentration of particles proportional with the 
deposition time. High hardness and better wear resistance were obtained in all the composite 
samples independent of the process time and the particles concentration at the surface, resulting 
a composite coating with low friction coefficient for lubricant applications and high hardness 
for wear requirements. Corrosion resistance was improved in the Ni-Cr-B composites coatings 
lightly with respect to the Ni coating assuming that the composite coating was conformed of 
a Ni matrix and that the presence and concentration of Ni-Cr-B nanoparticles were not repre-
sentative to improve the corrosion resistance with respect to Ni coating. We are considering the 
application of a heat treatment at the composite coating to increase the corrosion resistance.
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Abstract

Hydrogen produced by proton exchange membrane (PEM) electrolysis technology is a 
promising solution for energy storage, integration of renewables, and power grid stabi-
lization for a cross-sectoral green energy chain. The most expensive components of the 
PEM electrolyzer stack are the bipolar plates (BPPs) and porous transport layers (PTLs), 
depending on the design. The high cost is due to the fact that the employed materials 
need to withstand corrosion at 2 V in acidic environment. Currently, only titanium is the 
material of choice for the anode side. We use vacuum plasma spraying (VPS) technol-
ogy to apply highly stable coatings of titanium and niobium to protect stainless steel 
BPPs from the oxidative conditions on the anode side. The latter is able to decrease the 
interfacial contact resistance and improves the long-term stability of the electrolyzer. 
Furthermore, porous transport layers (PTL) can be realized by VPS as well. These coat-
ings can be produced on existing titanium current collectors acting as macro porous lay-
ers (MPL). Lastly, free standing multifunctional structures with optimized tortuosity, 
capillary pressure and gradient porosity are used as current collectors. The coatings and 
porous structures developed by VPS enable the reduction of the required material and 
costs without performance losses.

Keywords: coatings, PEM electrolysis, PEM electrolyzers, bipolar plates, cost, current 
collectors, gas diffusion layer, GDL, hydrogen production
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1. Introduction

On November 4, 2016, the Paris Agreement entered into force aiming to limit the global tem-
perature rise to at least 2°C above the pre-industrial level [1, 2]. To achieve this goal, the neces-
sary worldwide net zero carbon emission point is expected to be reached between 2045 and 
2060 [3]. The energy sector represents worldwide the biggest greenhouse emitter but thanks 
to the resent progress in renewable energy technology such as wind, water and solar, the total 
energy consumption is to be substituted by green energy. However, those energy sources are 
strongly fluctuating and difficult to control increasing the need of large-scale energy stor-
age. Independently of geological environment, water electrolysis is a promising technology 
to convert electricity to chemicals such as hydrogen and oxygen by splitting water. Hydrogen 
is the basis of all relevant energy carriers and enables even the connection of different sectors 
such as mobility or industry, the two other main greenhouse gas emission sources.

Already in 1800, William Nicholson and Anthony Carlisle established a new field in chemis-
try by splitting water by using direct current, that is, the electrochemistry [4]. It was Russell 
and co-workers who published first in 1973 the use of a solid polymer electrolyte (SPE) and 
anticipate the huge potential for a future energy market [5]. The two main technologies for 
a sustainable hydrogen production are Alkaline- and polymer exchange membrane (PEM) 
electrolyzers. Alkaline electrolysis is a well-established and mature technology. However, 
based on efficiency [6, 7], flexibility [8] and power density [6, 9, 10], the potential of economic 
hydrogen production by PEM electrolysis is higher, which justifies the increased interest in 
this technology even if it is more costly. On the other hand, open questions regarding dura-
bility and degradation remain. Moreover, the needs of rare and expensive metal, which are 
required to withstand the harsh acidic conditions, delay the large-scale penetration of PEM 
electrolyzers in the market. Indeed, potentials up to 2 V, pH values between 2 and 0 in oxy-
gen-saturated environment require outstanding properties of the used materials.

Currently, there is no PEM electrolyzer supplier who does not use iridium as an oxygen evo-
lution reaction (OER) catalyst, which is the rarest metal on earth. However, it is not the electro 
catalytic material the one that dominates the production costs of the PEM technology. In fact, 
the metallic parts such bipolar plates and porous transport layers are the most expensive com-
ponents of a PEM electrolyzer stack. The main part of a PEM electrolyzer system is the stack 
consisting of several cells. Each cell consists of an anode (oxygen evolution reaction, OER) 
and a cathode (hydrogen evolution reaction, HER) separated by an acidic proton conductive 
membrane. Figure 1 presents a scheme illustrating the working principle of PEM electro-
lyzers as well as the internal components. In most cell designs, the electrodes are attached 
directly to the proton exchange membrane. This membrane electrode assembly (MEA) is the 
core component of a PEM cell. Current collectors, also called porous transport layers (PTL), 
on both sides of the MEA are permeable to water and the product gases, allowing electric cur-
rent to flow to and from the electrodes. The two half-cells are surrounded by bipolar plates 
(BPP), which have usually flow fields. Their function is to transport the reactant water to the 
membrane-electrode interface and remove the product gases.

Depending on design, the stack accounts for up to 60% of the overall system cost [11]. The 
PTL and BPP can be defined as interconnectors and correspond to 50–70% of the stack costs 
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electrolyzers in the market. Indeed, potentials up to 2 V, pH values between 2 and 0 in oxy-
gen-saturated environment require outstanding properties of the used materials.

Currently, there is no PEM electrolyzer supplier who does not use iridium as an oxygen evo-
lution reaction (OER) catalyst, which is the rarest metal on earth. However, it is not the electro 
catalytic material the one that dominates the production costs of the PEM technology. In fact, 
the metallic parts such bipolar plates and porous transport layers are the most expensive com-
ponents of a PEM electrolyzer stack. The main part of a PEM electrolyzer system is the stack 
consisting of several cells. Each cell consists of an anode (oxygen evolution reaction, OER) 
and a cathode (hydrogen evolution reaction, HER) separated by an acidic proton conductive 
membrane. Figure 1 presents a scheme illustrating the working principle of PEM electro-
lyzers as well as the internal components. In most cell designs, the electrodes are attached 
directly to the proton exchange membrane. This membrane electrode assembly (MEA) is the 
core component of a PEM cell. Current collectors, also called porous transport layers (PTL), 
on both sides of the MEA are permeable to water and the product gases, allowing electric cur-
rent to flow to and from the electrodes. The two half-cells are surrounded by bipolar plates 
(BPP), which have usually flow fields. Their function is to transport the reactant water to the 
membrane-electrode interface and remove the product gases.

Depending on design, the stack accounts for up to 60% of the overall system cost [11]. The 
PTL and BPP can be defined as interconnectors and correspond to 50–70% of the stack costs 
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[7, 11]. These require stable metals mainly on the anode side of the electrolyzer, which is the 
electrode that splits water into protons, electrons and oxygen. Titanium is the state of the art 
material for manufacturing BPPs and PTLs. A thin layer of TiOx passivates the metal protect-
ing it from further degradation and corrosion. However, the material is costly and difficult 
to manufacture. Furthermore, the semi-conductive behavior of titanium oxides decreases the 
efficiency requiring often the use of a protective coating to decrease the contact resistance and 
prevent the oxidation of titanium.

In this chapter, we introduce the reader into the possibility of reducing the predominant asset 
of the investment cost for PEM electrolyzer by using protective and easily up-scalable coating 
technologies. Vacuum plasma spraying, a versatile applicable technology to apply various 
types of coatings to a wide range of surfaces, is used to produce highly stable and multifunc-
tional coatings for cost-effective interconnectors of PEM electrolyzers.

2. Protective and multifunctional coatings for PEM electrolysis

2.1. Vacuum plasma spraying (VPS)

The Swiss engineer Max Ulrich Schoop can be considered as the inventor of the thermal spay-
ing technology which he patented in 1909. Compared to electro/electroless plating, chemical 
vapor deposition (CVD) or physical vapor deposition (PVD) coating techniques, the “thermal 

Figure 1. Scheme of a PEM electrolyzer cell. The anode side is filled with water, which diffuses through the PTL to the 
iridium electrode. The liquid is subsequently spitted into O2, 4e− and 4H+ by theoretical potentials >1.23 V. The protons 
are transported to the cathode side by the PEM and combine at the cathode with the electrons from the external circuit 
forming hydrogen gas.
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spray” family enables the production of thick layers of several tens of microns with con-
trolled porosity at scalable production rates. Several metallic and ceramic powders between 
some nanometers and several hundreds of micrometers can be used as spraying material. 
Interestingly, the plasma spraying technology is very suitable for the production of low-cost 
BPPs based on stainless steel substrate and PTLs due to the mechanical stability and relevant 
thickness of the produced layer [12].

The main part of this technology is the torch, where the gas flows through the annular gap of a 
finger like cathode and a concentrically surrounding anode. The gas consists of a mixture of Ar, 
N2, H2 and He, and it becomes ionized by electric arcs between the electrodes of several hun-
dred amperes and heats it up to at least 10,000°C. The heat enables the complete or semi melting 
of the powder and accelerates it in to direction of the substrate [14]. The plasma enthalpy, the 
powder injection technology and particle size of the material affect this process. A completely 
melted particle is ideal for producing dense and protective layers. Conversely, partly melted 
particles can be used for manufacturing porous coatings for multiple purposes. Figure 2a and b 
shows a scheme of VPS spraying technology and photo of the plasma torch, respectively.

Aerospace application dominates the use of thermal spry technology, but other industries 
and especially the automotive sector show an increased interest. An extended overview of 
all kind of thermal spray technologies and their applications can be found in “Thermal Spray 
Fundamentals” from Powder to Parts [13]. For PEM electrolyzers, the thermal sprayed coat-
ings need to be highly conductive and thus required the absence of oxygen during the spraying 
process in order to prevent the formation of semi conductive titanium oxides. In this context, 
the use of a vacuum chamber is necessary for producing high purity titanium coatings.

2.2. Coated low-cost bipolar plates

In conventional PEM water electrolysis systems, the bipolar plates are often one of the most 
expensive components accounting for 51% of the stack cost [11, 15–17]. This is due to the high 
amount of expansive materials such as titanium and the complicated production of this com-
ponent [18]. The bipolar plates need to meet the following requirements [15, 19–21]:

Figure 2. (a) Scheme of VPS spraying technology and (b) photo of the plasma torch [13].
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1. Separation of the gases on the anode and the cathode side

2. Current transfer from the positively charged anode to the negatively charged cathode side

3. Optimal water distribution over the active area toward the anode-side electrode structure

4. Transport of the produced gases

Given these specifications, the materials used for manufacturing conventional bipolar plates 
must have the following properties [15, 20]:

1. Good electrical and thermal conductivity for very high currents and small contact resistances

2. Optimized flow field for the distribution and inflow of water to the electrochemically 
active surface of the electrodes and at the same time optimized removal of the produced 
gases

3. Cathode side: resistance to hydrogen embrittlement and oxidation

4. Anode side: corrosion resistance against oxygen in acidic media and voltages up to 2 V

Rarely, the anode and cathode sides of the bipolar plates are physically two separate plates. 
That is why the corrosive operating conditions of the anode side and the contact to the acidic 
membrane determine the material selection [16, 21]. In fact, bipolar plates consist almost 
exclusively of titanium. The material price of pure titanium (grades 1–2) [6] is comparatively 
high and the processing is difficult due to its brittleness [18, 22]. Often, a flow field must 
be chemically etched, resulting in an increase of production cost. Under the aforementioned 
conditions, the formation of a passive and poorly electrically conductive oxidation layer on 
titanium is undesirable [23, 24]. Furthermore, the formation of unstable hydroxides at the 
cathode should be prevented. Both phenomena lead to ohmic losses due to increase of contact 
resistance and drop in efficiency [25]. These negative effects can be prevented by an additional 
coating or surface modifications with noble metals [18–28]. Platinum is for this purpose the 
state of the art material.

In commercial PEM electrolyzers, the anode side requires an anticorrosive layer when using 
alternative bulk materials such as stainless steel, copper or aluminum to substitute titanium. 
The corrosion of non-noble metals would release dissolved ions, which poison the MEA, result-
ing into a strong degradation [28, 29]. On the other hand, these are easy-to-process materials 
can be coated with corrosion resistant materials through various coating processes. Thin film 
coatings of Au [30], TiN [31], TiN/C [32], TaN [33] and SnO2: F [34] have already been investi-
gated for protecting metallic bipolar plates for PEM fuel cells. All these materials and coatings 
can hardly withstand the strongly oxidative conditions of the cathode side of the fuel cells and 
would do so even less under PEM electrolysis conditions. In this regard, a thick film coating 
is necessary and vacuum plasma spraying technology (VPS, 50 mbar) was chosen to produce 
protective coatings of Ti for stainless steel (ss, 316 L) BPPs. Titanium particles of 45 µm were 
completely melted by achieving a plasma enthalpy of 21.3 MJ kg−1 and deposited on preheated 
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stainless steel BPPs. The number of sweeps of the torch over the substrate defines the thick-
ness of the coating. Post-treatment of capillary sealing with an epoxy resin allows for closing 
possible holes end imperfections and guarantees the complete separation of the stainless steel 
from the acidic environment of the electrolyzer.

Figure 3a shows a scanning electron microscopy (SEM) image of the Ti coating produced by 
VPS on a stainless steel BPP (92 E Stack, Hydrogenics). The coating covers the whole surface 
of the flow field channels as well as the edges and contact area. Figure 3b presents a magni-
fied image to the coating where the small holes and imperfections are observable. The rough 
surface of the coating is polished after the sealing process to provide a conductive and uni-
form contact area to the porous transport layer. Nevertheless, an additional thin film coating 
is necessary to prevent the oxidation of the titanium coating and reduce the contact resistance 
for lower overpotentials, resulting in higher efficiencies.

Platinum is a common material used in the industry as anti-passivation coating for titanium. 
It has an outstanding conductive behavior but is highly expensive and rare and the substitu-
tion of this material by cheaper ones is a pressing challenge. The alternative material for Pt 
as a surface modification needs to fulfill all the previously mentioned requirements, having 
better electric properties than TiO2 but lower cost than Pt. Different valve metals, such as Nb, 
V, Zr, W, Ti, Ta, Hf, etc. can be considered for this purpose while Nb is the most promising 
one given its low cost (almost three orders of magnitude lower price) and abundance on the 
earth crust. Thin films of Pt and Nb were deposited on the thermal sprayed coatings of Ti by 
magnetron sputtering physical vapor deposition (PVD). The measurement of the interfacial 
contact resistance (ICR) of Nb/Ti and Pt/Ti coatings on stainless steel (Figure 4), Nb/Ti/ss and 
Pt/Ti/ss, depicts the significantly improved electric behavior of Nb/Ti compared to uncoated 
Ti, yet not comparable to Pt/Ti. The results suggest that Nb coatings by thermal spraying can 
be sprayed directly on stainless steel to function as both, corrosion protective layer and sur-
face modification for better conductivity.

Cross-section images of Ti-coated samples with surface modifications of Nb can be seen in 
Figure 5a and b. Figure 5c presents a stainless steel sample coated Nb coating without the 
intermediate layer of Ti. The image highlights the marked differences between the two sub-
strates for the Nb film which influence the morphology and the adherence properties. The Nb 

Figure 3. (a) SEM image of coated stainless steel BPP (92E Stack, Hydrogenics) with flow field channels and (b) cutaway 
of the Ti coating.
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coating has preferred orientated crystals in (110) with the size between 10 and 20 nm. While 
some peaks for Ti can be observed in the X-ray diffraction (XRD) presented in Figure 5d, no 
reflections of stainless steel components can be detected.

Corrosion tests in simulated PEM electrolysis environment account for the high stability of the 
coatings. Initially, potentiodynamic measurements were performed at low potential sweep 
rates to determine the corrosion current (icorr) and potential (Ecorr) of the pristine samples. 
Afterwards an accelerated stress test (AST) for 6 h at 2 V vs. Reversible Hydrogen Electrode 
(RHE) in O2-saturated 0.5 M H2SO4 was performed, and the resulting current transient rep-
resents the stability against corrosion and dissolution of the substrate. Finally, a second 
potentiodynamic measurement records the material changes. As can be seen in Figure 6a, all 
Ti-coated samples show almost exactly the same behavior than bulk titanium foil (blue curve). 
However, one can see that the thin coating of Nb by magnetron sputtering PVD is not suf-
ficient to protect the stainless steel against corrosion (inset Figure 6a) and the sample experi-
ences pitting corrosions. The current transient for Nb on stainless steel is constantly increasing 
at a current density level of almost three orders of magnitude higher than the other samples 
which passivate after approx. 1 h.

The potentiodynamic characterization of the materials is able to provide a detailed overview 
of the corrosion processes. Before the AST (Figure 6a), the Ecorr for all samples is approx. 0 V 
in which the cathodic reaction of hydrogen evolution takes place. While all protected samples 
show a wide passivation region up to 2 V vs. RHE, the Nb/ss specimen displays a trans-passive 
region at potentials higher than 1.2 V vs. RHE where Fe and Cr oxides dissolve. These oxides 
as well as molecular O2 are reduced during the second characterization protocol (Figure 6c) 

Figure 4. Interfacial contact resistance (ICR) of Nb-coated titanium, Ti-coated stainless steel without surface modification 
as well as with surface modification by Pt and Nb respectively [35, 36].
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Figure 6. Galvanostatic measurements (AST) of the samples Ti/ss, Nb/Ti/ss, Nb/Ti and insert for Nb/ss with adjusted 
scale in (a) as well as potentiodynamic material characterization before (b) and after (c) the AST [35].

Figure 5. (a) and (b) SEM images of stainless steel samples with Nb/Ti coating. (c) Nb film directly deposited on stainless 
steel and (d) the XRD spectra of Nb/Ti/ss [35].
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in a cathodic reaction, shifting the corrosion potential of Nb/ss to 0.7 V vs. RHE. From these 
results, one can conclude that the layer of Ti is able to protect the stainless steel substrates 
against corrosion, while a much thinner PVD coating is not sufficient for this purpose.

The use of stainless steel as bulk material of BPPs can reduce the material cost. Additional cost 
reduction can be achieved since stainless steel is easier to machine than titanium. The price of 
the Ti coatings can be estimated to 30.8 USD m−2 if industrial production rates can be achieved. 
This is in sum less than the half for coated stainless steel BPPs than for massive Ti BPPs. The 
use of Nb instead of Pt as surface modification can additionally reduce the material costs for 
BPPs. However, the superior electrical properties of Nb vs. Ti observed for the ICR measure-
ments need to be demonstrated in real conditions of PEM electrolyzers. A rainbow stack was 
assembled to investigate the impact of surface material on anode and cathode side. The coat-
ings were tested and compared to commercially coated-titanium BPPs. The cells are separated 
in two categories: category 1 corresponds to cells with precious metal surface modification and 
category 2 to cells with valve metals (Ti or Nb) on the surface on the cathode side, see Table 1.

The stainless steel BPPs were coated on both sides with titanium to avoid any possible gal-
vanic corrosion of the cathode surface when in contact with the MEA during standby periods. 
However, titanium, in contrast to stainless steel, is not susceptible against hydrogen embrit-
tlement. Therefore, a protective coating or surface treatment on the cathode side for the mas-
sive titanium BPPs, as well as for Ti-coated stainless steel ones, is required. This assumption 
is supported with the results presented in Figure 7, which correspond to a long-term perfor-
mance of the rainbow stack. The lower the cell potential (Ecell) is, the higher the efficiency of 
the PEM electrolyzers. Cells 4, 5 and 8, which have either Ti or Nb/Ti coatings on the cathode 
side, show from the very beginning of the test, significantly worse performance compared 
with those having Pt. The high Ecell can be explained by hydrogen embrittlement of the valve 
metals. After 500 h, the electrolyzer was switched off for several hours, and oxygen was able 
to diffuse to the cathode side passivating even further the material. The consequence is a rapid 
potential increase in the next 500 h of the test. The commercial cells and those coated with Pt 

Cell BPP anode BPP cathode Category

1 Commercially coated Ti Commercially coated Ti 1

2 Commercially coated Ti Commercially coated Ti 1

3 Ti/ss Commercially coated Ti 1

4 Ti/ss Ti/ss 2

5 Pt/Ti/ss Ti/ss 2

6 Pt/Ti/ss Pt/Ti/ss 1

7 Nb/Ti/ss Pt/Ti/ss 1

8 Nb/Ti/ss Nb/Ti/ss 2

Table 1. Rainbow stack configuration: stainless steel BPPs (92E Stack, Hydrogenics) with the corrosion resistant Ti 
coating: Ti/ss. BPPs with additional surface modification of Pt and Nb, Pt/Ti/ss and Nb/Ti/ss, respectively. E300 and 
E400 MEAs (Greenerity) were used [35, 36].
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on the cathode side show in general a much higher performance. Here, it is also possible to 
distinguish the positive impact of the Pt and Nb surface modification for the anode side. Cell 
3 has higher performance as cell 6 and 7 which have surface modifications. Those cells show 
also a stable behavior during the entire testing protocol.

The post-mortem analysis of the BPPs proves the protective behavior of the thick film coating 
of Ti even after 1000 h in real PEM electrolysis conditions. The SEM images of the BPPs show 
in every case the protective effect of the Ti coating. Differences can be seen for the thin film 
surface modification. For the anode side, Pt and Nb are still in well adhered to the titanium 
coating (Figure 8b) and d), but for the cathode side, only Pt is still in contact to Ti. Figure 8c 
shows clearly that the Nb thin film coating is delaminated allowing for the oxidation of the 
titanium beneath the Nb.

Summarizing, Ti coating produced by VPS is able to protect the stainless steel BPPs which 
decrease significantly the material and fabrication cost of these components. In principle, it 
should be enough to coat the anode side since stainless steel is highly resistant to hydrogen 
embrittlement. Surface modifications with Nb for reducing the interfacial contact resistance 
can substitute the expensive Pt without compromising performance and durability. Finally, 
Nb could be sprayed by VPS directly on the stainless steel substrate thus avoiding the use of 
PVD techniques, which are expensive and have low deposition rates.

2.3. Production of porous transport layer via VPS

The porous transport layer (PTL), current collector (CC) or gas diffusion layer (GDL) is another 
key component of commercially available PEM electrolyzers. It assumes the following tasks:

Figure 7. Durability test for 1000 h at constant current density of 1 A cm−2.
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1. Transport of electrons from the catalytic layer to the bipolar plate

2. Transport of the gases produced at the electrode

3. Distributes of the water toward the electrode

Thus, an optimum of the electrical conductivity and the contact resistance as well as the mass 
transport of the gases and water in the, respectively, opposite direction needs to be met. In 
addition, the PTL on the anode side requires a large number of additional properties similar 
to the BPPs:

1. Corrosion resistance for voltages up to 2 V

2. Suitable pore size and porosity [37]

3. Mechanical stability especially against hydrogen embrittlement from cathode crossover

4. Sufficiently low thickness for an optimized removal of the resulting gases

5. Low contact resistance to the adjacent components: Anode catalyst layer and BPP

6. Possibility of up-scaling for industrial production of PEM electrolyzers in the MW to GW 
range

On the cathode side, the state of the art is carbon paper, which is predominantly used in PEM 
fuel cell technology. Fine stainless steel fibers, sintered plates and meshes can also be used. 
Given the moderate conditions on the cathode side, the research concentrates currently to the 
anode side current collector [38]. On the oxygen side, the environment is more corrosive for 
these interconnectors because of the pure oxygen atmosphere, low pH and voltages of up to 
2 V. For these reasons, corrosion resistant meshes, fibers, foams to sintered structures of tita-
nium or platinum are used [37–44], Figure 9.

The electrical resistance of the current collector depends on the porosity and the contact resis-
tance of the bipolar plate with the current collector and electrode. With decreasing pore size 
and porosity, the electrical resistance of the current collector decreases [37, 40]. Optimum 

Figure 8. Post-mortem SEM analysis after 1000 h in use as electrolyzer BPP. (a) overview, (b) Nb/Ti/ss anode, (c) Nb/Ti/
ss cathode, (d) Pt/Ti/ss anode, (e) Pt/Ti/ss cathode [35].
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porosity of 20–50% and pore sizes between 10 and 13 μm are determined with regard to elec-
trical resistance vs. mass transport issues [37]. With the use of sintered materials, the porosity 
and pore size can be adjusted by the appropriate choice of the titanium particles, but the pos-
sibilities for upscaling are very limited [45]. On the one hand, meshes, fibers and foams are 
less limited in terms of thickness and shape [46], and they are also cheaper to manufacture 
[18], but the control of the pore size and porosity is more complex.

The interfacial contact resistance (ICR) from the current collector to the electrode is a decisive 
factor for the reduction of the ohmic resistance and thus for the efficiency of a PEM cell [40]. 
The ICR can be greatly reduced by the use of precious metal coatings such as platinum [24, 36, 
47, 48]. In PEM fuel cell technology, the problem of water management and contact resistance 
has been solved by the use of a microporous layer (MPL) [49] which is applied to the gas diffu-
sion layer. The use of micrometer-sized, conductive and hydrophobic particles improves both 
the contact resistance [49] and the water transport [50]. More than 149 refereed publications 
have been published since 2002 on this topic in connection with the fuel cell but just one for 
PEM electrolysis (ISI Web of Knowledge) [45].

Thereby it is possible to produce coatings with similar properties as the MPLs by VPS out of 
titanium or other stable valve metals such as Nb. The benefit is to have a controlled contact 
layer to the electrode, optimized contact surface, pore sizes, porosity, etc. The performance 
of electrolyzer is typically characterized by a polarization curve. The potential is recorded 
at different current densities. Figure 10 displays the performance of an electrolysis cell with 
and without MPL. The inset shows a cross section SEM image of the MPL deposited on the 
sintered Ti current collector. It can be seen that the polarization curve of the cell with MPL has 
a lower slope than the one without MPL. The slope of the current potential curve is related to 
a ohmic drop caused by a decrease of contact resistance. At high current densities and con-
sequently high gas production rates, the cell with MPL shows no mass transport limitation 
meaning an optimized mass transport behavior, while the cell with standard PTL increases 
rapidly the potential and a significant loss in efficiency is produced.

The mass transport properties of the MPL can be further improved by VPS coating technology, 
and it can be applied on Ti meshes and all other mechanical stable structures. Furthermore, by 

Figure 9. Samples of porous transport layers: a) sintered titanium and below carbon GDL; SEM images of b) sintered 
titanium, c) titanium felt, d) carbon GDL and e) mesh. Images courtesy of Fraunhofer ISE.
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less limited in terms of thickness and shape [46], and they are also cheaper to manufacture 
[18], but the control of the pore size and porosity is more complex.

The interfacial contact resistance (ICR) from the current collector to the electrode is a decisive 
factor for the reduction of the ohmic resistance and thus for the efficiency of a PEM cell [40]. 
The ICR can be greatly reduced by the use of precious metal coatings such as platinum [24, 36, 
47, 48]. In PEM fuel cell technology, the problem of water management and contact resistance 
has been solved by the use of a microporous layer (MPL) [49] which is applied to the gas diffu-
sion layer. The use of micrometer-sized, conductive and hydrophobic particles improves both 
the contact resistance [49] and the water transport [50]. More than 149 refereed publications 
have been published since 2002 on this topic in connection with the fuel cell but just one for 
PEM electrolysis (ISI Web of Knowledge) [45].

Thereby it is possible to produce coatings with similar properties as the MPLs by VPS out of 
titanium or other stable valve metals such as Nb. The benefit is to have a controlled contact 
layer to the electrode, optimized contact surface, pore sizes, porosity, etc. The performance 
of electrolyzer is typically characterized by a polarization curve. The potential is recorded 
at different current densities. Figure 10 displays the performance of an electrolysis cell with 
and without MPL. The inset shows a cross section SEM image of the MPL deposited on the 
sintered Ti current collector. It can be seen that the polarization curve of the cell with MPL has 
a lower slope than the one without MPL. The slope of the current potential curve is related to 
a ohmic drop caused by a decrease of contact resistance. At high current densities and con-
sequently high gas production rates, the cell with MPL shows no mass transport limitation 
meaning an optimized mass transport behavior, while the cell with standard PTL increases 
rapidly the potential and a significant loss in efficiency is produced.

The mass transport properties of the MPL can be further improved by VPS coating technology, 
and it can be applied on Ti meshes and all other mechanical stable structures. Furthermore, by 

Figure 9. Samples of porous transport layers: a) sintered titanium and below carbon GDL; SEM images of b) sintered 
titanium, c) titanium felt, d) carbon GDL and e) mesh. Images courtesy of Fraunhofer ISE.
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adjusting the spraying parameters, it is possible to produce such porous transport layer with-
out limitation of surface area by reducing the plasma enthalpy one is able to control the state 
of particle melting and produce highly porous structures. Figure 11 shows some examples 
of different porous structures produced with different Ti particle sizes, sweep numbers and 
plasma enthalpies. Figure 11a depicts the production of a free-standing thin, highly porous 
structure similar to the commercial sintered titanium. By use of smaller particles, a mixture of 
sintered titanium and MPL can be produced which is mechanically stable and able to stand 

Figure 10. Polarization curves up to 6 A cm−2 of PEM electrolyzer cells with and without MPL. The inset shows an SEM 
image of the MPL deposited on the sintered Ti current collector [44].

Figure 11. SEM cross-section images of (a) free-standing porous layer of 125 µm particles, (b) free-standing porous layer 
of 45 μm particles, (c) porous layer of 45 μm particles on BPP and (d) multi-functional layer of different particle sizes.

Protective Coatings for Low-Cost Bipolar Plates and Current Collectors of Proton Exchange Membrane Electrolyzers...
http://dx.doi.org/10.5772/intechopen.68528

81



alone as an independent porous transport layer (Figure 11b) or can be sprayed directly on the 
BPP (Figure 11c). With VPS technology, thickness, porosity, pore size of the current collectors 
can be finely tuned to determine important parameters such as capillary pressure, bubble 
point and tortuosity.

3. Summary

Proton exchange membrane (PEM) electrolysis is a very promising technology for a sustain-
able hydrogen production and a comprehensive use of renewable energy. PEM electrolyzers 
are efficient, have high energy densities, and are flexible enough to play an important role 
for the integration of fluctuating renewables by power grid stabilizing effects. For a large-
scale commercialization, the technology needs to become more economically by produc-
tion cost reduction. Vacuum plasma spraying (VPS) technology is a promising tool to solve 
pressing question about material substitution. By controlling the spraying parameters, as 
well highly dense and protective layer can be produced as well porous structures for use 
as porous transport layers. It handles thereby with the most expensive components and 
allows the use of stainless steel as basis material for BPPs, which can be protected by VPS 
coatings. This saves material and fabrication costs. By the use of Nb, it is potentially possible 
to produce a protective but simultaneously highly conductive coating which may reduce 
the BPPs cost significantly. By reducing the plasma enthalpy, the powder material can be 
just partly melted to produce low cost and highly efficient components for use as porous 
transport layer or any other function such as filter material. The possibilities are endless, and 
VPS is therefore a promising technology, which can dominate the future PEM electrolysis 
landscape.
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Abstract

The production of thin films (nanocoatings) is a technological field with many appli-
cations to elaborate materials with new properties to be used as corrosion protection 
of traditional metals. Hydrophobicity is an example of such properties. In this chapter, 
an example of two hydrophobic corrosion coatings for possible use over aluminum 
heat exchanger geothermal power plants is discussed. Material substrate preparation, 
 synthesis of hydrophobic sol‐gel nanocoating, characterization, and electrochemical 
 evaluation as a function of time of immersion, which are compared to another  commercial 
fluorinated compound, are presented. Good corrosion protection was found for both 
hydrophobic coatings for possible application in geothermal heat exchangers.

Keywords: hydrophobic, coatings, corrosion, aluminum, geothermal heat exchangers

1. Introduction

The main problem of heat exchanger operation in contact with highly corrosive geothermal 
fluids is the deposition of fluid salts within heat exchanger tube walls, giving rise to corrosion 
problems. In combination with fluid pH and aggressive ions concentration such as chlorides, 
they reduce the lifetime operation of such equipment. Due to these facts and including mass 
transfer considerations, affordable protection of heat exchangers is a must from the effect of 
corrosive geothermal fluid. Various materials do exist and are used in heat exchangers in the 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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geothermal energy production industries such as steel, copper alloys, and aluminum, depend-
ing on cost‐benefit decision making. Nevertheless, proposals do exist to coat these materi-
als with polymeric‐coating systems giving dubious practical results in the past. A  possible 
alternative is the use of hydrophobic coatings, to increase the long‐term aluminum corrosion 
 resistance under severe natural saline conditions encountered in geothermal fluid fields.

1.1. Nanocoatings

The production of thin films (nano coatings) is a technological field with many applications 
to elaborate materials with new properties as well as protection of traditional metals, nowa-
days and in the foreseeable future. Different materials and coatings are combined to produce 
hybrid or composite materials with special characteristics and properties [1].

The coating thickness range is from tens of nanometers (nm) up to some microns (μm) and in 
most grand scale applications, mono‐layered coatings are used, but fabricating oxide‐oxide, 
oxide‐metal or other variable metals oxides combination multi‐layers, properties may be 
improved. Therefore, film thickness control is critical [2, 3].

Coating can be classified due to their manufacturing material interactions, substrate nature, 
and according to its specific barrier applications in thermal, corrosion and oxidation, wear 
and diffusion types [4]. Coating nano‐technology concentrates in obtaining thinner films with 
the same or enhanced protection when compared to conventional coating technologies.

1.2. Sol‐gel coatings

Within the recent deposition technique alternatives, the sol‐gel route technology is  promising. 
In the last two decades, there is an increased widespread use of nanotechnology coatings 
through sol‐gel methods, formed by way of organic‐inorganic components, eliminating 
highly damaging and toxic solvents to the environment and the human itself. These coatings 
protect the metal surface from corrosion by different corrosion protection mechanisms [5].

Sol‐gel synthesis route represents an alternative to generate components or compounds with 
controlled size, which was difficult to obtain in the past by conventional preparation tech-
niques. This uniform procedure process results not only in particles agglutination but also 
in a range of products such as fibers, monolithic structures, thin films, or coatings in a wide 
variety of hybrid or composite materials. The adequate selection of precursor and reactants 
allows obtaining materials with tailor‐made–designed properties, useful in a wide variety of 
technological applications such as optics, electronics, biology, medicine, etc. [6]. In general, 
the sol‐gel route is the formation of a three‐dimensional oxide resulting from hydrolysis and 
condensation reactions of the molecules from precursors present in a liquid medium under 
relatively low temperatures and no physical and/or chemical reactions with the substrates, 
these being advantageous for practical applications.

1.3. Hydrophobic coatings

Hydrophobic coatings reject an aqueous dissolution or electrolyte. These characteristics may 
be accomplished by means of encapsulated functionalized species present in the coating or by 
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changing the medium composition. Also, if the more external or outer‐layer morphology or 
structure of the system is changed or modified, a hydro‐ or superhydrophobic system is pro-
moted [7–10]. The strategies or methodologies contemplating a superficial change through 
encapsulation systems promised advantageous success; nevertheless, few developments 
really achieved an effective corrosion protection, since the effect decreases as a function of 
elapsed time of surface (coating) contact electrolyte [11–13].

To obtain a hydrophobic outcome, a “Lotus leave” effect must be generated, which is when the 
surface attains a roughness level that effectively repels any type of aqueous dissolution. To 
simulate this effect on coating surfaces, various types of species, such as potassium stearate 
or calcium hydroxide, porous silica or synthetic urea formaldehyde capsules, styrene‐based 
copolymers such as methyl‐methacrylate, were encapsulated and incorporated into coating 
systems, among others [7–14].

Sol‐gel is a versatile method to produce super‐hydrophobic surfaces. The literature reports 
[15] successive hydrolysis and condensation‐polymerization reactions using ammonia as 
a catalyzer over aluminum substrate, generating films with high degree of hydrophobic-
ity (contact angles ≈150°). Good corrosion resistance for short periods of immersion was 
obtained. Incorporation of porous silica particles doped with 3‐amino‐propyl triethoxysilane 
compounds as hydrophobic agent generates transparent sol‐gel coatings [16]. Also, sol‐gel 
modifies the polymeric structure with diverse functionalized agents such as fluorinated com-
pounds [17] and/or organic‐inorganic precursors [15], or nano‐fibers or nanotubes incorpora-
tion [18] promoting Lotus leaves‐like nanostructures increasing corrosion resistance.

1.4. Aluminum and alloys

Aluminum and alloys are widely used in the industrial, architectural, and marine  environments 
due to technical and economic reasons, being the most extended metallic material used, after 
steel. Nevertheless, they are very reactive and the need for extra protection against corrosion is 
necessary for certain industrial applications, especially in chloride‐containing  environments. 
To achieve this goal, coating and surface modification technologies were speedily developed 
in recent times related to chemistry, electrochemistry, metallurgy, and other disciplines. 
Aluminum and alloy surface modification generally consists of  surface roughness genera-
tion (etching), anodic oxidation, hybrid or composite coatings, etc. The chemically modified 
surface samples present super‐hydrophobicity, increasing corrosion resistance of aluminum 
and its alloys. This result is attributed to the combined effect of nano/microstructures formed 
over the surface and low‐energy surface material. Chemical etching improves the hydro‐ or 
superhydrophobic properties of aluminum and alloys.

1.5. Corrosion in geothermal heat exchangers

In principle, the fluid extracted from the geothermal well is taken to a separator where the 
mixture, water vapor from the geothermal fluid, is separated. Vapor is sent to the turbine cou-
pled to a generator, where mechanic energy is transformed into electrical energy. The turbine 
exit is coupled to a condenser helping to increase the cycle efficiency. Finally, the geothermal 
fluid is reinjected to the well to help recharging.
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The main function of heat exchangers metallic tubes or plates is the heat transfer from 
a heated flow to the feeding water, and for that reason parameters like material thermal 
 conductivity and thickness should be considered. Metallic corrosion promotes thinning 
of the tubes or plate walls, causing huge economic losses due to operation failures and 
plant shutdowns as well as malfunctioning of heat exchange processes. Incrustation is 
the undesirable  material accumulation over the metallic elements, calcium carbonates 
being the most common precipitation, although silica and metallic sulfurous compounds 
are also common [19]. Both problems present a decrease in equipment performance and 
efficiency, since overall heat‐exchange coefficient diminishes gradually promoting some 
component failure.

Geothermal environments present different composition with respect to the type of resources 
available, low or high enthalpy [19]. However, the composition solely does not depend on 
this; in low‐enthalpy environments, the main forms of corrosion are generalized (overall) 
and localized (certain areas) corrosion. Localized corrosion is the most detrimental damage, 
since it cannot be predicted and is difficult to follow up its evolution and it can produce major 
damages. This type of corrosion includes galvanic, pitting, crevice; in general, three types of 
material incrustations may be encountered: silica and silicates, carbonates, and sulfates and 
sulfites [20]. Silica is in the form of amorphous silica, carbonate incrustations are in the form of 
low magnesium calcite and sulfates, while crystallized sulfite in many phases predominates 
as Pb, Zn, Fe, and Cu [20].

The pH control in geothermal water is a crucial factor to control corrosion and silica incrusta-
tions; to control the system, HCl or NaOH is added to the geothermal energy source, reactants 
being expensive. The alternative is to use protective coatings to help diminish incrustations 
within the tube walls.

The main problem during geothermal plant heat exchanger operation in contact with 
 geothermal fluids is deposition of fluid salts over the tube walls originating multiple 
 corrosion problems which in combination with the fluid pH and aggressive ions concen-
tration (mainly chlorides) notably reduce the useful life of heat exchangers. Therefore, 
and taking into account heat transfer considerations, it is necessary to protect the heat 
exchanger metallic  elements from the highly corrosive fluid. Different materials are used 
as heat exchangers in the geothermal industry like steel, copper alloys, or aluminum and 
proposals are being made to coat the metallic elements with different polymeric systems or 
schemes [21, 22].

2. Coatings

Examples of hydrophobic coatings were obtained from sol‐gel, or dip‐coating methods, over 
aluminum substrate. The hybrid‐coating systems used were based on silane polymer solu-
tions or compounds. Evaluation and characterization were done using electrochemical tech-
niques and characterization through scanning electron microscope (SEM), water‐drop contact 
angle, and thermal conductivity measurements.
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2.1. Electrochemical etching

Commercial aluminum (see Table 1) rods were cut in cylinders 2 cm height to expose approxi-
mately 1 cm2 area to the corrosive electrolytes, which after their electrical connection by means 
of a copper wire were encapsulated in an epoxy resin at room temperature. Before experi-
ments, the electrodes’ surface was prepared abrading with 600 grade emery paper and rinsed 
with distilled water, and after cleaning, the electrodes were degreased with acetone and 
finally dried in warm air flow. The purpose is twofold: to render the metal surface ready for 
coating application improving the coating adhesion and second to improve corrosion resis-
tance of the metal surface. The electrochemical arrangement was a three‐electrode cell using a 
graphite rod as a counter‐electrode and a silver/silver chloride as a reference electrode.

The aluminum etching is as follows: the electrode was immersed in NaOH pH 11 solution for 
about 3 min. Afterwards, the electrodes were removed and cleaned again with de‐ionized water, 
dried and immersed again, this time in a HCl pH 3 solution, promoting anodic dissolution, polar-
izing up to −100 mV(Ag/AgCl2) potential and left constant at this potential for 30 min. The presence of 
chloride ions promotes the formation of micro‐/nanopits or pores over the metal surface. The sam-
ples were ultrasonically cleaned with de‐ionized water, dried, and ready for coating application.

Figure 1 presents SEM micrographs (cross section) where micro/nanostructure can be observed 
over the aluminum surface, after electrochemical etching and anodic dissolution. Rough and 
convex irregular and attacked areas and pitted surface are clearly observed. These structures 
may be favoring the capacity to trap air bubbles supporting hydrophobicity with an appropri-
ate surface roughness. The structure is irregular and disordered and micro/nanoparticles and 
pores can be observed.

In the presence of chloride ions, the surface structure promotes the appearance of a larger 
quantity of pits and nanopores at high potentials (above ‐100 mV). This is presented in gen-
eral and a detailed view is seen in Figure 2, where a multitude of pits and pores over the 
anodized surface can be observed. The anodized compact film surface diminishes corrosive 
anions attacking the aluminum substrate [23].

2.2. Coatings

Then, the as‐prepared samples were immersed in 5mM perfluoro cthyl trioxi sylane {CF3 
(CF2)5(CH2)2‐Si(OCH2CH3)3} (PTES) solution obtained from Sigma Aldrich. The solution pre-
pared was a mixture of de‐ionized water and ethanol (volume ratio 1:1) at 60oC for 2 h [24]. 
The coating was applied through two‐cycle dip coating technique. The first one was immer-
sion for 1 min and then removed and was allowed to dry, and then a second 30‐s immersion 
was done to seal the pores present on the coated sample.

Material composition (%)

Aluminum Mg
0.014

Fe
0.83

Mn
0.03

Zn
0.9

Cu
0.04

Si
0.28

Table 1. Aluminum substrate composition.
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Another coating was prepared via sol‐gel synthesis, combining one inorganic and another 
organic compound. The first one consists of a combination of zirconium tetra‐n‐propox-
ide with ethyl aceto‐acetate using nitric acid pH 5, as a catalyzer for the reaction. The 
organic part was prepared mixing 3‐glycyloxypropyltrimethoxysilane (GPTMS) with 2‐
propanol (SA nomenclature) also in the presence of HNO3. During the sol‐gel synthesis, 
a  commercial fluoride compound tetra deca‐flouro hexane (TDFH) Chemguard from Sigma 
Aldrich (HA nomenclature) was incorporated in different weight proportions (10, 20, 
and 30%). The sol‐gel coating was deposited using the spin‐coating technique, at 2800 rpm 
for 28 s.

Figure 1. Micrograph after electrochemical aluminum etching in acid media.

Figure 2. SEM micrograph showing pores over aluminum in acid media in the presence of chloride ions.
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2.2.1. Coating thickness

After substrate preparation and coating application, film thickness measurements were taken 
using a coating thickness tester. The average values obtained from five measurements are 
presented in Table 2.

The highest thickness obtained and observed was the PTES coating, while the sol‐gel coat-
ings were 10 times thinner. From these coatings, the higher thickness obtained was the 
SA  coating and the CH 30%, with the highest fluoride compound percentage incorporated. As 
an  example, Figure 3 presents the general and detailed view (cross section) of the aluminum 
PTES‐coated sample, showing good adhesion conditions over the metal substrate.

2.2.2. Hydrophobicity

For each sample, the contact angle (right and left) was measured and the average was 
obtained. When a surface shows a contact angle greater than 90°, it represents a hydrophobic 
surface. The PTES‐ and CH 20%‐coated samples clearly present hydrophobicity (see Table 2). 
The image is presented in Figure 4.

Coating Thickness (μm ) Contact angle (degrees)

Blank 1.99 66.7

PTES 24.2 115

SA10% 2.27 70.3

CH 10% 2.02 82.6

CH 20% 2.02 118.9

CH 30% 2.36 95.8

Table 2. Coating thickness measurements.

Figure 3. SEM micrograph showing PTES coating: (a) general and (b) detailed view.
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2.2.3. Thermal conductivity

One method to evaluate the thermal conductivity (heat transfer) of polymer coatings, which 
is important to use in heat exchangers, is the heat plate method to measure the  temperature  
distribution of thermal conductivity. This is according to ISO 8302:1991 standard [25]. Its 
principle consists in generating a unidirectional heat flow through the samples, as flat plates 

Figure 4. Contact angle of coating.

Figure 5. Thermal conductivity of bare aluminum and PTES‐coated sample.
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conducting heat. As an example, Figure 5 presents the thermal conductivity as a function of 
time of PTES coating over the aluminum substrate and compared with the blank (bare metal) 
sample. The coating presents favorable thermal conductivity conditions when compared with 
aluminum.

3. Electrochemical evaluation

To evaluate the performance and efficiency of corrosion protection coatings, it is common to 
use electrochemical methods, electrochemical impedance spectroscopy (EIS) being widely 
applied. The working electrode was immersed in the test solution similar to a geother-
mal fluid containing 3580 ppm Na and 6693 Cl until a steady‐state open‐circuit potential 
(Eoc) was measured. Electrochemical impedance spectroscopy measurements as a function 
of time were made using an ACM potentiostat, carried out at corrosion potential Eoc, by 
using a small sinusoidal signal with an amplitude of ±10 mV, in a frequency interval of 50 
mHz to 20 KHz recording six points per decade. The EIS results were represented using 
Nyquist and Bode plots, and the effect of time of exposure of the aluminum and coated 
samples to the corrosion media was also evaluated. Also, electrochemical noise measure-
ments (ENMs) were taken with a second electrode at the tip of a platinum wire and the 
reference electrode.

The parameters for electrochemical noise were a second Pt tip electrode 1 or 0.5 s per sample 
obtaining 1024 measurements. The electrolyte was (3580 ppm Na and 6693 ppm Cl) similar to 
a geothermal fluid (see Figure 6).

From the electrochemical results obtained EIS charge transfer resistance and electrochemical 
noise resistance, a similar pattern is revealed. After 720‐h immersion, a decrease was observed 
for both techniques, suggesting an increase in the corrosion rate for the coatings tested. A 
decrease of one order of magnitude was observed [26].

Figure 6. Electrochemical measurements as a function of time: EIS charge transfer resistance and electrochemical noise 
resistance.
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4. Conclusions

An example of hydrophobic coatings for geothermal heat exchangers was presented. The 
 coating characterization was obtained and coating evaluation as a function of time was 
 presented. Good coating behavior was obtained for both hydrophobic coatings tested.
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Abstract

Fire retardant coatings are often required to protect a wide range of products of both 
flammable and nonflammable against fire. It is an oldest, most efficient, and easiest 
method to apply any surface without modifying the intrinsic properties of materials. 
Moreover, the initial phase of fire always occurs on the surface by ignition, and hence, 
it is important to concentrate on the surface protection of a material. Being an organic 
nature of conventional surface coating will burn easily and generate smoke and toxic 
fumes, which may not be suitable for application where fire protection or fire prevention 
is required. Reaction-to-fire and/or resistance-to-fire are to be considered for assessing 
both flammable and non-flammable material by using fire retardant and fire resistant 
or fire protective coatings. The degree of fire retardation mainly depends on the coating 
thickness, substrates, and efficiency of formulations. This chapter explains briefly the fire 
retardation of wood by using fire retardant coatings.

Keywords: fire retardant, wood, intumescent coating, charring, nanocomposites, sol-gel 
process

1. Introduction

The devastating nature of fire creates havoc that result in great loss of both lives and assets. 
It can also cause serious human sufferings and financial losses. Thus, great attention has been 
paid to develop the effective fire protection methods in order to prevent any casualties and 
reducing economic fire damage to an acceptable level. Nowadays, because of rapid changes 
in building and developments in architectural technology have led to more complex structure 
of which using a strong and lightweight components, the wide range of materials in the form 
of organic or inorganic and synthetic or natural used in building are easily flammable or read-
ily burning on exposure to high temperatures of fire. On the other hand, non-combustible 
material such as metals (except aluminum and magnesium) and concrete will not burn and 
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support the combustion, or release the flammable vapors when subject to fire. However, it is 
important to consider these materials can withstand a fire for a specified period of time. In 
this regard, the strength and deformation of these materials deteriorate significantly at high 
temperature. As a result, the structural elements and assemblies may deform or even col-
lapse when exposed to fire conditions. The allowable or extra time in a fire situation depends 
largely on the anticipated temperature development of the fire, which depends on the type 
and amount of combustible materials present and the ventilation condition [1–3]. Although 
protection of materials against fire by the use of coatings for indefinite periods is impossible, 
it can delay the spread of fire or keep a structure intact against fire, thereby allowing sufficient 
time for safety measures to be taken. This chapter covers with a discussion of the fire retarda-
tion of wood products that can be available in scientific literatures.

2. Fire retardant vs. fire resistant

There is always misconception about inhibition of fire by using coating of either fire retardant 
or fire resistance. Figure 1 shows the development of fire in a compartment, which distin-
guishes the usage of coating in a particular stage of fire. For instance, the material properties 
play an important role in prior to flashover, which will be controlled by fire retardant coatings 
(ignition, flame spread, release of heat, smoke, and gases), whereas fire resistant coatings are 
mainly predominated in protection of structures that occur after flashover, that is, phase of 
fully developed fire. Post-flashover fires (temperature above 600°C) are considered as hazard-
ous fires for structures [4]. Fire retardant coatings are mainly involved for reaction-to-fire to 
retard or inhibit the combustion of flammable materials (wood, foam, textile fabrics, electric 
cables, and fiber reinforced composites) whereas fire resistant or fire protective coating for 
resistance-to-fire to protect the non-flammable materials. Different test parameters, such as 
oxygen index (OI), flame spread rate, ignition time, heat intensity, smoke generation, and 

Figure 1. Phases of fire development in an enclosure.
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release of toxic gases, are to be considered for assessing the flammable materials. On the 
other hand, thermal insulation, integrity, and load-bearing capacity are paramount impor-
tant for the fire resistance of non-flammable materials. Depending on the types of material 
and intended application, specific fire performance properties of building materials are to be 
tested by use of different test methods. The relevant test standards for both coatings are dif-
ferent that also depend on the region of countries.

3. Fire retardant coatings

In general, conventional organic surface coating is easily ignitable, melts, drips, and it may 
cause severe injury and damage to the substrates in the event of fire. Therefore, coatings that 
are designed to formulate should not contribute a significant amount of fuel to the fire and, 
at the same time, limit the flame spread and smoke development. Fire retardant coating is 
one of the easiest, oldest, and most efficient ways to protect the materials against fire. This 
approach does not cause chemical modification of the substrate, but rather the formation of 
a protective layer which alters the heat flux to the substrate and can inhibit its thermal deg-
radation, ignition, or combustion [5]. The ideal fire retardant coatings should have minimum 
flame spread, negligible or low release of smoke and/or toxic gases, be easy to apply, show 
good wear resistance, adhere to the underlying substrate and offer low cost. Typically, they 
are based on chlorinated alkyds or brominated epoxy resin and filled aluminum hydroxide or 
a combination of chlorinated paraffin and antimony oxide system. However, the wide range 
of flame retardants in the form of reactive or additive and different classes (halogen, phos-
phorus, nitrogen, minerals, oxides, intumescent, and nanofillers) are available commercially 
that are incorporated into coating formulations to inhibit or retard the burning of materials. 
The selection of flame retardants can be tailor-made for a specific polymer binder in coating 
formulations. Fire retardant coatings look like architectural paints and mainly available in 
solvent form and are applied by conventional methods, brush, roller, and spray.

Fire retardant coatings can be classified into two groups: non-intumescent and intumescent 
coatings [6]. Non-intumescent coatings are basically decorative, architectural coatings that 
contain flame retardant additives designed to reduce the rate of flame spread and smoke 
development of combustible substrates. They are rated as Class A, B or C based on the ability 
to not contribute to fire and smoke. Rate of flame spread depends on both substrate and thick-
ness of the film. On the other hand, intumescent coatings swell under the influence of heat 
to form a multicellular charred layer, which acts as an insulating barrier and slows heat and 
mass transfer between the condensed and vapor phases. This intumesced char can increase to 
up to 50 times the original thickness of the applied coating. Two types of fire retardant coat-
ing either pigmented/colored or clear, transparent varnish are available on the market that 
are designed for use on different materials and that respond very differently when exposed to 
fire. They are mainly used in construction, transport, wall and ceiling linings, and other areas 
require products to satisfy the requirement of classes.

The burning of surface coating is believed to proceed by a free radical mechanism where both 
˙H and ˙OH radicals are chain carriers and take part in a number of reactions in the flame 
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zone. The function of fire retardant coatings is to protect the substrate that depends on the 
mode of operation of flame retardants [7]. For example, the coatings formulated with haloge-
nated compounds are more effective in gas phase, and they act in the flame zone by forming a 
blanket of halogen vapor that interferes with the propagation of the flame by interrupting the 
generation of highly reactive free radicals, thus helping flame extinguishments. However, the 
release of toxic and corrosive gases from halogenated compounds while burning is ecologi-
cally unsafe. The action of phosphorus in coatings varies with the type of flame retardants and 
the polymer binders. They mostly operate in condensed phase to form a protective char layer 
that acts as physical barrier to heat transfer from the flame to the substrate and to diffusion 
of gases. The vapor phase action is also found to be effective in phosphorus flame retardants, 
which are capable of controlling the high energy radicals in the flame. Intumescent flame 
retardant is a combination of an acid source, a char former and a gas source, and sometimes, 
it is available in a single compound including all three functions. The mechanism of intumes-
cent coatings is to undergo an endothermic decomposition reaction at an elevated tempera-
ture that causes the coating to swell and form into a highly porous, thick, and thermally stable 
char layer that has a very low thermal conductivity (heat insulation). Other flame retardants 
such as metal oxides and hydroxides are operated by cooling with the release of water and by 
diluting or removing the flammable fuels and oxygen.

4. Fire retardancy of flammable materials

Typically, the flammable materials are easily combustible and rapidly growing in a fire (reac-
tion-to-fire), in terms of the spread of fire or propagation of fire, up the stage when flashover 
occurs in a compartment. Flashover can occur quickly in seconds or slowly depending on the 
speed of fire growth rate. Wood is the most frequently used combustible products in addi-
tion with polymers (plastics and rubbers), foams, textiles, cables, and fire reinforced compos-
ites. Three different kinds of methods, such as clear or transparent varnish paints, pigmented 
intumescent reactive coatings, and surface impregnations are utilized in wood to enable the 
restriction of growth and/or spread of fire. The European fire classification for reaction-to-fire 
is based on fire growth rate index (FIGRA), which indicates the time to reach flashover in the 
standardized reference test as per BS EN 14390. Other test methods, the single burning item 
(SBI) test (BS EN 13823; 2002), radiant panel test for flooring (EN ISO 9239-1; 2002) and either 
the small flame test (BS EN 11925-2; 2002) or the bomb calorimeter (BS EN ISO 1716), are also 
relevant to the fire retardant system in Euro-class [8]. Two standards, such as fire propagation 
test (BS476, part 6:1989) and surface spread of flame test (BS476, part 7:1987), were applicable 
to the fire test methods in the UK for flammable materials. The BS476, part 6 test method is 
intended to provide a comparative measure of the contribution to the growth of fire of a prod-
uct. The test result is expressed as fire propagation index (I) and three sub-indices, i1, i2, and 
i3. The higher the fire propagation index means the greater the growth of fire. On the other 
hand, the BS476, part 7 measures the lateral spread of flame along the surface of a specimen, 
which is mounted at right angles to a high intensity radiation panel. The extent and rate of 
flame spread of specimen are used to determine the classification, which can range from Class 
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1 (the best) down to Class 4. The ASTM E 84, 2010 and ISO 5660 are most commonly used in 
USA and International standards for testing of flammable materials. The factors influencing 
the performance of coating systems are thickness, density, substrates, composites, and panel 
type. Each type of product shall be evaluated and representative specimens shall be tested to 
ensure that the effect of each variable parameter is considered.

5. Wood

Wood is one of the most versatile, sustainable, aesthetically pleasing, and environmentally 
benign materials. It can be classified into hard and soft wood, which can have different per-
centages of cellulose, hemicellulose, and lignin. Different types of wood products including 
solid wood-based panels (particleboard, hardboard, fiberboard, fir Douglas plywood), struc-
tural timbers, glued laminated timbers, cladding and wood floorings are widely used for 
structural purposes in building construction, flooring and furnishing materials that found 
in homes, schools, and offices around the world. The basic deficiencies of wood products are 
flammability, poor dimensional stability, and low resistance to micro-biological decay that 
must be addressed when used as a construction material. Because of easily flammable and 
contribute fuel to fires, wood is considered to poor construction materials. The flaming com-
bustion of wood is mostly supported by cellulose [9].

The various categories of action are typically described in wood treated with flame retar-
dants: (1) an acceleration of dehydration and carbonization that provides thermal insulation, 
(2) chemical modification of wood pyrolysis, (3) absorb the surrounding heat by endothermic 
reactions, (4) inhibition of the flaming combustion in the gas phase, and (5) increase the ther-
mal conductivity of wood in order to dissipate the heat from the wood surface [10]. The fire 
retardation of wood is typically treated with flame retardant chemicals that are coated onto 
the surface of wood by painting, spraying or dipping methods and/or impregnated into the 
wood structure using vacuum pressure technique or plasma treatments [11], which inhibits 
ignition and do not contribute to the spread of flame. Three components of wood have quite 
different decomposition range; for instance, temperature from 200 to 260°C is for hemicel-
lulose, temperature from 240 to 350°C is for cellulose, and temperature from 280 to 500°C 
is for lignin. When heated, wood undergoes degradation and combustion to produce vola-
tile gases, tars (levoglucosan), and carbonaceous chars. The fire performance of wood-based 
products and test methods has been reviewed and studied extensively [12–22]. Traditional 
flame retardants, such as boron compounds, mineral acids, and inorganic salts, (monoam-
monium phosphate, diammonium phosphate, guanylurea phosphate, guanidine phosphate, 
ammonium polyphosphate, and melamine phosphate), may considerably improve the fire 
retardant properties of wood [23]. However, the use of boron and formaldehyde-based sys-
tems is likely to be declined in accordance with the growing awareness of environmental 
issues and consumer safety. In addition, inorganic salts may also affect the performance of 
wood in various ways by increasing hygroscopicity, reducing strength that leads to dimen-
sional instability, wood degradation, corrosion of metal fasteners, adhesion problems, and 
increased abrasiveness. The flame retardants based on phosphorus, nitrogen, silicone, and 
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char forming additives are still prominent solution to address the flammability and environ-
mental issues [24].

Cone calorimeter is a most commonly used bench-scale method to evaluate the flammability 
of wood. Shi and Chew have investigated the carbon monoxide (CO) yield of six species of 
wood samples under different external heat fluxes and moisture content by spontaneous igni-
tion in a cone calorimeter. Spontaneous ignition is a complex phenomenon that combustible 
materials are ignited by internal heating, without the spark plug. As compare to piloted igni-
tion, process of spontaneous ignition is much closer to the development of real fire. Results 
observed that thickness of wood has little effect to peak CO release rate, but the time to peak 
is postponed with a higher thickness. The peak CO release rate decreases with a higher exter-
nal heat flux, but the decrease is not obvious when heat flux increases from 50 to 75 kW/
m2. Average CO yield is inversely proportional to external heat flux, thickness, and density. 
They concluded that both flame and moisture can also reduce CO release rate because energy 
used for water evaporation increases with high moisture content [25]. The effect of variable 
heat flux and oxygen concentrations (20.9, 18, 16 and 15%) on ignition time and mass loss 
rate of wood was investigated to obtain the kinetic parameters, activation energy and fre-
quency factor. It was found that with increasing the oxygen concentration, the mass loss rate 
was increased, but the ignition time, the activation energy and the frequency factor were 
decreased [26]. Critical heat flux for ignition has been calculated to be between 10 and 13 kW/
m2 for a range of wood products. Density, thickness and moisture content have a large influ-
ence on the material dependent properties [27].

6. Charring rate of wood

The charring rate, speed at which charring depth advance in the material when exposed 
to high temperature, is a critical parameter for flammability of wooden samples because it 
allows the determination of the size of the residual section of wood. It depends on wood 
species, density, moisture content, permeability, composition and direction of burning [28]. 
For example, the charring rate of flame retardant-treated wood is linearly proportional to 
the applied heat flux in cone calorimeter and inversely proportional to the density of wood. 
Charred wood is bounded by the transition between the pyrolysis layer, the zone where ther-
mal degradation of wood and char formation is actually occurring and the char layer, a zone 
of cracked charcoal that has no relevant strength or stiffness properties. Charring depth is the 
distance between the outer surface of the original member and the position of the char line. 
The base of char layer is widely occurs between 280 and 300°C. Beikircher et al. determined 
the charring rate, mass loss and temperature development of Norway wood coated with 
transparent and colored intumescent coatings using cone calorimeter and ISO 834 furnace 
test. They found that the intumescent coatings reduce the charring rate significantly at all 
irradiance and cellulosic fire exposure condition (ISO 834 test curve) in comparison with the 
uncoated (REF) wood sample (Figure 2). Intumescent coatings can delay the onset of charring 
and reduce the charring rate of wood [29].
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7. Boron-based fire retardant coatings

Boric acid (H3BO3) and borax (Na2B4O7.10H2O) are used as borates, which are water soluble 
and most commonly used flame retardants in wood products. Boron-containing formula-
tions are also used to improve the service life of timbers, in terms of both increase in resis-
tance to biological attacks and renders more resistant to burning. Atar and Keskin studied 
the flammability of varnish coated Uludag Fir wood and boron compound impregnation. 
The ASTM D1413-99 standard is used to impregnate the wood by vacuum technique using 
a mixture of boric acid and borax. The flammability of wood was characterized by ASTM 
E160-50. They found that boron impregnations showed decrease the flammability of wood 
as compared to varnish coated wood. It was suggested that the impregnation of wood with 
boron compounds before varnish coating can decrease the combustion temperature and 
provide security to wood structure. Further, they investigated the impact of boron com-
pounds impregnation on combustion properties of the laminated veneer lumber obtained 
from European oak and Lombardy poplar woods. Because of the interaction of impregnation 
materials with wood structure, the lowest flame source combustion was observed in treated 
wood [30, 31].

Blasi et al. have investigated the pyrolysis products of fir wood impregnated with boric 
acid at heating temperatures of 377 and 527°C. It was found that the yields of char and 
water increase with boric acid concentration (below 2%), and the amounts of organic liquid 
products are reduced. The boric acid treatment lowers the activation energy and delayed 
the most important oxidation reaction of fir wood. The reaction temperature does not affect 
the pyrolysis product distribution but at lower temperature, the higher the char yields, 
water and non-flammable volatile products were observed [32]. Further, the effect of diam-
monium phosphate (DAP) and diammonium sulfate (DAS) treatment on the pyrolysis of 

Figure 2. Charring rate of intumescent coated and uncoated wood exposed to different test conditions [29].
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wood was investigated. Two ammonium salts are widely used as flame retardants in wood 
substrate, and both are significantly alter the char reactivity. A lower activation energy and 
a higher reaction order are obtained for DAP-treated sample as compared to wood treated 
with DAS [33]. Both treatments produce an equal amount and composition of solid, liquid 
and gaseous products during decomposition. However, with increasing the concentration 
of salts and/or decreasing the heating temperature produce greater amount of char and 
water. It was concluded that DAP treatment showed better flame retardancy on the basis 
of the formation of higher yields of char, water and lower combustible flammable liquids. 
It also confirmed that the release of decomposed volatile products depends on the DAP 
concentration [34, 35]. The thermogravimetric analysis was carried out in air of wood and 
wood impregnated with DAP concentrations range up to 20% and heating rates between 5 
and 20°C/min. Results showed a three step decompositions in sequence of wood decompo-
sition, induction and char oxidation, and concluded that the estimated kinetic parameters 
are independent of the heating rate but vary with the DAP concentration. However, the 
activation energies of the various steps remain practically constant except for the decompo-
sition of the cellulose component or the decomposition step, depending on the complexity 
of the mechanism [36].

The fire performance of Douglas fir wood was studied by both natural extractives and a mix-
ture of boric acid and borax treatment. Dual treatments of wood with the natural extractives 
and borates were targeted to benefit from their potential cumulative protections, which are 
biological resistance and fire retardancy. It was observed that both treated wood specimens 
showed excellent fire retardant performance [37]. Tomark and Cavdar studied the effect of 
boron powder (BP), mixture of boric acid (BA) and borax (BX) and flame retardant agent (FA) 
based on liquid blend of limestone and silicone oil (SO) treatment on the oxygen index (OI) 
of Scots pine wood of bare and after leaching process. Leaching procedure was carried out to 
determine the permanent performance of the preservatives in wood. The oxygen index (OI) 
is the minimum percentage of oxygen required to continue flaming combustion of a sample 
under laboratory condition. Wood samples were initially vacuum treated with the preserva-
tive and then were subjected to leaching. Figure 3 showed that the wood treated with flame 
retardants provided the best results, and moreover, leaching did not considerably change the 
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OI of wood. However, OI of treated sample was affected by leaching procedure, which may 
be due to the preservatives are not chemically adhered to the wood [38].

Disodium octaborate tetrahydrate (Na2B8O13.4H2O) in waterborne paint treatment provides 
better fire retardant properties of Scot pine wood. The properties are further improved by 
tannin-based wood preservative solutions [39]. Further, the effect of wood preservative load-
ing on the OI of fir wood was investigated. Wood preservatives have been widely used to 
extend the service life of wood. Study indicated that almost all treated samples showed higher 
OI values, and moreover, 3% copper-based preservative (Wolmanit-CB) was recommended 
[40]. The improvement in dimensional stability, durability and fire retardant properties of 
wood was investigated by using 1,3-dimethylol-4,5-dihydroxyethyleneurea treatment. The 
Oak wood showed considerable decrease in the pyrolysis temperature, heat release rate, and 
smoke production when methylolguanylurea phosphate and boric acid flame retardants were 
incorporated [41]. There is a current contentious toxicity problem with boron compounds, 
and as such, a need for wood products to move away from boron-based fire retardants is 
recognized.

8. Phosphorus-based fire retardant coatings

Fire retardant treatment on wood with flame retardants of both nitrogen compounds and 
phosphoric acid was examined. The fire retardance and endurance of wood were influenced 
by method of treatments, such as heat pressed treatment and heat dried treatment. The 
heat pressed treatment method was improved the properties of wood as compared to heat 
dried treatment. It was found that the flame retardant properties were further improved 
by the amount and functional reactivity of flame retardants with formaldehyde as in the 
dicyandiamide-formaldehyde-phosphoric acid or melamine-dicyandiamide-formaldehyde-
phosphoric acid system. The endothermic release of water during the condensation of phos-
phoric acid can also cool the wood and dilute the volatile pyrolysis gases [42]. Similarly, 
Subyakto et al. also demonstrated the improvement in fire retardant properties of wood 
by phosphoric acid treatment, preheating and densifying the surface of wood. Trimethylol 
melamine formaldehyde resin mixed with phosphoric acid was coated on the wood sur-
face, which was preheated and followed by hot pressing. The pressurized impregnation 
of coating was improved the fire retardancy of wood without reduction in the bending 
strength [43]. The fire retardancy of white pinewood was improved by treatment with ortho-
phosphoric acid at different concentration. The aqueous solution of thiourea-formaldehyde 
resin and orthophosphoric acid was impregnated at different concentration for 1 h. It was 
found that the weight, compressive strength and fire retardant properties were improved 
after impregnation. However, the water uptake of treated wood was increased in a water 
soaking test for 168 h [44].

Organophosphorus flame retardant compounds are not often used in commercial wood appli-
cations, and some are known to have high volatility. The synergism between phosphorus 
and nitrogen is also observed in organophosphorus compounds. Rupper et al. investigated 
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the surface chemistry of cellulose treated with fire retardants containing ethyl ester phos-
phoramidates. Evidence for a condensed-phase action of the fire retardants was found [45]. 
It was also showed that phosphoramides, when bonded to cellulose, increase the char yield 
and lower the weight loss rates in comparison to phosphorus pentoxide and amine-treated 
wood [46]. The modified pine sawdust with alkyl and phenyl chlorophosphorus compounds 
using pyridine was prepared by Stevens et al. They reported a reduction in the temperature 
of maximum pyrolysis rate of up to 90°C and an increase in char formation of up to 29%. The 
efficiency of the phenyl phosphates was favored compared to the alkyl analogues, and the 
order of effectiveness was, expectedly, attributed to the acidity and thermal stability, that 
is, phosphate > phosphonate > phosphinate [47]. Further, it was showed that coupled with a 
copper-based preservative, the impregnation of wood with an organophosphorus fire retar-
dant reduced the FIGRA by a further 15% [48].

In another study, wood was treated with guanidine compounds, such as guanidine dihy-
drogen phosphate, diguanidine hydrogen phosphate, guanidine carbonate, and guanidine 
nitrate and analyzed thermal degradation properties by using thermogravimetric analysis. 
Char yields were increased compared to untreated wood by approximately 60, 55, 20 and 
25%, respectively, which effectively demonstrates the synergism by phosphorus and nitrogen 
based fire retardants [49]. The effect of urea-formaldehyde oligomer reacted nitrogen-phos-
phorus flame retardant treatment on dimensional stability and the flame retardant properties 
of wood was investigated. The results showed that both dimensional stability and OI values 
were improved significantly in flame retardant impregnated wood. The better flame retardant 
properties of treated wood are due to formation of protective char layer through dehydration 
of polysaccharides, which terminate both heat and oxygen [50].

Stejskal et al. studied the flame retardant properties of wood coated with polyaniline, and 
the coating was made in hydrochloric or phosphoric acid solutions in the absence and pres-
ence of stabilizers, poly(n-vinylpyrolidone) or colloidal silica. The coated wood showed 
less mass loss and formation of charcoal layer on the surface when exposed to direct flame 
or in a furnace temperature at 400–600°C, as compared to uncoated wood. The similar 
observation was made with polypyrole and poly(1,4-phenylenediamine) as deposition 
polymers in wood. The soaking of wood in polyaniline colloids was badly affected the 
flame retardant properties, whereas the reaction between the cellulose fibers and polyani-
line was required to enhance the stability of wood at high temperature. This is attributed 
to the formation of carbonaceous microtubes, which offered the higher stability of wood 
against flame and heat exposure [51]. Cyclophosphazene is a polymeric material contain-
ing both nitrogen and phosphorus, which has wide range of thermal and chemical stabil-
ity in addition with fire retardant properties. El-Wahab et al. synthesized the three kinds 
of cyclodiphosh(V)azane compounds (I-III) and physically mixed in polyurethane varnish 
formulation at different concentration. It was found that OI of wood panels was increased 
with loadings (Figure 4). They claimed that improvement was mainly due to several fac-
tors, the high molecular weight and aromatic cyclophosphazenes containing chlorine, 
nitrogen and phosphorus that provides superior flame retardant properties. The presence 
of N-P bonds renders exceptionally thermally stable, and release less toxic and corrosive 
gases during burning [52].
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9. Coatings with synergistic flame retardants

The combinations of silicon and phosphorus have proved popular in the fire retardancy com-
munity, in addition to silicon, phosphorus and nitrogen mixtures. The synergism is generally 
explained as a combination of the individual effects of each of the three additives: phospho-
rus provides the effective char formation, nitrogen produces non-combustible gases acting 
as diluents, and silicon offers thermal stability to the substrate by forming a protective layer 
over the forming char throughout decomposition. The white deposit of silicon dioxide cov-
ering the surface of the char will act as a radiant heat shield and help to reduce the rate 
of oxidation of the char [53]. Grexa and Lubke studied the effect of magnesium hydroxide 
(MDH), monoammonium phosphate (MAP), aluminum hydroxide (ATH), and boric acid on 
the flammability of particle board using cone calorimeter at external irradiance of 50 kW/m2. 
The combination of MDH, MAP and boric acid showed better fire retardant properties, in 
terms of both heat release rate and smoke production as compared to the same composition 
contains ATH instead of boric acid. It is expected that while the phosphorus and nitrogen will 
have behaved synergistically to direct the pathway of pyrolysis toward more char and water 
and fewer flammable volatiles, the boron present will have become molten to form a glass-
like barrier on the surface of the wood, stabilizing the char and enforcing the mass transport 
barrier. Further, the expandable graphite-based intumescent flame retardants showed lower 
heat release rate and mass loss rate of particle board when compared to the same loading of 
ammonium polyphosphate. It was found that the char layer forming flame retardants have 
a strong effect of flame retardation of wood. The forming char has a distinctive effect in the 
performance of the material when exposed to external heat in comparison to the same flame 
retardant without a char layer. They suggested that the intumescent flame retardant system 
has potential to be used to improve the reaction-to-fire performance of wood [54, 55].

Canosa et al. studied the role of reinforcing fibers on the flammability of intumescent flame 
retardant coated wood panel. Different film forming materials were chosen to be blended 
with active ingredients, pigment and several fibers, alumina, carbon, aramid, and glass fibers. 

Figure 4. OI of wood coated with varnish containing cyclodiphosh(V)azane compounds [52].
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Results suggested that chlorinated rubber, phenolic, and epoxy resin showed best perfor-
mance in thermal conductivity test, 2-foot tunnel, OI and UL94 horizontal-vertical test and 
also fibers achieved the synergistic effect with intumescent coatings [56]. A 5A-zeolite-treated 
ammonium polyphosphate (APP) showed better fire performance properties, heat release 
rate (HRR), total heat released (THR), smoke production rate (SPR), total smoke released 
(TSR) and fire growth index (FGI) of sawdust board (SB) as compared to APP being used 
alone (Table 1). Further improvement of fire performance was observed by acid (4-picolinic 
acid) impregnated 5A-zeolite-treated APP. This can be because acid significantly altered the 
thermal decomposition and catalytically decomposed to retard the combustion, which pro-
motes the uniform char formation [57].

Carbonates and hydrogen carbonates are known to have very high efficiency as gas-phase 
flame retardants. Potassium carbonate is reported as a compound with a high fire retardant 
efficiency for wood products. It has a relatively high decomposition temperature (800°C) and 
serves as a catalyst to the dehydration of wood to increase the production of char, water and 
CO2. However, the compound is unable to prevent the depolymerization of wood effectively, 
particularly at high concentrations, and also causes the evolution of CO. As such, the potas-
sium carbonate is only used in low concentrations [58, 59]. The effects of various inorganic 
salts, Na2WO4, Na2SnO3, Na2MoO4 on the thermal decomposition and fire retardant proper-
ties of wood sample were demonstrated. Upon the treatment of these salts, the OI of wood 
sample was increased, which is caused by an increase in the amount of char on the surface. 
The activation energies of the samples were also decreased after treatment during both the 
charring stage and the calcining stage. The flame retardants were shown to be able to catalyze 
the dehydration reaction, resulting in the formation of more H2O, CO2, and char, but less 
flammable vapors like levoglucosan and levoglucose [60].

The effects of pressure and microwave heating duration on the flammability of ammonium 
polyphosphate (APP) impregnated wood samples were studied. The flame retardant proper-
ties, such as peak heat release rate, total heat released and total smoke released, were mea-
sured for samples of pretreated and untreated with microwave and characterized by cone 
calorimeter. It was found that the treated wood showed better flame retardant properties, and 
moreover, the microwave pretreatment of wood can also increase the fire retardant properties 
of APP impregnated wood [61]. Wang et al. found that the expanded vermiculite treatments 
improve the flame retardant properties of plywood. Results showed that expanded vermicu-
lite treatments increase the OI values of wood and at the same time decrease the thermal acti-
vation energy at the maximum degradation process. The increase in OI is due to the formation 
of protective layer on the surface of wood sample [62].

Sample Peak HRR 
(kW/m2)

Time to peak 
HRR (s)

Average HRR 
(kW/m2)

THR (MJ/m2) SPR (m2/s) TSR (m2/m2) FGI (kW/sm2)

SB-APP 122.0 40 29.2 4.4 310 4.1 5.3

SB-APP/5A 124.8 60 24.5 3.3 229 2.0 3.1

SB-APP/5A 50.1 50 8.5 1.1 215 1.9 1.4

Table 1. Cone calorimetric date for sawdust board [57].
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10. Intumescent fire retardant coatings

The intumescent coating of either pigmented or clear was introduced to the fire retardation 
of wood-based products. Intumescent coatings swell and char when exposed to heat, giving 
carbonaceous foam that insulates the surface from the fire. The char layer is also responsible for 
the limitation of oxygen diffusion and the reduction of the volatilization of the fuel in order to 
prevent the continuation of the combustion cycle. Intumescence resulted from the application of 
flame retardant coating systems to timber can reduce the char formation and heat buildup and 
also delay the onset of combustion of a wood [63]. Gardner and Thomson have studied the flam-
mability of forest products, including sawn boards, plywood, hardboards and particleboard as 
per ASTM E906–Standard test method for heat and visible smoke release rates for materials and 
products. The intumescent flame retardant was used to treat the plywood by pressure impreg-
nation. The ignition time of treated sawn board was not increased with density when exposed to 
heat fluxes of 20 and 40 kW/m2. However, the ignition times of plywood were increased by pres-
sure impregnated flame retardants. The heat release properties of both samples were reduced 
by flame retardant coatings, which is dependent on the exposed heat flux [64].

An intumescent fire-retardant coating based on unsaturated polyester and epoxy resin was 
prepared by using ammonium polyphosphate, pentaerythritol, melamine, and expandable 
graphite, and studied the fire endurance performance of wooden board. Results showed 
that 2 mm film thickness of intumescent coating provides excellent fire endurance time [65]. 
Chou et al. investigated the usefulness of an artificial graphite powder and a sericrite 
(Al4(OH)4(KAl-Si3O10)2), and a mixture of the two on plywood. The intumescent fire retardant 
coating formulation contains 19.8% of the flame retardant, 15% of the dehydration agent, 
18% of the foaming agent, 7.2% of the resin binder and 40% of the solvent which was pre-
pared and applied to the surface of plywood. They showed that when sericrite was in excess 
of 75% in the fire retardant composition, the mixture obtained the lowest flammability grade 
possible in Taiwan Standard CNS 7614. Furthermore, for sericrite to be effective in inhibiting 
combustion and also carbonizing agents, such as graphite powder, are not required [66]. The 
burning behavior of intumescent coating-treated flax board was studied by cone calorimeter 
and single burning item (SBI) test. Intumescent coating provides significant increase in igni-
tion time and decrease in heat release rate of flax board. It was also confirmed that experimen-
tal results are comparable to numerical predictions, factional factor, the ratio of the heat flux 
at the interface of the intumescent surface and the char layer of flax board to the surface heat 
flux when the absence of intumescent coating layer, based on analytical solutions for char-
ring materials and burning rates in SBI tests [67]. Intumescent coatings are commonly used 
for protecting steel structures. Their application on wood has also been studied, and some 
commercial products intended for wood are available. At present, however, fire protection of 
wooden and wood-based products with intumescent coatings is not widely employed.

11. Transparent fire retardant coatings

The transparent ultraviolet (UV) curable intumescent fire retardant coating on wood was prepared 
by using cyclotriphosphazene as a flame retardant. A series of (2-hydroxyethylmethacrylate)
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(n-propoxy)cyclotriphosphazenes were prepared by the reaction of N3P3Cl6 with n-propanol 
and 2-hydroxyethylmethacrylate sequentially in the appropriate solvents. It was observed 
that phosphazene-based compounds showed better fire retardant properties of wood and 
without affecting the aesthetic appearance of wood structure [68]. Chen et al. prepared the 
dual cured (UV-radiation and moisture) flame retardant coatings based on silicone and phos-
phate modified acrylates. The oligomer was made by reacting 9,10-dihydro-9-oxa-10-phos-
phaphenanthrene-10-oxide and 3-glycidoxypropyltriemethoxysilane, and reacted with 
2,4-toluene diisocyanate and 2-hydroxyethyl acrylate. The dual cured film showed high-flame 
retardance, which is attributed to the synergistic effect of phosphorus-silicon and phosphorus-
nitrogen [69]. Shi and Wang synthesized the transparent intumescent flame retardant coatings 
from epoxy/phosphate flame retardant and amino resins. Five types of flame retardants were 
prepared by a two-step reaction using 1-oxo-4-hydroxymethyl-2,6,7-trioxa-1-phosphabicy-
clo[2.2.2]octane, polyphosphoric acid, bisphenol-A epoxy resin and 1,3-butanediol diglycidyl 
ether with different proportions. The structure of flame retardant was confirmed by nuclear 
magnetic resonance (1H-NMR) and Fourier transforms infrared (FTIR) spectroscopy. It was 
found that the fire retardant properties of plywood were significantly improved by intumes-
cence and also enable to maintain the visibility of the surface features of wood [70].

12. Nanocomposite coatings

Nanoparticles have recently been used to prepare the nanocomposites for the improvement 
in fire retardant properties. The major concern of these materials is dispersion. The surface 
modification is essential for nanoparticles to achieve better compatible and homogeneous dis-
persion. The necessary loading of nanoparticles is usually lower than for their micron-sized 
filler counterparts which are an enormous advantage industrially and economically. Clay 
nanopowder composed of montmorillonite and cellulose nanofibers which is used as a trans-
parent fire retardant coating for wood was demonstrated. Fire performance was assessed 
by cone calorimeter at irradiance of 35 kW/m2. It was found that nanopowder coated wood 
showed a strong increase in time to ignition, and a 33% total heat release was reduced along 
with the 46% reduction in maximum average heat emission rate. Both thermal shielding and 
gas barrier functions contribute to delayed thermal degradation of wood and delayed emis-
sion of volatile combustible gases [71]. Hassan et al. prepared the flame retardant intumescent 
polyurethane coatings for wood products. The limitation of intumescent additives, such as 
incompatibility and loading issue, was addressed by using butyl acrylate and montmorillon-
ite clay. They found that the flame retardant properties of wood were improved by addition 
of acrylate and nanoclay using cone calorimeter [72]. Giudice and Pereyra showed through 
the use of oxygen index and a two-foot tunnel tests, (ASTM E84 2013—the regulatory test for 
interior flammability of building materials in the United States), the silica nanoparticle-treated 
wood provides several significant advantages: high fire retardancy, low thermal expansion, 
reduced smoke production, and low cost [73]. The reaction-to-fire properties of titanium 
dioxide (TiO2) and/or clay nanoparticles coated spruce wood were investigated by Fufa et 
al. using a small-scale cone calorimeter. They found that the negative results of reaction-to-
fire performance along with water vapor permeability were observed on specimens treated 
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found that the fire retardant properties of plywood were significantly improved by intumes-
cence and also enable to maintain the visibility of the surface features of wood [70].

12. Nanocomposite coatings

Nanoparticles have recently been used to prepare the nanocomposites for the improvement 
in fire retardant properties. The major concern of these materials is dispersion. The surface 
modification is essential for nanoparticles to achieve better compatible and homogeneous dis-
persion. The necessary loading of nanoparticles is usually lower than for their micron-sized 
filler counterparts which are an enormous advantage industrially and economically. Clay 
nanopowder composed of montmorillonite and cellulose nanofibers which is used as a trans-
parent fire retardant coating for wood was demonstrated. Fire performance was assessed 
by cone calorimeter at irradiance of 35 kW/m2. It was found that nanopowder coated wood 
showed a strong increase in time to ignition, and a 33% total heat release was reduced along 
with the 46% reduction in maximum average heat emission rate. Both thermal shielding and 
gas barrier functions contribute to delayed thermal degradation of wood and delayed emis-
sion of volatile combustible gases [71]. Hassan et al. prepared the flame retardant intumescent 
polyurethane coatings for wood products. The limitation of intumescent additives, such as 
incompatibility and loading issue, was addressed by using butyl acrylate and montmorillon-
ite clay. They found that the flame retardant properties of wood were improved by addition 
of acrylate and nanoclay using cone calorimeter [72]. Giudice and Pereyra showed through 
the use of oxygen index and a two-foot tunnel tests, (ASTM E84 2013—the regulatory test for 
interior flammability of building materials in the United States), the silica nanoparticle-treated 
wood provides several significant advantages: high fire retardancy, low thermal expansion, 
reduced smoke production, and low cost [73]. The reaction-to-fire properties of titanium 
dioxide (TiO2) and/or clay nanoparticles coated spruce wood were investigated by Fufa et 
al. using a small-scale cone calorimeter. They found that the negative results of reaction-to-
fire performance along with water vapor permeability were observed on specimens treated 
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with TiO2 and/or clay nanoparticles treatments [74]. Chuang et al. have investigated the fire 
performance of intumescent coated plywood with the addition of commercial organoclays 
(Cloisite 30B, Cloisite 10A, and Cloisite 15A) at different loadings, 1, 3, 5, and 10%. According 
to the cone calorimeter test, compared to uncoated plywood, the intumescent coating exhib-
ited lower peak heat release rate (peak HRR) and extend the time to reach peak HRR. Further 
improvement was observed with the incorporation of organoclays; however, the type and 
amount of organoclay are very important. For instance, 3% Cloisite 30B and 5% Cloisite 
10A displayed better fire retardancy as compared to other loadings of the clay. It was dem-
onstrated that adding organoclay extends the survival duration of the phosphocarbonaceous 
char structures, which is confirmed by spectroscopic studies [75].

Zhang et al. studied the ignition and burning behavior of intumescent coating and sepiolite 
nanoparticles applied on flaxboard using cone calorimeter, single burning item (SBI) test, and 
reduced scale (one-third) ISO room test. Both cone calorimeter and SBI test represent an open 
and well-ventilated condition, whereas reduced ISO room test is a fire in a confined space and 
represents a more realistic burning condition in most compartment fires. Intumescent coat-
ings effectively delaying the ignition and mass loss rate in both cone calorimeter and SBI tests. 
Further improvement was observed in addition of nanoparticles. This because of intumescent 
coating forms carbonaceous char on the surface, which acts as a thermal and physical barrier 
preventing heat, mass and gas transfer, and further improvement is due to an increase in the 
thermal stability of the char as confirmed by the thermogravimteric analysis. In addition, it 
was also confirmed that intumescent coatings do not cause an increase of the toxic gases, and 
ventilation plays a vital role in the development of the fire [76].

The high thermal conductivity of nanosilver coatings was tested to improve heat transfer in 
wood and enhance fire retardant performance. Nanosilver treatment clearly showed poten-
tial in improving some of the fire retarding properties in solid wood products. It can be 
observed that coating may delay thermal degradation and carbonization by reducing the 
accumulation of heat that is rapidly transferred [77]. Nano-wollastonite is demonstrated 
as multifunctional additive in wood. Wollastonite nanofibers were also reported the same 
group to improve durability and fire retardant properties of poplar wood and solid wood 
composites. It was found that both fire retardant and dimensional stability were improved at 
10% nano-wollastonite impregnated wood. As a mineral material of wollastonite, acts as an 
impermeable physical barrier toward the penetration of flames into the wood structure [78]. 
The synthesis of hexagonal boron nitride nanosheets was demonstrated through a facile shear 
force liquid phase exfoliation method and used as a binder free oxidation and fire retardant 
wood coatings. Because of intrinsic low thermal diffusivity and thermal effusivity, nanosheet 
coatings showed an excellent fire retardation and oxidation resistance up to 900°C [79]. The 
effect of organically modified alpha-zirconium phosphate (OZrP) on the thermal and fire 
retardant properties UV curable system was studied. The flame retardant coating system 
comprises of phenyl di(acryloyloxyethyl)phosphate (PDHA), triglycidylisocyanurate acry-
late (TGICA) and 2-phenoxyethyl acrylate (PHEA). Results showed that addition of 0.5 wt% 
OZrP, the peak heat release rate and total heat of combustion were reduced significantly. 
This is because of the effective char formation and improvement of anti-oxidation perfor-
mance of the coating [80].
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13. Sol-gel method

In recent years, sol-gel processes have also become recognized for the purposes of incor-
porating fire retardants into products. The process comprises hydrolysis and condensation 
reactions that lead to the formation of inorganic or organic-inorganic hybrid coatings. This 
technique is well documented for different polymers. Giudice et al. synthesized the poly-
siloxanes in wood pores by sol-gel process using aminopropylmethyldiethoxysilane, ami-
nopropyltriethoxysilane and a mixture of both (50/50 ratio), and then, impregnated panels 
were subjected to 2-foot tunnel test (flame spread index, panel consumption, and smoke den-
sity). Impregnation process was carried out at 40–50°C in an autoclave and controlling the 
operating conditions for achieving different weight gains. It was shown by the authors that 
aminopropyltriethoxysilane-treated wood sample showed best fire retardant efficiency. This 
is because of more reactivity of alkoxide, which forms hybrid structure [81]. Another study 
showed that the transparent fire retardant coating for wood (pine and larch) was prepared by 
a sol-gel method using vinyl functionalized zirconium oxy-clusters copolymerized with vinyl 
trimethoxysilane. Results showed that coating has improved the fire retardant properties and 
also without affecting the macroscopic appearance of wood surface [82].

14. Fire resistance of timber

The use of timber components in the loading structure in a building relies on fire engineering 
design to ensure that the building can retain its structural integrity for sufficient time either 
for building occupants to be evacuated, or for the fire to be extinguished. In construction 
using large cross-section timber members, like cross-laminated timber, this may be done by 
assuming a rate at which the timber chars and therefore the cross-section of timber remaining 
after a given time [83]. The strength and stiffness of timber both reduce at lower temperatures 
than steel and concrete. For example, timber’s strength is reduced by more than 50% at 100°C, 
compared with that at 20°C [84]. Timber structural members may still perform well at high 
temperatures in comparison with steel, however, since the char layer can act to insulate the 
material within, whereas the high thermal conductivity of steel means that the complete sec-
tion quickly heats up. Where steel is used to connect timber elements, heat can be quickly 
conducted through the connectors, degrading the strength and stiffness of the wood around 
them. The behavior of timber in fire is fundamentally different to steel and reinforced con-
crete; however, since it is combustible, research groups have identified that the key research 
needs to be addressed for the next generation of large timber buildings [85, 86]. They address 
the performance of systems with various levels of encapsulation, the effect of flame spread 
due to a combustible structural material, and the fire performance of connections. Another 
potential use for coatings is to increase the fire resistance of structural timbers. It was showed 
that significant increases in fire resistance can be achieved by using fire resistant coatings. 
This concept should be pursued by the timber industry, as it would be possible to improve the 
fire resistance of structural timbers in old buildings that are being remodeled. The application 
of a fire resistive coating would be simpler and cheaper than cladding the members in fire 
resistive board materials, or replacing the timber member with a concrete or steel member.
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