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Abstract

Abstract

The transport sector is currently facing a complete overhaul due to ever increasing restrictions
on greenhouse gas emissions. As described in the European Green Deal, the main goal is to
achieve net zero emissions by 2050 and to limit global warming to 1.5-2°C above pre—industrial
levels. Owing to their low density, magnesium alloys could become a turning point in light
vehicle design and therefore, drastically reduce the energy consumption and gas emissions in
this sector. At present, the most promising strategies to increase the range of applications of
magnesium alloys are concerned with the development of new alloys and protection systems

with higher corrosion resistance.

Commercial protection mechanisms for magnesium alloys are often based on the use of Cr(V1)
compounds, which is known to be toxic and carcinogenic. Therefore, the development of
Cr(VI)-free surface treatments has become one of the main research lines in recent years. The

alternatives should also provide active corrosion protection and be environmentally friendly.

The Introduction in this Thesis provides an overview of magnesium alloys and their corrosion
behaviour as well as a literature review on protection strategies, including trends on smart
surface engineering approaches which have been postulated as potential replacements for
Cr(VI)-based treatments.

The Hypothesis of the present work is that environmentally friendly treatments based on
plasma electrolytic oxidation, layered double hydroxides and sol-gel coatings should provide a

sound basis for active corrosion protection of magnesium alloys.

The Objectives are divided into four chapters that are mainly concerned with the incorporation

of corrosion inhibitors and/or the development of multistep protection systems.

Chapter 1 explores the synthesis of layered double hydroxides (LDH) coatings and the
incorporation of inorganic corrosion inhibitors. Two separate LDH coatings on AZ31 alloy,
Zn—Al LDH and Li—Al LDH, are produced in-situ under hydrothermal conditions. The chapter
includes inhibitor screening by electrochemical impedance spectroscopy (EIS), characterization
of the inhibitor—free and inhibitor—loaded coatings and assessment of the active protection by

immersion corrosion tests with scribed specimens.
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In Chapter 2, coatings fabricated by flash plasma electrolytic oxidation (flash-PEO) are
investigated as an energy efficient and environmentally friendly corrosion protection strategy
for the AZ31 alloy. The feasibility of using electrolytes loaded with Ca species as an anti—
corrosion species is evaluated. In this study, an electrolyte based on phosphate and sodium
aluminate is used. Two calcium compounds are added independently, calcium oxide and
calcium glycerophosphate, both in the presence of EDTA (ethylenediaminetetraacetic acid)
complexing agent. The chapter includes coating characterization, paint adhesion tests and

corrosion testing by EIS and salt spray.

Chapter 3 is focused on the development of sealing post—treatments on PEO coatings on two
magnesium alloys: a MgYZn alloy with long period stacking ordered (LPSO) phases and
AZ91D alloy. Different sealing procedures based on Ca and Ce species are selected and
evaluated. In both cases, conditions with the highest corrosion resistance are characterized and

evaluated by corrosion tests such as EIS and potentiodynamic polarization.

Chapter 4 deals with the morphology, composition and corrosion behaviour of hybrid
PEO/sol-gel coatings on AZ31 alloy. The incorporation of a corrosion inhibitor is approached
by following two strategies: immersion post—treatment after PEO and sol—gel precursor with
incorporated inhibitor. The chapter includes inhibitor screening by EIS, coating
characterization and assessment of the active protection by immersion corrosion tests with

scribed specimens.

Overall, findings reveal that the corrosion resistance of magnesium alloys can be significantly

improved by using PEO, LDH and sol—-gel systems in combination with corrosion inhibitors.




Resumen

Resumen

El sector del transporte afronta en la actualidad una renovacion completa debido al incremento
en las emisiones de los gases de efecto invernadero. De acuerdo con el Pacto Verde Europeo,
el principal objetivo es conseguir cero emisiones netas para 2050 y limitar el calentamiento
global a 1.5-2 °C sobre las condiciones previas a la época industrial. Debido a su baja densidad,
el empleo de aleaciones de magnesio podria suponer un punto de inflexién en el disefio de
vehiculos ligeros, reduciendo enormemente el consumo energético y las emisiones de los
mismos. El desarrollo de nuevas aleaciones y sistemas de proteccién con mejor resistencia a
corrosion son las estrategias mas prometedoras en la actualidad para ampliar el rango de

aplicaciones de las aleaciones de magnesio.

Actualmente los mecanismos de proteccion comerciales sobre magnesio se basan en el empleo
de compuestos de Cr(VI), cuyas caracteristicas toxicas y carcinogénicas son ampliamente
conocidas. En este contexto, el desarrollo de nuevos tratamientos superficiales libres de Cr(VI)
se ha convertido en una de las principales lineas de investigacion en los Gltimos afios. Las
alternativas deben presentar ademas capacidades de proteccion activa y ser respetuosas con el

medio ambiente.

En la Introduccion de esta Tesis se presenta una vision general de las aleaciones de magnesio
y su comportamiento a corrosién. También se recoge una revision bibliografica sobre las
estrategias de proteccién, incluyendo tendencias sobre recubrimientos inteligentes como

posibles sustitutos de tratamientos basados en Cr(V1).

La Hipotesis del presente trabajo es que tratamientos respetuosos con el medio ambiente
basados en oxidacion electrolitica por plasma, hidroxidos dobles laminares y capas sol-gel
deberian proporcionar una base sélida para la proteccién activa contra la corrosion de las

aleaciones de magnesio.

Los Objetivos se dividen en cuatro capitulos centrados en la incorporacion de inhibidores de

corrosion y/o en el desarrollo de sistemas de proteccion hibridos.

El Capitulo 1 explora la sintesis de recubrimientos de hidréxidos dobles laminares (LDH) y la
incorporacion de inhibidores de corrosion inorganicos. Se producen in—situ y bajo condiciones
hidrotermales dos recubrimientos sobre la aleacion AZ31, Zn-Al LDH y Li—Al LDH. El

capitulo incluye el cribado de los inhibidores mediante espectroscopia de impedancia
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electroquimica (EIS), la caracterizacion de los recubrimientos sin y con inhibidores y la
evaluacion de la proteccion activa mediante ensayos de corrosion por inmersion con probetas

que incluyen defecto artificial.

En el Capitulo 2, se investigan recubrimientos fabricados mediante oxidacion electrolitica por
plasma de corta duracion (flash—-PEO), como estrategia energéticamente eficiente y respetuosa
con el medio ambiente, para la proteccion de la aleacion AZ31. Se evalla la viabilidad de
utilizar electrolitos cargados con especies de Ca como especie anticorrosiva. En este estudio, se
utiliza un electrolito basado en fosfato y aluminato de sodio. Se afiaden dos compuestos de
calcio de forma independiente, 6xido de calcio y glicerofosfato de calcio, ambos en presencia
del agente complejante EDTA (acido etilendiaminotetraacético). El capitulo incluye la
caracterizacion del recubrimiento, los ensayos de adhesion de pintura y pruebas de corrosion

por EIS y niebla salina.

El Capitulo 3 se centra en el desarrollo de post—tratamientos de sellado sobre recubrimientos
de PEO en dos aleaciones de magnesio: una aleacion MgYZn con estructuras ordenadas con
apilamiento de periodo largo (LPSO) y la aleacion AZ91D. Se seleccionan y evaltan diferentes
procedimientos de sellado basados en especies de Ca 'y Ce. En ambos casos, se caracterizan las
condiciones que proporcionan la mayor resistencia a la corrosion y se evallan mediante ensayos

de corrosion como EIS y polarizacion potenciodindmica.

En el Capitulo 4 se estudian recubrimientos hibridos PEO/sol-gel sobre la aleacion AZ31 en
términos de morfologia, composicion y comportamiento frente a la corrosion. La incorporacion
de un inhibidor de corrosion se aborda siguiendo dos estrategias: postratamiento por inmersion
tras PEO y precursor sol-gel con inhibidor incorporado. El capitulo incluye cribado de
inhibidores mediante EIS, la caracterizacidn del recubrimiento y la evaluacion de la proteccién

activa mediante ensayos de corrosion por inmersién con probetas rayadas.

En general, los resultados revelan que la resistencia a la corrosion de las aleaciones de magnesio
puede mejorarse significativamente utilizando sistemas PEO, LDH y sol-gel en combinacion

con inhibidores de corrosion.
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Introduction

1.1 Magnesium alloys: general properties and corrosion behaviour

1.1.1 Overview of Mg alloys

Magnesium (Mg) is the 8th most abundant element in the Earth’s crust and is also present in
seawater. Therefore, there are plenty of resources to cover the needs of multiple engineering
sectors. A timeline of the main scientific and technological developments on Mg is presented
in Figure 1. Mg was isolated and prepared in coherent form in the 19th century and nowadays
is produced either by electrolysis of molten MgCl; or by thermal reduction of MgO [1]. The
production of primary Mg is an energy—intensive process with a large carbon footprint, e.g. 360
GJ and 5.2 t CO> per ton of Mg obtained via thermal reduction [2]. Secondary or recycled Mg
accounts for about 20% of the total production and requires much less energy (10 GJ/t) [3, 4].
World production has reached ~1.2 Mt/year and is expected to grow at 4.9% during the next 5
years and reach 1.6 Mt by 2027, with China being the main producer [5-7].

First production of Development First use in The univalent Early research FAA approved
Mg by electrolysis, of first Mg automobiles Mg model is on Mg conditional use of
Faraday "alloy" as pistons proposed coatings magnesium in aircraft
1866 1908 1924 1954 1993 2013
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H. Davy implant corrosion Mg alloys conversion carcinogenic by protection for Mg
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Figure 1. Scientific and technological developments on Mg [7].

Society’s growing environmental awareness has resulted in an increased number of stringent
regulations, leading to significant challenges for the transport sector. For instance, in 2016, the
European Union ratified the Paris Agreement and targeted to reduce emissions by at least 55%
by 2030 from 1990 levels [8]. In this framework, magnesium —the lightest structural metal— has

attracted huge attention as an effective way to reduce demands on fuel resources, increase
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energy efficiency and decrease CO, emissions. With a density of ~1.7 g/cm3, Mg is
significantly lighter than Al (2.7 g/cm?®), Ti (4.5 g/cm?®) and Fe (7.9 g/cm?®) [9], and compared
with other engineering materials has a higher specific strength, being similar to that of

composite materials (Figure 2).
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Figure 2. Young’s modulus (E) — density (p) chart for various engineering materials [9].

The good castability and damping capacity of Mg—based materials are also sought after in the
transport industry (Figure 3). However, issues regarding formability and in-service
performance are restricting their wider use in this sector [10]. In any case, Mg alloys still find
many applications in aerospace and military industries as well as in consumer electronics and

sporting goods.
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Figure 3. Examples of potential applications of Mg alloys in the transport industry. (a) Forging gear

box, and (b) Cast steering box housing.

The use of cast magnesium alloys is far more extensive than that of wrought alloys, which only
accounts for up to 10-15% of all products. This is again explained by the low formability of
Mg alloys. Many strategies have been developed for multiple applications to overcome that
pure Mg is soft and mechanically weak [10]. Aluminium was the first alloying element
commercialised and nowadays Mg-Al alloys are still one of the most widely used. AZ91,
AM60, AM50 and AZ31 are examples of the most commonly used Mg-Al alloys [11, 12].
Aluminium improves the castability and induces hardening by precipitation. It is usually
combined with zinc since it increases melt fluidity and strength at ambient temperature [13].
Manganese is also added in small quantities to counteract the detrimental effect of impurities
(e.g. Fe, Cu, Ni).

Magnesium alloys containing rare earths (REs) are more expensive than Mg—Al alloys, but they
offer advantages such as high creep strength, pressure tightness and weldability. Mg-RE alloys
such as WE43, EV31, EZ33 and ZE41 are currently being used in the aeronautic and aerospace
industries for high temperature components (>175°C). An example of recent developments in
alloy design for structural applications include cast and wrought Mg-systems with long period
stacking ordered structures (LPSOs), which are obtained by combining REs elements and
transition metals [14].

In the last decade, Mg alloys are increasingly being used for biomedical applications. AZ31 and
WEA43 alloys have already been commercialized [15], although new alloys with biocompatible
elements such as Ca, Zn, Ag and Si are being developed [16]. The main advantage of Mg alloys
is that they can be used as temporary implants. Therefore, a second surgery would not be

necessary since the implant would be reabsorbed once its purpose has been fulfilled. However,
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rapid biodegradation of magnesium alloys under physiological conditions has delayed their use
in therapeutic applications. Complications are mostly related to excessive hydrogen evolution,

local alkalinisation and early loss of mechanical integrity [17].

Figure 4 shows some of the most relevant properties of magnesium alloys that justify their use

in the transport, 3C (computer, communications and consumer electronics) and medical sectors.

Medicine
* Unique physical properties

* More suitable than steel or
titanium as bone implants

* High similarity of mechanical
properties to bone

* Biocompatible and non-toxic
* Adjustable working time

Transport

* Highest projection for magnesium
alloys

* Weight reduction for energy savings

* Increases the safety of the

structures

3C: computer, communications
and consumer electronics

¢ Lightweight mobile devices

* Good mechanical strength and
heat transfer

* Complex parts can be easily
fabricated

* Smartphone and laptop
magnesium cases outperforming
plastics

Figure 4. Main applications of magnesium alloys [18].

Magnesium alloys still face some important challenges that limit a wider acceptance. These
include poor corrosion resistance in saline environments (an example of corrosion is shown in
Figure 5), low creep strength above 175°C, poor stiffness, limited formability and price
variability. Therefore, great efforts are being carried out to improve manufacturing and
processing routes as well as to design new Mg alloys and surface treatments with improved

properties.
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Figure 5. Repair of a corroded magnesium rotorcraft component by cold spray [19].
1.1.2 Corrosion behaviour of magnesium alloys
1.1.2.1 Thermodynamics

In the absence of water, Mg exothermically reacts with oxygen (1) and develops a MgO film
with a thickness of a few nanometres [20]:

2Mg(s) + 02(g) — 2MgO(s) )

A discontinuous or defective MgO layer is likely to form due to its relatively low Pilling—
Bedworth ratio of 0.81 [21]. In dry air at room temperature, the MgO film provides adequate
protection and, thereby, Mg shows good corrosion resistance. In the presence of water,
hydroxylation (2) of the MgO surface occurs:

MgO(s) + H,0(l) — 2Mg(OH),(s) (2)

This reaction is thermodynamically favourable. Accordingly, a bilayer film is formed consisting
of a Mg(OH)2 upper layer and a bottom MgO layer (Figure 6).

Figure 6. Schematic representatlon of the corrosion Iayer on Mg in the presence of atmospheric H-0.




Introduction

The MgO/Mg(OH). film is non—protective in neutral and acidic aqueous solutions. Thus,
dissolution of this “quasi—passive” film eventually exposes the metal to the solution and, as a

result, Mg, which is highly active, corrodes in accordance with the following reactions [22, 23].

Anodic reaction Mg(s) —» Mg?*(aq) + 2e” (3)
Cathodic reaction 2H,0(1) + 2e~ = H,(g) + 20H (aq) 4)
Precipitation reaction Mg?*(aq) + 20H (aq) —» Mg(OH),(s) (5)
Overall reaction Mg(s) + 2H,0(1) —» Mg(OH),(s) + H,(g) (6)

Magnesium oxidation half reaction releases two electrons (3), although some authors defend
that an intermediate state of univalent magnesium also comes into play [24, 25]. The released
electrons reduced water molecules and hydrogen gas is produced (4). This is because
magnesium is a very active metal and, in neutral and low pH aqueous solutions, is well below
the water stability region. In addition to molecular hydrogen, OH" is also released, which causes
the pH to rise. Finally, magnesium hydroxide precipitates (5). Thus, the overall corrosion

reaction could be expressed as (6).

In summary, the poor corrosion resistance of pure Mg can be mainly attributed to two factors:
(i) the highly electronegative potential of Mg (-2.4 Vshe), and (ii) the poorly protective
properties of the MgO/Mg(OH). surface film. In case of Mg alloys and/or multimaterial
designs, additional corrosion issues arise due to formation of galvanic couples. This is because
most metals, inclusions and second phases are more noble than Mg and serve as cathodes.

1.1.2.2 Effect of the environment

There are several environmental variables that affect the corrosion susceptibility of magnesium
alloys such as pH, temperature and the nature of aggressive species (e.g. Cl-, SO>). It has also
recently been stated that oxygen concentration may also be relevant under specific conditions
[26, 27]. It is known that the presence of CI™ is always associated with a higher corrosion rate
for the entire pH range. In alkaline saline environments, especially above pH 11.5, corrosion

rate is somewhat lower since a semi—protective layer of Mg(OH)2 is formed on the surface [28].

Pourbaix's diagram in Figure 7 shows the most stable Mg species as a function of water pH and
electrode potential. In neutral saline environments, the corrosion potential usually lies around
~—1.5 VshE, as a Mg(OH)2 film is formed on the surface. Oxygen reduction should be negligible
in comparison to the more thermodynamically favourable water reduction [28]. It can also be

inferred from this diagram that there is a higher tendency towards corrosion in neutral and acidic
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media. Indeed, magnesium rapidly dissolves in aqueous solutions below pH 11, the equilibrium
pH value for Mg(OH)a.

14

Figure 7. Pourbaix’s diagram for magnesium, adapted from [29].
1.1.2.3 Effect of alloying elements and microstructure

Most alloying elements show a rather limited solubility in Mg. This translates into minimal
effects in the corrosion potential. However, corrosion rates may spread over several orders of
magnitude. This is mostly due to enhanced cathodic kinetics in combination with the very low

anodic Tafel slope of Mg [30].

The Mg-Al-Zn or AZ system is probably one of the most studied and by far the most
commercially interesting one. The microstructure of AZ alloys typically consists of a—Mg and
B—Mgi7Al12 phases as well as some small polygonal Al-Mn inclusions (e.g. AlsMns). Figure
8a and 8b show the microstructure of the slowly cooled AZ80 alloy as an example [31-37].
However, this microstructure is not found in commercial systems that are solidified under non—

equilibrium conditions. For the latter, o—Mg dendritic grains and a partially or fully divorced
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eutectic network at the grain boundaries is more common [31]. In these alloys, impurity control
Is important as heavy metals (Fe, Ni and Cu) can cause severe galvanic corrosion [31].
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Figure 8. (a,b) Microstructure of AZ80 alloy at two different magnifications. The alloy shows a
microstructure of a—Mg matrix grains and grains of a lamellar a—Mg + p—Mgi7Al12 aggregate in higher
proportion. (c) Surface image of AZ80 after immersion in aggressive media for 28 days. SKPFM

study: (d) topography image; (e) profile—line analysis. Adapted from [31].

The corrosion resistance of AZ alloys mainly depends on the distribution of aluminium. Under
atmospheric conditions, Al alloying has a positive effect [22, 31], whereas contradictory results
are usually found for immersion tests [20]. This is mostly explained by the role of the —phase.
The B—phase is known to have a cathodic behaviour, causing the acceleration of anodic metal
dissolution from the a—phase, but it can also act as an anodic barrier when the volume fraction

is high enough, thus decreasing the overall corrosion [28, 31, 34, 35, 38-46] (Figure 8c,d,e).

In case of other alloy systems, the common observation is an increased corrosion rate in
comparison to pure Mg due to the presence of secondary phases acting as cathodes. This
detrimental effect can be illustrated with the example of Mg—Y-Zn alloys that contain LPSO
phases. LPSO-Mg alloys possess superior mechanical properties and plastic formability than
conventional Mg alloys [47-52]. LPSO phases show different morphologies depending on the
heat treatment and reveal different stacking sequences, although 18R and 14H structures are
the most common ones (Figure 9). However, it has been shown that these cathodic phases

10




Introduction

accelerate the corrosion attack and that their volume fraction, orientation and distribution
greatly affect the corrosion morphology in Mg—Zn-Y alloys [53-56].
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Figure 9. Structure models of the Mg—Zn-Y LPSO polytype structures. Blue and red circles represent
the Mg site and Zn/Y occupation site, respectively. Adapted from [52].

1.1.2.4 Corrosion mechanisms and morphology

The corrosion mechanism of magnesium is still object of discussion among researchers such as
Fajardo [57, 58], Lamaka [59], Birbilis [60, 61], Frankel [62, 63], and many others [64, 65]. It
is widely accepted that the primary cathodic reaction on Mg corrosion reaction is the reduction
of water molecules with the liberation of hydrogen gas. This process is known as hydrogen
evolution (HE). Counterintuitively, anodic polarization of Mg increases both Mg dissolution
and hydrogen liberation. This unexpected behaviour has been termed negative difference effect
(NDE) or, more recently, anomalous HE (AHE), and is in contradiction with the Butler—\olmer
equation [Eq. 1], which is the well-accepted expression to describe activation—controlled
Kinetics [66-68] (Table 1).

ingr = Lou,Mg [exp ((E_EJ—:VH)) —-exp (_(E_li—ZTVH))] [Eq. 1]
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Table 1. Components of Butler—\olmer equation.

IHER Alcm? current density associated with the HER

10,H,Mg Alcm? exchange current density for the evolution of Hz on Mg
E \Y electrode potential

ErevH \ reversible potential for the HER

ba V/dec value of the anodic Tafel slope

|| V/dec absolute value of the cathodic Tafel slope

Different theories have been proposed to explain the discrepancy between predicted and
experimental results in regard to hydrogen evolution. According to the univalent Mg theory,
AHE can be explained by a mechanism of dissolution in two steps; i) Mg is dissolved as Mg*
(7) and ii) Mg* undergoes a homogeneous chemical reaction with water to form Mg?* and H.
(8). This implies that a greater dissolution of the metal produces more H,. Although some
authors still defend this theory, it is mostly discarded today as Mg* ion has not been

experimentally detected [69].

Mg (s) » Mg*(aq) + e (7)

Mg*(aq) + H0() —» Mg®"(aq) + % Hy(g) + 20H (aq)  (8)
The enhanced catalytic activity theory [70] is another popular explanation for anomalous HE.
This model assumes that there are some catalytic active sites on the Mg surface during anodic
dissolution, which enhance HE. However, the catalyst has not been theoretically asserted or

experimentally detected [71].

A more recent approach involving first—principles density functional (DFT) simulations was
presented by Yuwono et al. [68]. In accordance with this model, Mg*H intermediates undergo
oxidation upon anodic polarisation, resulting in hydrogen evolution and Mg dissolution. This
causes AHE at the regions where anodic dissolution occurs, due to the reaction of Mg*H with
water. However, this model has also been criticized based on the complexity of its multi—

electron elementary reactions.

Corrosion of magnesium alloys in neutral agueous solutions generally takes the form of shallow
wells or pits that grow laterally until they merge longitudinally. However, stress—corrosion
cracking (SCC), filiform and pitting corrosion as well as other forms of corrosion have also

been reported in magnesium literature (Table 2).
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Table 2. Different corrosion mechanism on Mg alloys.

Mg—4.0Zn-0.2Ca Hank’s solution Uniform corrosion [72]
AZ91 1N (5.4 wt.%) NaCl Immersion test Localised corrosion [44]
WE43 3.5 wt.% NaCl immersion test Intergranular corrosion [73]
AE44 3.5 wt.% NaCl spray at 35 °C Pitting corrosion [74]
AZ91 3 wt.% NaCl Immersion Filiform [75]
Mg (>99.99% purity) 3.3 wt.% NaCl + 2 wt.% K>CrOs  SCC [76]
AM60B Water vapour Corrosion fatigue [77]

1.2 Protection of Mg alloys

1.2.1 Overview

Coatings are the most common approach to prevent corrosion. In addition to their barrier effect,
coatings can also provide active protection when corrosion inhibitors are incorporated into
them. When mechanical damage is likely to occur, the best coatings are those that are uniform,

pore free, well-adhered and with self-healing ability.

It is known since early 1920s that Cr—based treatments provide a high level of protection to
steel, galvanized steel and Mg and Al alloys. However, chromates are highly toxic and
carcinogenic, according to REACH regulation [78]. Therefore, Cr—based treatments have to be
replaced by environmental—friendly and equally effective alternatives in terms of corrosion,

fatigue and paintability performance.

As shown in Figure 10, there is a clear growing research interest in coatings for corrosion
protection of Mg and its alloys. It is worth noticing that over 200 influential review articles and
several book chapters related to coating technology for Mg alloys have been published in the
last decade [20, 79-92]. There are a number of coating technologies available, including
electrochemical plating, conversion coatings, anodizing, hydride coatings, organic coatings, ion
implantation, hot pressing and vapor—phase processes [79]. Two Cr—free coating alternatives
which are addressed in the present work deserve particular attention due to their versatility and
combination of properties: plasma electrolytic oxidation (PEO) and conversion coatings. To
give an idea of their relevance, in the last 10 years and according to the Scopus database, these

two topics have been the focus of more than 13000 publications in JCR journals.
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Figure 10. Publications in relation to "magnesium", "corrosion" and “coating” over the last 30 years

and analysis of the results for the documents published since 2012 (Source: Scopus).

1.2.2 Smart surface engineering on Mg alloys

In recent years, physical barrier coatings are being replaced by smart approaches. The main

advantage of smart surfaces is that they modulate their response as requested. Self—cleaning,

self-healing, active protection, anti—fouling, pollution—absorbing and sensing are often linked

to smart coating technologies. The common ground is that the response of the surface is driven

by a stimulus (e.g. chemical, mechanical, thermal, electrical or biological changes in the
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material or surrounding environment). The response to the stimuli can be global or local

depending on the applied technology (Figure 11).

* Encapsulation \\

 Vascular networks

* Sensors:
externally/internally
triggered actuators

* lon exchange

Local response
* No response and signaling
* Sensors and delivery and
signaling systems
(fluorescence, pH,

* pH, T, UV
* Chemical agents
* Mechanical damage

indicators, magnetic
properties)

Figure 11. Classification of coatings according to the response to stimuli and its complexity.

In the particular case of Mg alloys, smart surface engineering is mainly devoted to the
enhancement of corrosion resistance [93], particularly through the application of smart—
coatings because they are available in a wide range of compositions and can provide other

desirable properties such as wear resistance, aesthetics, paint adhesion and electrical insulation.

In the transport sector, the state—of-the—art for corrosion protection of Mg alloys is based on
conversion films as primers and sealing top coats (e—coats, paints, etc.). Conversion coatings
(CCs) are thin and offer limited protection, but they provide good compatibility with top layers.
Chromate conversion coatings (CCCs) are considered the best option. However, formulations
that contain chromates are heavily regulated due to Cr(VI) toxicity [94]. Currently, CCs on Mg
alloys are based on phosphates, permanganates and fluorozirconates, but they are less effective
than CCCs as they do not provide the same self-healing capacity that comes with Cr(VI)
species. As a result, critical components in the aeronautic sector still rely on CCCs. A similar
situation is found for anodizing of Mg alloys, although promising Cr—free treatments with self—
healing capacity have been recently developed by plasma electrolytic oxidation (PEQO) [95],

which is an advanced anodizing technology.

Based on the above information, it becomes evident that smart—coatings are in demand for
transport applications. Smart—coatings for Mg alloys often seek self-healing properties. That
is, when the surface is damaged during use, the coating self-repairs entirely or partially and

restores its functionality. During the last decade, several self-healing approaches have been
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investigated for different surface modification techniques. The most relevant ones include: (1)
active agent; (2) encapsulation coatings; and (3) layer—by—layer (LBL) assembled coatings
(Figure 12).
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Figure 12. Smart coatings typically applied on Mg alloys.
1.2.2.1 Active agents

Active agents for corrosion protection of Mg alloys typically involve inorganic and organic
inhibitors. There are many classification systems for corrosion inhibitors. One of the most
common ones is based on the effect on the cathodic and anodic reactions. Cathodic, anodic and
mixed inhibitors are distinguished. The inhibition mechanism is based on retarding the cathodic
or anodic reaction of the corrosion process or both of them. As a result, they cause a shift of
the corrosion potential of the inhibited metal toward respectively either the cathodic or the
anodic directions or they substantially leave the metal corrosion potential more or less
unchanged [96-98].

Another classification system is based on the type of interaction with the metallic surface
(Figure 13): (i) adsorption film, (ii) passivation film, and (iii) precipitation of protective
compounds. Inhibitors that interact forming an adsorption protective film are mainly organic
compounds and normally have a molecular structure of a surfactant, with a hydrophilic group

capable to bond with the metal surface and a hydrophobic part toward the solution. To form a
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passivation film conventional inhibitors include oxidizing species (e.g. chromates and nitrites)
and also non—oxidizing inhibitors, (e.g. tungstates and molybdates). It is worth mentioning that
some of these species, in particular chromates based, are being abandoned because of toxicity
concerns. In the case of precipitation of protective compounds, inhibitors are chemicals forming
insoluble protective films by reaction with soluble species in the environment (e.g.,
phosphonates and polyphosphates forming protective films with calcium ions in solution) or

with the protected metal ions (e.g. copper—benzotriazole (BTA) salt film).

Adsorption film

. [ e Organic compounds (surfactant
Cathodic I molecular structure)

Passivation film S A ——

* Oxidizing species (chromates and ——
nitrites)

* Non oxidizing species (tungstates
and molybdates)

Anodic

Mixed D Precipitation film

_— e Chemicals forming insoluble
protective films (phosphonates
and BTA)

Figure 13. Corrosion inhibitor interaction mechanisms with magnesium surfaces.

Focusing on Mg alloys, the scientific community is making a great effort to find effective and
environmentally friendly inhibitors [97, 98] that also fulfil the technical and legal requirements.
Table 3 collects some of the most representative inhibitors for Mg alloys based on the
interaction with the metallic surface. In addition, a long list of inhibitors for Mg alloys can be

found in a recent review [98].

Table 3. Suitable inhibitors for Mg alloys.

ZK30 Sodium 50 mM NaCl 51 h 4 x 10* [99]
dodecylbenzenesulphonat
e (SDBS)
AZ91 Lactobionic—acid (LTA) 50% aqueous 10.8 x 10°° [100]
ethyleneglycol
AZ91 6-Ring organic 50% aqueous 42,5 x 107 [100]

compounds containing  ethyleneglycol
N-heteroatom
Mg-Al-Zn Aliphatic amino acids,  chloride—free (8.5-29.9) x 10°° [101]
aromatic amino acids and naturally aerated
sulphur containing amino solutions
acids
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Table 3. Suitable inhibitors for Mg alloys. (cont.)

AZ81 Phosphate—permanganate  ASTM D1384-87 ~7 x 10 [102]
conversion coatings water
AMG0 Phosphate coatings phosphating bath 1 x 10 [103]
Mg-Ca-Zn-Co Fluorides Simulated body  10° [104]
alloy foam fluid
WE43 Molybdate 0.5 M NaCl 4.6 x 10°° [105]
Mg-10Gd-3Y- Sodium ASTM D1384- 5x 10 [106]
0.5Zr aminopropyltriethoxysilic 87 solution
ate (APTS—Na)
Mg-10Gd-3Y-  Zinc nitrate ASTM D1384- 6x10° [106]
0.5Zr 87 solution
Mg-10Gd-3Y- Sodium phosphate 50 vol% ethylene 8 x 107 [107]
0.5Zr glycol
Mg-10Gd-3Y- 5,10,15,20— 50 vol% ethylene 2 x 10°° [107]
0.5Zr Tetraphenylporphyrin glycol
(TPP)

1.2.2.2 Encapsulation systems

One of the main challenges of corrosion inhibitors is the fading effect due to uncontrolled
release into the active corrosion spots. Encapsulation systems provide an effective way for
controlled-release of inhibitors. The encapsulation systems are based on load-release
mechanisms of active repair agents. The release mechanism is based on a specific trigger (e.g.
pH, UV light, mechanical damage). These coatings require multiple steps, but a greater level of
protection is achieved. In—situ and ex-situ incorporation of inhibitors into the host coating are
both possible. The host coating is typically a polymer, sol-gel, layered double hydroxides
(LDHs), PEO coatings and their combination [108]. These procedures are referred to as in-situ
when the inhibitor agent is loaded during coating formation. In ex—situ coatings the inhibitor is
loaded in a different step, for instance by pre—loading the inhibitor into a container which then
goes into the coating. Encapsulation of inhibitors into nanoparticles and microcontainers works
similarly to direct encapsulation. However, it has the added benefit of improved mechanical
properties of the coating and smarter release of inhibitors that otherwise may be released too
quickly. All sorts of containers have been used in the literature. TiO2, CeO2, SiO2, carbon
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nanotubes, LDHSs, organic microspheres, zeolites and natural clays are some examples [108].

Figure 14 shows examples of common approaches of encapsulation systems.

TN ’*-‘,
TR g

Figure 14. Common approaches of encapsulation systems.

In the case of Mg alloys, inorganic and organic inhibitors such as Ce3*#*, La®*, VO*", POs%,
MO4>, benzotriazole, 2-mercaptobenzothiazole and 8-hydroxiquinoline have been
investigated using different encapsulation systems to improve the corrosion performance. Table
4 gathers the most relevant systems including information about the alloy type, coating system,

corrosion inhibitors and the incorporation method.

Table 4. Examples of inhibitor incorporation into coatings on Mg alloys.

Coating  Corrosion inhibitor Incorporation Corrosion

system performance

AZ91D Sol-Gel 8-Hydroxiguinoline Halloysite 2.67x107Acm? [109]
nanotubes

AZ91D Sol-Gel  Ce®/zr* Nanotubes 7.03x107Acm? [110]

AZ31B  Epoxy Mercaptabenzimidazole Magnesium—  3.34x 107 Acm?  [111]
Silicate
nanotubes

ZE21B  Sol-Gel  Paeonol condensation Direct 3.64x10°Acm? [112]

tyrosine incorporation
AZ31 PEO Ciprofloxacin Post-treatment 7.03x 108 Acm2? [113]
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Table 4. Examples of inhibitor incorporation into coatings on Mg alloys. (cont.)

Alloy Coating  Corrosion inhibitor Incorporation Corrosion
system performance
AZ31 Mg-Al LDH 1.70x 10°Acm=2  [114]
LDH intercalation
AZ91D Mg-Al Ce* Direct 232x10°Acm? [115]
LDH incorporation

1.2.2.3 Layer-by-Layer (LBL)

LBL assemblies are very versatile due to their multilayer design. The assembly depends on
chemical/physical bonding interactions between the layers and can be obtained with a wide
range of methods (e.g. dip, spin, spray, multi-step). The most common approach is the
deposition of multiple polymer layers with incorporated repair agents. In the case of Mg alloys,
examples of polymers include PCL (polycaprolactone), poly (ethylene imine), poly (acrylic
acid) and polymethyltrimethoxysilane, and examples of active agents are similar to those
previously mentioned. However, LBL self-healing coatings show poor mechanical stability and

they still remain at the lab scale (Figure 15) [108].
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Figure 15. LBL methods schematic representation [108].
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1.2.3 Conversion and plasma electrolytic oxidation coatings
1.2.3.1 Chromium conversion coatings

Since early 1920s, chromium conversion coatings (CCC) have efficiently been used for
corrosion protection of various types of alloys including Mg [95]. The typical treatment

conditions are gathered in Table 5.

Table 5. Typical composition and procedures for CCCs on Mg alloys.

H>CrO4 or H2Cr207 pH: 1~2
+ activators (sulphates, chlorides, fluorides, Low T (RT) 0.05-2
phosphates and complex cyanides) ~3 min

As shown in Table 5, the precursor solution is acidic. This favors the dissolution of Mg followed
by a local pH increase, which triggers the reaction between Mg?* ions and chromate ions and,
therefore, the formation of insoluble and adherent compounds [116, 117]. The conversion
process is quite fast and can take place at room temperature [118]. The result is usually a very
thin layer of a few microns. CCC provides high corrosion protection with a self-healing and
inhibition effect, due to the presence of trace amounts of Cr(VI1) species that have a high
repassivation capacity of the damaged areas through the formation of mixed oxides of Mg?*
and Cr¥. Even today, Cr(VI)-free coatings are far from matching these good corrosion

protection properties, with perhaps a few notable exceptions based on V and Mo oxides [119].
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Figure 16. Cr species predominance diagrams for (a) hexavalent and (b) trivalent oxidation states.
Diagrams calculated using the MEDUSA software package developed by KTH Chemistry department.
Adapted from [120-122].
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In solution, the stable species for hexavalent chromium are hydrochromate (HCrO*), chromate
(CrO4%), and dichromate (Cr,07%) ionic species (Figure 16). The proportion of each ion in
solution depends on the specific pH and concentration. The formation mechanism of the CCC

on Mg goes as follows according to Pommiers—Belin et al. [123].

Redox reaction: Cr,0,% (aq) + 14H* (aq) + 3Mg(s) —

- 2Cr3*(aq) + 7H,0 + 3Mg?*(aq) (9)
Magnesium deposition: Mg?*(aq) + 20H (aq) —» Mg(OH),(s) (10)
Chromium deposition: Cr3*(aq) + 3H,0(1) — Cr(OH); (s) + 3H"(aq) (11)

The main advantages of these layers are based on the simplicity of the process and low operating
cost along with a significant improvement of corrosion properties with self—healing
characteristics. However, according to recent REACH regulation, Cr(VI) is highly toxic and
carcinogenic and must be withdrawn from use and replaced by new environmental—friendly

substitutes.

Currently, commercial alternatives to CCCs are based on phosphates, permanganates and
fluorozirconates, but they are less effective than CCCs as they do not provide the same self-

healing capacity that comes with Cr(\V1) species [124-128].
1.2.3.2 Layered double hydroxides
I.  Fundamentals

Recently, a lot of attention has been drawn to innovative conversion coatings based on layered
double hydroxides (LDHs) as an environmentally friendly alternative to CCC due to their

unique structure and versatility from a corrosion protection point of view [84].
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Figure 17. Schematic representation of a hydrotalcite like structure.
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LDH systems, also known as hydrotalcite—like systems or anionic clays, can be described as
positively charged mixed metal (M?* — M*") hydroxide layers and interlayers occupied by

anions (A™) and water molecules.

The general formula of LDHs can be represented as [M?* ) M3*x(OH)2** [(A™)xm-nH20]*
[129]. The atomic structure (Figure 17) is close to a brucite—like structure similar to hydrotalcite
(HT), where a fraction of divalent cations (M?*) has been substituted by trivalent cations (M3").
The nature of cations can be very diverse: Mg?*, Ca?*, Cu?*, Mn?*, Zn?* and AI**, Cr¥*, Fe®*,
Co%* [84, 130]. The positive charge of the sheets (x*) caused by the partial substitution of the
divalent cations is defined by the ratio M?*/(M?* + M**) which usually varies in the range of
0.20 to 0.33 [131]. Anions allocated in the interlayer galleries (e.g. NOs~, PO4*-, COs?") balance
this positive charge and provide the coatings with ion—exchange ability. In fact, the intercalated
anions can be exchanged under controlled conditions with other species from the environment

(e.g. corrosion inhibitors).

There are different synthesis methods for LDHSs including in-situ growth, co—precipitation,
electrochemical deposition, spinning, etc. Table 6 shows the features of the most common LDH
routes [130, 132].

Table 6. Features of several LDH synthesis methods.

In-situ growth

Co-—precipitation

Electrochemical
deposition

Simple operation
Strong adhesion

Size control
Adaptability

Simple operation
High adaptability
Controllable chemical
compositions
Compatible with
hydrothermal process
High deposition rate
Adaptable to complex
geometries

Simple equipment

Substrate as only source
Time consuming
Limited to alkaline
conditions

Long treatment times
Weak adhesion
Heterogeneous coatings

(aggregates)

Complex operation
High cost
Several steps required

The co—precipitation process is the most widely used, particularly for the Mg—Al alloys. During

the process, over—saturated conditions and alkaline pH are necessary for the correct formation
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of LDH. Typically, nitrates, sulphates and chlorides are used as precursors. Under these
conditions, a colloid of LDH particles is formed. Then, the immersion of the Mg specimen
triggers the crystallisation process on the surface of the alloy due to partial dissolution of the
alloy, which supplies Mg?* and AIPP* ions. This effect is more pronounced around the
intermetallic precipitates due to two phenomena: i) micro—galvanic corrosion between the
inclusions and the surrounding matrix; and ii) selective Al dissolution within the Al-Mn
inclusions due to the highly alkaline conditions (pH 10) during treatment [133]. Hydrothermal
conditions assist the formation of LDH crystals, but also cause the formation of irregular

coatings due to the precipitation of large aggregates of LDH flakes [84, 129].
Il.  State of the art and challenges of LDH coatings on Mg

The ion exchange capacity of LDHSs is the most important quality from a corrosion point of
view. It allows the structure to act as a nano—trap for corrosive anions such as Cl~ or as a nano—
container for molecules with corrosion—inhibiting properties. This anion exchange capacity is
due to the lack of cross—linking between the hydrotalcite layers [129, 134] and can be
controlled, resulting in a tuneable intergallery size. It is also possible to control the charge ratio
between the hydrotalcite layers and the intergalleries as well as the amount of water molecules,
thus modifying the capacity of the structure to store inhibitors and/or corrosive ions [84, 130,
132]. Table 7 [135-152] summarizes corrosion results reported for Mg alloys with LDH
coatings. In general, LDH coatings improve the corrosion performance by up to 4 orders of
magnitude in terms of corrosion current density and impedance modulus. Most studies focus
on Mg-Al LDH. Other systems include Mg-Fe, Zn—Al and Li-Al.

Table 7. Synthesis method and corrosion performance of different LDH coatings on Mg alloys.

AZ31 Mg-Al Two-step in-situ  0.1M 45x10° 3.2x10* [135]

1pum
AZ91D  Mg-Al Hydrothermal 3.5% 1.1 x 10”7 — [136]
Mg-Nd- Mg-Al Hydrothermal PBS 3.6 x 107 — [137]
Zn-Zr
AZ31 Mg-Al Urea hydrolysis  35%  5.8x10° 1.8x10°  [138]
25-50 pum
AZ31 Mg-Al Steam coating 086 M 2.1x107° - [139]
28 um
AZ31 Mg-Al Steam coating 5% 1.4 x 10720 — [140]
%in wt.%
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Table 7. Synthesis method and corrosion performance of different LDH coatings on Mg alloys. (cont).

AMCa Mg-Al 53— Steam coating 5% 9.6 x 107! - [141]
602 308 um
AZ31  Mg-Al Hydrothermal 3.5% 1.5x 10-6 - [142]
20 pm
AZ31  Mg-Al Co-precipitation 35%  65x 108 48 x10°  [143]
7 um and hydrothermal
AZ31  Li-Al Electrochemical 0.1M 1.5%x10° - [144]
0.82 um deposition
AZ31  Mg-Al Co-precipitation 0.86 M 2.1 x107° - [139]
180 pm and hydrothermal
AZ31  Mg-Al Co—precipitation  3.5% Mg-Al [145]
17 um and hydrothermal 45x%x10° -
Intercalation MoO4?
MoO4 1.6x10°7 1.10 x 10*
AZ31  Ni-Al Co-precipitation  3.5% Ni—Al [146]
7 um and hydrothermal 48 x10° -
Intercalation NazSiOs
NaSiOs 8.2x10° -
AZ31  Mg-Al Co—precipitation  3.5% Mg-Al [147]
and hydrothermal 5.6 x 10”7 2.5 x 10
Intercalation Aspartic acid
Aspartic acid 5.7x 108 1.3 x 101
AZ31  Mg-Al Co—precipitation 35%  49x10° [150]
and hydrothermal 8-HQ 1.9 x 103
Intercalation 8—~HQ 1.7 x 107”7
5.0 x 10°
AZ31  Zn-Al Co-precipitation 35%  Zn-Al [151]
9-16 um and hydrothermal 21x10° 1.1x10°
Intercalation NasPO4
NasPOy4 3.7x10° 1.5 x 104
Na:MoO4 Na:MoO4
NasVOs 34x10° 2.1x10*
NazVVOg4
3.0x10°7 3.4x10%
%in wt.%

As shown in Table 7, there are no many studies on the ion—-exchange capacity and inhibitor
intercalation for Mg alloys. Up to now, only a few studies have brought this intercalation to
fruition. Therefore, although results so far are promising, more research is required to find

suitable inhibitor—coating combinations with self-healing properties.
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1.2.3.3 Plasma electrolytic oxidation
I.  Fundamentals

Plasma electrolytic oxidation (PEO) or micro—-arc oxidation (MAO) is a plasma-assisted
electrochemical surface treatment or advanced anodizing process where high voltages are
applied (100-600 V). The treatment can be carried out under current, voltage or power input
control. A typical experimental set up is shown in Figure 18. Anodic polarization above the
breakdown potential results in short-lived microdischarges and formation of ceramic—like
coatings. PEO coatings are typically hard and enriched in substrate— and electrolyte—derived

constituents [153, 154].

Figure 18. (a) Simplified representations of a typical set—up for a PEO electrolytic cell, (b) Micro—

discharges during PEO process [155] and (c) schematic representation of PEO process mechanism.

The mechanism of formation of PEO coatings is rather complex. It involves processes such as
ionic migration, electrolyte vaporization, high temperature reactions and solidification of
molten material [154, 156]. Oxide film dielectric breakdown, discharge—in—pore model, and
contact glow electrolysis are examples of models that have been used to describe PEO [157-
159]. Dielectric breakdown is the most cited one. At the location of film breakdown there is a
current surge that is followed by electron avalanches and formation of new coating material
after the discharges fade out [160]. As shown in Figure 19, PEO coatings exhibit a layered

structure comprising a nanometer barrier layer (close to the substrate), an outer porous layer
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and, in some cases, a dense intermediate layer. The latter is typical of alternating current

regimes and shows smaller pores.

- Outer porous layer

Intermediate dense
layer

- Barrier dense layer

— Substrate

Figure 19. Schematic representation of a (a) two— and (b) tree—layered PEO coating structure and were
pores and cracks can be observed.

Il.  State of the art and challenges of PEO on Mg

The history of PEO studies on Mg can be separated into three stages or periods (Figure 20).
Anodizing on Mg began in the early 1920s. Then, many commercial processes were introduced
between 1930 and 1960. Examples are the ‘hard anodizing’ processes known as Dow 17 and
HAE. Nowadays, anodizing above the breakdown potential (PEO) is much more common.
During the 80 and 90s, commercial PEO processes were developed, especially in Russia [161,
162]. The breakthroughs in the last ten years are mainly related to coating functionalization and
compositional design [163-169].

—

4 * Particles
Third — ¢ Inhibitors (self-healing)
’"'genel'a tion * Hybrid coatings
Multifunctionalization —
2000 - 20XX

- : * Fundamental research
Second generation * Performance improvement
Plasma electrolytic oxidation « Transport applications

1970 - 2000
First generation « Dow 12
Mg anodization
* Dow 14
1920- 1950 .

Figure 20. Chronology of the main scientific advances on PEO of Mg. Adapted from [95].
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The incorporation of electrolytes species opens many possibilities for PEO coating design and
tailoring of the surface properties. Silicates, phosphates, aluminates, fluorides and their
combinations in alkaline solutions constitute the most common approach. Acidic electrolytes
with fluorozirconate or fluorotitanate are less common [170, 171]. Figure 21 presents a general

overview of PEO electrolytes and the phases that are formed on Mg.

KOH NaOH
e MgO
KF NF « Mg(oH),
NH4HF NaZCr207
* MgF, e Cr,0,
e NaMgF;
Plasma
Na;PO, NaH,HPO, . )
ooy, €lectrolytic - Nasio;
K,P30; . . * Mg,si0,
* Mg,(PO,), OoXI d ation on * MgSio,
« Mg,PO,F
Mg alloys
i, oo,
e TiO o MgA,,0,
. ngTi04 KyZrFg * ALLO,
® c-Zr0,
* t-Zr0,
* m-ZrO,

Figure 21. Electrolytes and crystalline phases in PEO processing of Mg alloys.

Most PEO coatings consist of MgO, Mg(OH)2, Mg.SiOs4, Mgz(PO4)2, Mg2AlO4 or MgF:
crystalline phases. F-rich phases are closer to the substrate as the migration of small fluoride
ions is relatively easy. Ca—, Si—, Al-, P-rich compounds are more likely to be located in the

outer coating layer.

From a corrosion perspective, the outer layer only provides short—term protection due to the
easy access of aggressive species through the pores. That is why the inner barrier layer is mostly
responsible for the corrosion performance of PEO films, despite being only a few hundreds of
nanometres thick. However, when exposed to neutral and acidic media, the barrier layer rapidly
dissolves, leading to localized corrosion [172] or other failure mechanisms such as undercoating

corrosion and coating hydration/dissolution [173, 174].
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Detailed strategies to improve the corrosion performance of PEO layers have been compiled in

a detailed review [153] and include: i) selection of electrolyte; ii) fine—tuning the process

parameters; iii) incorporation of nanoparticles; and iv) additives.

The most recent studies on PEO processing of Mg are focused on aspects related to reduction

of energy consumption, sealings, active protective response and hybrid or duplex coatings. The

following list provides a brief summary:

High voltages (~300-400 V) and relatively long treatment times (15-30 min) are
commonly needed for PEO of Mg. This implies a high cost and energy consumption,
thus limiting the acceptance of PEO technology in large—scale industrial production [7,
9]. A recent strategy is the development of short treatment times in order to produce
“flash—PEO” coatings [175, 176]. Thin or flash—PEO has already demonstrated to be a

cost—effective approach with thicknesses and corrosion protection comparable to CCCs.

Long-term corrosion protection is a challenge for PEO coatings. Strategies to tackle this
goal are focused on “self~healing” functionality or the ability to “heal” surface defects.
For instance, improvement of the corrosion properties of a PEO—coated Mg alloy was
obtained after immersion in a solution containing inhibitor species such as 8-
hydroxyquinoline [177] and Ce(l11) [178]. Other strategies to incorporate active agents
are based on electrophoretic deposition [179, 180], electrodeposition [181],
thermosetting polymers [182, 183] and hydrothermal post-treatment [184, 185].

Hybrid or duplex coatings combining PEO and sol—gel have been recently identified as
a viable option for improving the long-term corrosion protection [186-188]. Sol—gel
formulations range from conventional inorganic silane—based structures to more
advanced hybrid organic—inorganic systems [189, 190]. Silane—based coatings offer
good mechanical properties and adhesion; however, this system requires high curing
temperatures leading to micropores and microcracks on the surface [189, 191]. In recent
years, hybrid sol-gel coatings are becoming more common. They are formed from the
interaction of an inorganic precursor, usually a silane, with an organic one. The organic
part provides low curing temperatures, but also provides adaptability to the system while
maintaining good mechanical properties [190-192]. The positive effect of PEO coating
as pre—treatment for sol—gel layer has been reported in several studies [186, 193]. The

PEO layer improves the uniformity and durability of the sol—gel top layer. In addition,
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the benefits of combining a PEO coating impregnated with organic and corrosion
inhibitors and a sol—gel sealing have also been recently demonstrated. [178, 194-196].
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Hypotheses and Objectives

2.1 Hypotheses

The following hypotheses are the base of this research work:

H1.  Environmentally friendly coatings based on PEO, flash—-PEO, LDH and sol—gel can be
developed for corrosion protection of magnesium alloys. These coatings should provide a sound

basis for post-treatment and/or incorporation of inhibitors.

H2.  Itis possible to provide active protection to the fabricated coatings, thus improving their
corrosion performance. This should be possible by incorporating inorganic or organic corrosion

inhibitors following in-situ or post-treatment approaches.
2.2 Objectives

In order to confirm the abovementioned hypotheses, the following specific objectives were
defined.

O1. Todevelop LDH conversion coatings with incorporated inhibitors.

The goal is to provide active protection to LDH conversion coatings formed on the AZ31 alloy.
For this purpose, different LDH systems are evaluated and modified by incorporating several
corrosion inhibitors. Electrochemical impedance spectroscopy is used to evaluate the best
LDH-inhibitor combinations. Active protection tests are performed by immersion and SVET
measurements. A detailed morphological and compositional characterization of the developed
systems is carried out. These systems are intended as an alternative for chromium conversion

coatings used in transport applications.
02. To develop flash—PEO coatings doped with Ca.

The main objective is to develop flash—PEO coatings on the AZ31 alloy that are doped in-situ
with inhibitive cations. These thin PEO coatings containing Ca should be a promising
alternative to chromium conversion coatings in transport applications due to their compact and
resistive ceramic—like nature. Identification and detailed characterization of the best candidates
is performed for stand-alone and painted components. Their corrosion performance is also

evaluated in saline agueous environments.
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03. To develop Ce- or Ca—based sealings for PEO coatings.

The first goal is to apply a Ce—based sealing to improve the corrosion performance of a PEO-
coated Mg-Y-Zn alloy that contains long period stacking order (LPSO) phases. This protection
system is intended for transport applications. The second goal is to develop a Ca—based sealing
for a PEO-treated AZ91 Mg alloy. The use of Ca is intended for both transport and biomedical
applications. In both cases, the influence of sealing conditions on the corrosion resistance is
investigated. The corrosion behaviour is evaluated by electrochemical and hydrogen
measurements. Detailed characterization of the PEO and post-treated PEO coatings is also

performed.
O4.  To develop hybrid PEO/Sol-Gel coatings.

In this objective the aim is to seal PEO coatings on the AZ31 alloy by applying sol-gel post—
treatments based on TEOS and GPTMS precursors that are modified with corrosion inhibitors.
The duplex or multi-layer systems are characterized in detail (FTIR, SEM, paint adhesion, etc.)
and their long—term electrochemical corrosion performance is evaluated by electrochemical
impedance spectroscopy and immersion tests. These advanced treatments are intended for

corrosion—critical applications in the transport sector.
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3.1 Materials

3.1.1 Magnesium alloys
3111 AZ31B

The AZ31B alloy was acquired from two different suppliers in the form of sheets (~1 m?). The
chemical compositions are specified in Table 8. Sheets were cut into specimens of 40x20x%3
mm? and 40x30x2 mm?® for Magnesium Elektron Ltd. and FamiMetal SL., respectively. The
designation "B" refers to the second generation of this alloy in which a better control of
impurities is achieved. The alloy was supplied in the “H24” condition, which corresponds to a
strain hardened and partially annealed version of AZ31B. The number “2” applies to products
that are strain hardened more than the desired final amount, whereas the number "4" (half hard)

indicates a strength about midway between “0” (annealed) and “8” (full hard) conditions.

Table 8. Nominal composition in wt.% of AZ31B studied alloys (compositions supplied by the

manufacturer).

Magnesium

Elektron Ltd. Bal. 2.72 0.76 0.19 0.0028 0.0103 0.24 0.0008 - —
FamiMetal SL Bal 25 06 02 0005 0.009 - 0.0007 0.05 0.031
3.1.1.2 AZ91D

AZ91D specimens (30x15x5 mm?), with the nominal composition shown in Table 9, were
supplied by the Northeastern University (China). The designation "D" in the AZ91 alloy refers
to the fourth generation of this alloy in which a better control of impurities is achieved. This

alloy was produced by standard gravity casting.

Table 9. Nominal composition in wt.% of AZ91D alloy determined by X—ray fluorescence analysis at

Northeastern University.

Northeastern

. . Bal. 9.02 0.55 0.19 0.002 0.008 0.027 0.002
University

3113 Mg-Y-Zn

The LPSO Mg-Y-Zn alloy was manufactured and supplied by CENIM (Spain). The alloy was

cast in a resistance melting furnace and extruded at 400 °C employing an extrusion ratio of 18:1
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and a rectangular profile of 4x20 mm?2. The composition of the alloy is given in Table 10.
Specimens of 40x10x2 mm?® were used in this work.

Table 10. Nominal composition in wt.% determined by X-ray fluorescence analysis at CENIM.

CENIM Bal. 6.8 2.2 0.02 <0.01

3.2 Specimen preparation

3.2.1 Surface preparation for metallographic characterization

For the metallographic characterization of the studied alloys, specimens were ground to grade
P1200 with silicon carbide abrasive papers and polished until a mirror—like finish with
successive cloths containing 3, 2 and 1 um diamond pastes. Unless otherwise stated, the
microconstituents were revealed on the polished samples by immersion for up to 30 s in the
following acid mixture: 5 g picric acid (CAS number 88-89-1), 100 mL ethanol (CAS number
64-17-5), 5 mL acetic acid (CAS number 200-580-7) and 10 mL deionized water.

3.2.2 Surface pretreatment

AZ31B specimens were pre—treated following a two—step commercial procedure from Henkel.
The first step consists of cleaning in an alkaline surfactant solution (Bonderite C-AK 4181 L,
90 g/L) at 80-90 °C for 15 min, followed by water rinsing. The second step involves acid
etching at room temperature for 3 min (Bonderite C—IC 3610, 10 g/L), also followed by water
rinsing. The required etching rate limit of 10 g/cm? was maintained for the Mg substrates. Each
1 L solution was used to clean a total surface of 500 cm? (8 — 9 samples). After etching,
specimens were washed with deionised water, dried with alcohol and warm air and stored in a

desiccator for at least 24 h before use.

Mg-Y—Zn specimens were wet ground using increasing grades of silicon carbide abrasive
papers from P120 to P1200, followed by water rinsing, drying with alcohol and warm air and
storage in a desiccator for at least 24 h. The AZ91D specimens followed a similar procedure,

although a P2000 SiC finish was selected in this case.
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3.3 Surface treatments

3.3.1 Plasma electrolytic oxidation coatings

The studied PEO coatings were produced by using the electrolytes and the conditions specified
in Table 11 and Table 12. The PEO set up is presented in Figure 22. Both DC and AC power
supplies were used to produce the coatings (DC power supply: SM400-AR-8, Delta
Elektronika; AC power supply: EAC-S2000, ET Systems Electronic). The DC power supply
was connected to a PC for acquisition of the current and voltage values with a time resolution
of ~0.1 s. For the AC power supply, a 2—channel Tektronix TDS 2012B oscilloscope was used
for recording the instantaneous voltage and current signals. Complementarily, a Keithley
KUSB-3116 data acquisition card (500 kS/s) was used to record the root mean square (rms)

values of the current and voltage during treatment (time resolution ~0.1 s).

Figure 22. Experimental system used for the fabrication of PEO coatings.

Both AC and DC PEO stations use a 2 L double—jacketed glass cell connected to a closed—loop
water cooling system (WK 120 LAUDA) to maintain a constant temperature (~21°C). A
cylindrical AISI 316L stainless steel mesh (length 265 mm x width 145 mm x height 265) was
used as the counter—electrode. During the PEO process, constant stirring was maintained at 300
rpm. After PEO, the specimens were washed with deionised water and dried with alcohol and

warm air. Specimens were kept in a desiccator for at least 24 h before further manipulation.
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Table 11. Range of studied variables for PEO alloy under AC conditions.

Mg-Y- NazSiO4-H,O (water 1344-09-8 20x1°C 3
Zn glass) 10.5 g/L 400 V/-30 V square signal
NaOH 6 g/L 1310-73-2 400 mA cm™2
NaF 2 g/L 7681-49-4 500 Hz
15 min
60 s ramp
AZ91D NasP04-12H,0 30 g/L 10101-89-0 20£1°C 3
KF-2 H0 4 g/L 500 V
NaOH 2 g/L 7789-23-3 200 mA cm™
1310-73-2 500 Hz
15 min
60 s ramp
duty cycle 30%
AZ31B Na:SiOs310.5 g/L 10213-79-3 20x1°C 4
KOH 8.5 g/L 1310-48-3 400/-30 V
NaF 2 g/L 7681-49-4 100 mA cm
50 Hz
4 min
60 s ramp

Table 12. Range of studied variables for PEO alloy under DC conditions.

AZ31  NaSiO3-5H05¢9/L  10213-79-3 200V 2
NasPOs-12H,0 5¢g/L  10101-89-0 100 mA cm2
KOH, 14 g/L 20+1°C
KF 3 g/L 1310-48-3 20and 45s
Na,EDTA 0-2 mM 7789-23-3
CaO 0-1.5mM 6381-92-6
CaGlyP 0-1.5 mM 1305-78-8
1336-00-1
AZ31  NasPOs12H,O04g/L  10101-89-0 400 V 4
NaAlO. 5g/L 11138-49-1 200 mA cm
KF 3 g/L 7789-23-3 90 s (10 s slope+80s)
KOH 0.5 g/L 1310-48-3

3.3.2 Ce-, Ca—and 8HQ-sealings of PEO coatings

The PEO-coated Mg-Y—Zn alloy was sealed at (30 £ 1) °C by immersion for 5 or 60 min in an
aqueous acid solution containing 10 g/L Ce(NO3)3.6H.O (CAS number 10294-41-4), 0.3 g/L
hydrogen peroxide (CAS number 7722-84-1) and 1 g/L boric acid (CAS number 10043-35—
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3). The treatment is carried out in batches of 12 samples, each in a volume of 250 mL of fresh

solution.

Ca-based sealings of the PEO—coated AZ91D alloy were carried out for 60 min at (80 + 2) °C
in a solution composed of 70 g/L Ca(NOs3). (CAS number10294-41-4) and 0.1 mol/L sodium
dodecyl sulphate (SDS) (CAS number 151-21-3). The solution was adjusted to different pH
values (3, 4 and 5) by dripping dilute HNOs (CAS number 7697-37-2). The treatment is carried

out in batches of 12 samples, each in a volume of 500 mL of fresh solution.

8HQ-based sealings of the PEO—coated AZ31B alloy were carried out at room temperature for
increasing times up to 30 min in aqueous solutions of 8-hydroxyquinoline (8HQ) (CAS
numbers 148-24-3) and concentrations ranging from 0.01 to 0.1 M at a total volume of 250

mL. A fresh solution was used every 4 samples.
3.3.3 Layered double hydroxide conversion coatings

The LDH coatings were synthesized via the hydrothermal route. The latter term refers to a
synthesis process where chemical reactions occur in an aqueous solution above ambient
temperature and pressure. Table 13 shows the concentrations for each of the LDH precursors.
Each solution was prepared by dissolving the corresponding species in a small amount of water,
then the pH of the solution was raised by adding 1 M NaOH solution up to a pH value between
9.5 and 10.5. The stirred 500 mL aqueous solution was then transferred to a PTFE-lined
stainless—steel autoclave in which the samples were vertically immersed during 24 h at 125 °C.
Synthesis conditions were defined according to [131] in order to ensure the optimal
crystallization of the LDH flakes. A schematic representation of the process is presented in
Figure 23.

After the LDH synthesis, the inhibitor incorporation step (Li*; WO4?) was conducted by
immersion in the corresponding solution according to the conditions shown in Table 14. Finally,
the specimens were rinsed in deionized water, dried with warm air and stored in a desiccator

for at least 24 h before use.
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Table 13. Solutions used for hydrothermal synthesis of the studied LDH coatings.

Coating Cations CAS number pH
Li—Al LDH LiNO3 0.0625 M 7790-69-4 10
AI(NO3)3-9H.0 0.125 M 7784-27-2
Na,CO3 0.0625 M 497-19-8
Zn-Al LDH Zn(NO3)2:6H20 0.25M 10196-18-6 10
AI(NO3)3-9H.0 0.125 M 7784-27-2
Na2.CO3 0.0625 M 497-19-8

Table 14. LDH post-treatment for inhibitor loading.

Coating Inhibitor CAS number Synthesis
Li-Al LDH Li LiNO30.1 M 7790-69-4 10 pH

2h

45°C
Zn-AlLDHW NaW040.1 M 10213-10-2 10 pH

2h

45°C

Precursors solution Post-treatment solution

LiINO,/Zn(NOy), - 6H,0
Na,CO,4 pH 101

Na,W0, 0.1 M /
LiNO; 0.1 M
45°C
pH 10

2h

Figure 23. Scheme of the hydrothermal LDH growth method for the studied LDH conversion coatings.
3.3.4 Sol-Gel post-treatments

Two different sol-gel formulations were used for producing the hybrid PEO/SG coatings on
the AZ31B alloy. Both of them are based on the GPTMS [(3—glycidyloxypropyl)
methyldiethoxysilane, CAS number 2897-60-1] and TEOS (tetraethyl oxysilicate, CAS
number 78-10-4) precursors (Figure 24). The difference between them is the presence or

absence of inhibitor.

42




Materials and Methods

HsC CH
HSC\ ,O\/CHs 3 .

Si
(WA NP e e /~0 0\
O CH3 H3C CH3
(3-Glycidyloxypropyl)methyldiethoxysilane Tetraethyl orthosilicate
Figure 24. Chemical structures of GPTMS and TEOS.

The sol-gel sealings was based on a hybrid sol-gel (HSG) system consisting of GPTMS—
TEOS. The sealing studied in this work was composed of (% v/v) TEOS 20%, GPTMS 10 %,
ethanol 10 %, DI water 58 % and acetic acid until pH 2 was reached. Separately, the inhibitor
was dissolved in a stirred water for 30 min. The precursors were mixed in the order presented.
The solution was then placed in agitation under magnetic stirring for 24 h at room temperature.
After that period, the sol—gel solution was stored at (4 = 2) °C until application. The corrosion
inhibitor 8HQ was introduced into this sol-gel formulation up to a maximum of 50 mM (Table
15).

For sol—gel sealings, a constant immersion and withdraw rate of 100 mm/min was ensured by
using the automated dip—coating method. A KSV Nima dip—coater was used in this study in
collaboration with the Department of Materials Science Department at UMONS (Mons,
Belgium). Finally, specimens were air dried for 10-20 min and heated in a furnace to 125 and

150 °C for 1 h, respectively.

Table 15. Sol—gel precursors solution composition.

GS TEOS (tetraethoxysilane) 20 %
GPTMS (3—(glycidyloxypropyl)trimethoxy silane) 10%
Ethanol 10 %
DI water 58%
Acetic acid to adjust pH 2

GS-8HQ TEOS (tetraethoxysilane) 20 %
GPTMS (3—(glycidyloxypropyl)trimethoxy silane) 10%
Ethanol 10%

8HQ aqueous solution (8-hydroxiquinoline 0.05 M)  58%
Acetic acid to adjust pH 2
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AZ31
TEOS + GPTMS Ethanol H,0/Inhibitor Acetic acid
Sol-Gel precursor
Furnace Store at 4°C
120°C 1h

Final coating

Figure 25. Synthesis route followed for the hybrid sol-gel post-treatments.
3.4 Characterization techniques

3.4.1 Optical microscopy (OM)

The Mg alloys and coatings studied in this work were examined by optical microscopy (OM)
by using a Leica DMi8 optical microscope with a FlexaCam C1 digital camera. Micrographs
were obtained in bright field mode at different magnifications (between x50 and x1000). When
necessary, polarized light in combination with a lambda plate was used for enhancing the

contrast between microconstituents.
3.4.2 Scanning electron microscopy (SEM)

Electron microscopy in tandem with an energy dispersive (EDS) X-ray analyser and a
backscatter electron (BSE) detector is a powerful tool for the study of surfaces at high
magnification and the analysis of their composition. One of the key advantages is the larger
depth of field in comparison to optical microscopy. SEM uses a focalised electron beam that
follows a vertical path from the electron gun through the microscope to finally hit the surface
of the sample. This beam is highly energetic, so it penetrates the surface atomic layers. The
supplied energy causes a series of elastic and inelastic collisions. A billiard—ball effect is
observed then as the elastic scattering alters the trajectory but not the kinetic energy of the
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electrons. By detecting the different signals resulting from this collision, useful information can
be obtained: characteristic X—rays for chemical composition, escaping secondary electrons for

surface topography and backscattered electrons for atomic contrast.

Planar and cross—section samples were examined with a JEOL JSM 6400 microscope equipped
with an EDS spectrometer, for semi—quantitative analysis (OXFORD LINK PENTAFET
6506); and a backscattered scanning electron (BSE) detector. For higher magnifications, a field
emission scanning electron microscope (FESEM, JEOL JSM 6335F) was also used. Operating
voltages ranged between 3 and 20 kV. When not specified, the operating voltage and working
distance were 20 kV and 15 mm respectively.

3.4.3 Surface metrology (3D focus—variation microscopy)

Focus—variation microscopy is a relatively popular method when measuring surface topography
due to its ability to capture high tilt angles but being reasonably robust to variation in optical
properties. This technique combines a depth—of—field limited optic with a vertical scanning
process [197], where a sequence of images is recorded as the optic is moved vertically along
the optical axis, resulting in a stack of vertical images. The contrast of each pixel is compared
between the different images in the vertical stack to estimate the so—called contrast stack from
which the height location of that pixel is estimated, while the RGB colour information
associated with the point of maximum contrast at each location is used to generate a fully
focused map of the surface. The software can then calculate the roughness parameters such as
Sa (the difference in height of each point compared to the arithmetical mean of the surface), S;
(the sum of the largest peak height value and the largest pit depth value within the defined area)
and S1o; (difference between the mean surface for the five highest local maxima plus the average
height below the mean surface for the five lowest local minima). In this work, an
InfiniteFocusSL optical profilometer (ALICONA, Gmbh) equipped with x10 and x50
objectives were used. The IF-Measure Suite software was used to extract roughness

parameters.

3.4.4 Atomic force microscopy and Scanning Kelvin probe force microscopy (AFM-
SKPFEM)

Atomic force microscopy (AFM) belongs to the field of scanning probe microscopy (SPM)
which, as the name implies, is based on the movement of a small probe for reproducing the

surface features. AFM can determine the local properties of a surface (e.g. height, hardness,
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friction, roughness) by employing a cantilever with an extremely sharp tip at its end. When this
tip is positioned close enough to the surface, attractive forces cause the cantilever to deflect and
move towards the surface (Figure 26). This deflection can be measured with a laser system,
thus providing excellent lateral and vertical resolutions. Scanning Kelvin probe force
microscopy (SKPFM), also known as surface potential microscopy, is a variant of the AFM.
SKPFM measures the Volta potential difference between the AFM tip and the specimen under
study [198, 199]. The most common configuration is based on a two—pass strategy. The first
scan gathers topographical data, whereas the second one is performed at constant height for
measuring the Volta potential without artefacts coming from variations in the tip—to—sample
distance. Therefore, potential and topographic analysis can be carried almost simultaneously in

the same area.

Material surface

\s\ Scaﬁ"

Topo - signal
//\/\/v\
Surface potential ’ﬂ’
VooV

Figure 26. Schematic representation of the double scanning technique used in SKPFM. Note that

during the first scan the tip works in Tapping® mode for the acquisition of the topographic signal.

In this work, prior to SKPFM measurements, the specimens (1 cm?) were polished with
diamond paste to a 0.1 um finish and stored for 24 h in a desiccator. Volta potential maps were
obtained with a Nanoscope I11IA MultiMode AFM microscope (SKPFM) equipped with a 20
nm platinum coated Si OSCM-PT tip. Temperature and relative humidity were maintained at
20-23 °C and 40-65%, respectively.

3.45 X-ray diffraction (XRD)

X-ray diffraction analysis is probably the most useful tool for identification of crystalline
phases. The Bragg—Brentano [Eq. 2] gives the relation between the spacing of crystallographic
planes and the incidence angles at which these planes produce constructive interference (Figure
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27). Where n is the order of the reflection, A is the wavelength of the X-ray beam, d is the

interplanar spacing of the atomic planes (dxr«) and 8 is the angle of incidence.

2d - sen(6) = ni [Eq. 2]
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Figure 27. Schematic representation of the X—ray beam with material basal planes when the Bragg’s
law is fulfilled.

In this work, a Philips X Pert diffractometer in the range of 20 from 10° to 90°, with a step size
of 0.04° and a dwell time between 1 and 6 s per step, was used to acquire the XRD patterns.
Phase identification was performed with the X'Pert High Score software and the ICDD PDF4+
database. Normal (90°) and grazing incidences (1°) were used depending on the specimen. The

latter was used to determine the composition of the outermost layers of the material surface.
3.4.6 X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is an ultra—high—vacuum (< 10~° Torr, < 10~ Pa) surface—sensitive
semi—quantitative technique. XPS is based on the photoelectric effect, which refers to the
release of electrons from a solid as a result of irradiation with a relatively short wavelength
(Figure 28). In this technique, surface—released electrons and their kinetic energy are collected
while irradiating the surface of the material with a soft X—ray beam, the penetration capability
of the beam ranging from 1 to 10 nm. The electron binding energy can be calculated by the
equation proposed by Rutherford [Eq. 3], where £Ris the binding energy of the photoelectrons,
hvis the X—ray photons energy, £k is the kinetic energy (eV) and @ is the spectrometer work

function:

EB = hv-Ek- & [Eq. 3]
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Figure 28. Schematic representation of photoelectron generation.

The XPS spectra in this work were acquired at the University of Vigo (Spain) using a Thermo
Scientific K-Alpha ESCA instrument equipped with monochromatic Ka aluminium radiation
at 1486.6 eV. An electron flood gun was used to minimise the surface charge on the ceramic
layers as well as a low energy flood gun (electrons in the range of 0 to 14 eV) and a low energy
Argon ion gun.

The atomic ratios were calculated from the integration of the peaks with respect to the
background curve fitted to a function with varying proportions of Gaussian and Lorentzian
contributions. The C1s peak at 285.0 eV was taken as a reference for the calculation of binding
energies. To remove the shallowest layers, a sputtering cleaning was performed with an Argon
gun operating at 5 kV, 10 mA and 10~ torr for 10 min. The current through the sample during

sputtering was maintained under 1 mA.
3.4.7 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is based on the fact that most molecules absorb
light in the infrared region of the electromagnetic spectrum, resulting in molecular vibrations.
The energy absorption is highly dependent on the chemical bonds that are present in the

molecule. Consequently, this method is widely used in organic synthesis, petrochemical
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engineering, the food industry and surface characterization. The nature of the molecules present
in a sample can be deduced from the analysis of the FTIR spectrum as well as other properties
of the molecules. Unlike scattered infrared measurements, a continuous infrared light source
generates IR radiation over a wide range of wavelengths. The infrared light passes through an
interferometer and is then targeted to the sample, resulting in an interferogram. The
interferogram must be subsequently converted into an IR spectrum by means of a Fourier
transform. Hence, all wavelengths can be collected at once without having separate wavelength

scans for each one.

Fourier transform infrared spectroscopy — attenuated total reflectance (FTIR-ATR) provides
information related to the chemical structure of polymeric materials. Samples are placed in
contact with internal reflection elements (IREs). Different types of IREs can be used such as
zinc selenide (ZnSe) or germanium (Ge). In this process, the IR radiation is focused to the end
of the IRE and reflects several times along the length of the IRE. From the surface of the IRE

into the specimens the IR radiation has a short penetration distance (~1 pm).

In this study, a Nicolet iS50 instrument (Thermo Fisher Scientific) was used to perform the
FTIR analysis. This instrument is equipped with a KBr beam splitter and a DTSG—KBr detector
tandem with ATR SpectraTech Performer (Thermo Electron Corporation) with a diamond
crystal. MicroFTIR analysis was also carried out using a Nicolet iMX10 spectrophotometer
(Thermo Fisher Scientific) with KBr beam splitter and MCT/A detector refrigerated with liquid
nitrogen and with a germanium crystal MicroATR accessory. To avoid artefacts due to high
roughness of the coatings, FTIR-ATR measurements were acquired on coatings generated on
polished surfaces. The measurements were performed using 128 scans at 4 cm and 256 scans

and 8 cm resolution, respectively.
3.4.8 Raman spectroscopy

Raman spectroscopy is a powerful tool for the characterization of materials. This technique is
based on the interaction of an inelastic scattering of monochromatic light with the molecular
vibrations, phonons, or other excitations in the system. A laser beam is often used as a
monochromatic light source. The Raman effect results from the interaction of the sample and
the light beam that causes the re—emission of photons. The energy shifts up or down compared
to their original monochromatic frequency, providing information about vibrational, rotational

and other low—frequency transitions in molecules. The MicroRaman analysis was collected by
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using a NT-MDT NTEGRA Spectra spectrometer (NT-MDT SI, Moscow, Russia), equipped
with a Solar TIl MS5004i monochromator (SOL instruments Ltd., Minsk, Belarus), a CCD
Andor iDUS DU-420 detector (1024 x 128 pixels) (Oxford Instruments, Abingdon, UK) and
an Olympus modular BX-100 microscope (Olympus Corporation, Tokyo, Japan). The
measurements were performed inside the pores of the coatings using an Olympus MPlanFL
20x/0.45NA objective (Olympus Corporation, Tokyo, Japan). A 532 nm wavelength, 20 mW
solid state laser (with a 0.1% ND filter attenuation) was used as an excitation source. Grating

of 600 L/mm and acquisition times of 300-600 s were used.
3.4.9 Wettability test (water drop contact angle)

A wettability test was carried out to determine the hydrophilicity/hydrophobicity of the
coatings. The tests were carried out by water droplet contact angle. The measurements of the
selected samples were evaluated with two different equipments: an FTA 1000/FTA instrument,
controlled by FTA32 software; and KRUSS instrument (GmbH Germany DSA10-MKk2). For
each surface, a total of six drops of deionised water distributed in two different samples (three
drops each) were analysed. Fifty pictures were taken at a frame rate of 0.5 s from the moment

the drop is formed (after the drop has landed, 10 images are analysed).
3.4.10 Coating thickness measurements

A Fischer ISOSCOPE FMP10 (Fischer) instrument with an FTA3.3H probe was used to
determine the thickness of all studied coatings. This method is based on the measurement of
eddy currents as specified in ISO 2360 [200]. Cited values are the average of 15 measurements

per specimen and are confirmed by cross—sectional view on SEM.
3.4.11 pH and ionic conductivity

The pH was measured with a LP 21 pH-meter equipped with a 3M Ag/AgCl C.A.T 1000
reference electrode. The ionic conductivity was measured using a GLP 31 EC—Meter equipped
with a 5070 conductivity cell (Crison, C: 1 cm™). The cited values are the average of at least

two measurements.
3.4.12 Image analysis

Two different software packages, AxioVision 4.8 and ImageJ, were used for image analysis.

AxioVision was used to perform thickness and size measurements of the different coatings
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studied. The ImageJ software was used to identify regionally specific effects: porosity, number
of defects, delamination in salt spray and corroded area. The ImageJ thresholding tool was used
on 8 bit grayscale images. Thresholding is a technique for dividing an image into two (or more)
classes of pixels. This tool separates all pixels according to whether or not they exceed a certain
cut—off value. By selecting the correct value, surface defects can be separated from the
unaffected areas. Defects are then measured with the particle analysis tool.

3.4.13 Paint adhesion

For the paint adhesion test a white epoxy primer provided by AzkoNobel (epoxy primer 37076,
thinner C25/90s and hardener, XP—420) was used. The paint was applied with a metallic draw
bar and cured in an oven at a temperature of 80 °C for 1 h. The evaluation of the paint was
carried out in accordance with 1SO 2409 standard [201]. According to this standard, the paint
was cut with a standardized tool maintaining a spacing between the cuts of 1 mm, creating a
cross—cut grid of 5x5 defects. Subsequently an adhesive tape was applied and removed after ~5
min. When none of the paint is detached, the result is considered to be 0, the best category.
Complete paint detachment is categorized with the number 5. To ensure repetitively, triplicate
specimens were evaluated. Wet adhesion tests were carried out following the same procedure

but on samples immersed on deionized water for 7 days.
3.4.14 Rheology measurements

Rheology is the study of deformation and flow of materials. A key parameter is viscosity, which
quantifies the resistance of the material to deformation or flow. Mathematically is given by the

shear stress to shear rate ratio [202]:

Viscosity = % (dyn - s/cm?) [Eq. 4]

Shear stress and shear rate are defined as follows:

F

Shear stress = ::ec: (dyn/cm?) [Eq. 5]
__ Velocity

Shear rate = P —— (1/s) [Eq. 6]

A double—gap cylinder (DG—41) was used in the domain of 0 to 200 s* shear rate at a constant
temperature of 26 °C in an Anton Paar MCR 302 instrument for characterization of the

rheological behaviour of sol-gel solutions with and without inhibitors.
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3.5 Corrosion experiments

3.5.1 Hydrogen evolution measurements

The hydrogen evolution test is based on the molar ratio relation between Mg and H: involved
in the corrosion reaction of magnesium in aqueous solution (12). This relation is 1:1, meaning
that one mol of evolved hydrogen gas corresponds to the dissolution of one mole of magnesium.
Therefore, measuring the volume of hydrogen evolved during corrosion is equal to the weight—
loss rate [203, 204].

Mg(s) + H,0(1) - Mg®*(aq) + 20H (aq) + T H,(g) (12)

To carry out this test, a 1 cm? surface was exposed to ~100 mL of 0.5 wt.% aqueous NaCl
solution. For the screening of the corrosion inhibitors, identical tests were performed in
solutions containing 0.05 M of the corresponding chemical species. An upside—down burette
was used for the collection of the generated H,. A schematic representation of the system is
shown in Figure 29. The relationship between the volume of H; collected (Vx mL) and the
corrosion rate of magnesium (2, mg cm=2 d?) is defined by [Eq. 7], where 4 and tare the area
of the specimen and the immersion time, respectively.

Peorr = 1.0805 - 22 [Eq. 7]

+————— Collected H,

Upside-down burette

Up-side down burette

Aqueous solution

Corrosion cell

‘/? Sample

Flat Corrosion cell

T —

Figure 29. Schematic representation of the experimental setup for the measure of hydrogen evolution

rates.
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3.5.2 Potentiodynamic polarisation test

The potentiodynamic polarisation (PDP) measurements or polarisation tests are one of the most
standard ones owing to their simplicity and reproducibility. In polarisation tests, after the open
circuit potential or OCP is stable, the current response is measured by sweeping the potential at
a constant speed. The scan ratio should be as slow as possible to obtain a near—to—stationary
state [205]. Conventionally, a simple potential sweep from negative to positive values is
performed, but different procedures such as cyclic polarisation can be followed. The following
electrochemical parameters can be calculated from the polarisation curves by applying the Tafel
intersection procedure: polarisation resistance (Rp), current density (icorr) and corrosion and

pitting potentials (Ecorrand Epir).

In this work, PDP measurements were performed in naturally aerated 0.5 wt.% NaCl solution
at room temperature by using a computer—controlled potentiostat (GillAC, ACM Instruments).
A three—electrode cell with a graphite counter—electrode and a silver—silver chloride 3M KCI
reference electrode was used (Figure 30). In view of the great complexity of the reactions taking
place during the magnesium corrosion process and on the assumption that the sweep rate is not
slow enough to enable equilibrium, it is recommended by some authors [57] to perform the
potential sweep in two steps: starting from the OCP towards more negative values for the
cathodic branch and from the OCP towards more positive values for the anodic branch. Both
branches were obtained after 1 h of immersion (during which OCP data were collected) with a
scan rate of 0.3 mV s and a current density limit of 5 mA cm. The cathodic branch was
measured from OCP to —100 mVocp, Whereas the anodic branch was acquired from OCP to
+3000 mVoce.
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Figure 30. Set up used for the electrochemical tests.
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3.5.3 Electrochemical impedance spectroscopy

EIS is an electrochemical technique widely used for studying electrochemical systems. This
technique is based on the perturbation of the sample with a sinusoidal and small amplitude
voltage signal in a wide range of frequencies. The analysis of the different frequency provides
information on the mechanism and reaction kinetics at the metal/electrolyte interface. In
opposition to polarisation curves, EIS is considered a non—destructive experiment that provides
more realistic information since the system is kept close to equilibrium. Additionally, the
frequency scan allows to distinguish between different processes such as diffusion—limited and

electrochemical reactions.

In the present work, EIS measurements were performed using a GillAC (ACM Instruments)
and a three—electrode cell as shown in Figure 30. Sodium chloride aqueous solutions of different
concentrations were employed depending on the studied system. A 10 mV amplitude sinusoidal
perturbation and a scan in the 10 kHz—0.01 Hz frequency range was applied after different
immersion times. The analysis of the results was carried on by using Zview software and

maintaining chi-squared values in the range between 0.001 and 0.0001.
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3.5.4 Scanning Vibrating Electrode Technique (SVET)

The scanning vibrating electrode technique (SVET) was used to measure the local current
density at the site of the artificial defects. Defects were produced with a scratcher instrument
(CSM Revetest) with a 200 um Rockwell C diamond indenter by applying a constant load of 4
N, which gives the possibility to prepare reproducible scratches with a controlled depth of ~5
pm and 1 mm length. A commercial SVET manufactured by Applicable Electronics™ and
controlled with the software provided by Science Wares™ was used. The assembly uses an
insulated microelectrode of Platinum—iridium manufactured by Microprobe™ with a Platinum
black deposited on its tip of @ = ~20 um as a vibrating electrode. The microelectrode was placed
at 150 pm above the surface sample. The probe vibration frequency normal to the sample was
67 Hz and the peak-to—peak vibration amplitude was approximately 40 um. Before the
experiments, the microelectrode was calibrated in the working electrolyte following a common
procedure described in detail elsewhere [206]. All the experiments were carried out in 0.05M
NaCl solution. The area of interest surrounding the defect was masked using a thin layer of
sealing lacquer (Electrolube Bloc Lube Red). SVET maps of, on average, 2 x 2.5 mm were

recorded on grid of 31 x 31 points.
3.5.5 Immersion tests with scribed specimens

The long—term corrosion performance and self—healing capability of the developed coating
systems were evaluated by immersion tests with scratched samples (the depth of the scratch
was the necessary to expose the underlying substrate). Scribed samples were exposed to 0.05
M NaCl solution for 48 h. Specimens were manually scribed with a standard zirconia tip across
the sample surface (a cross—shaped scribe, with a width of 0.1 mm and a length of 1 cm; the

depth of the scribe was larger than the coating thickness and reached the underlying substrate).

For hybrid PEO/Sol—gel coatings, 1 cm-long scratches were produced with a standardized tool
(ZEHTNER, ZVL-2190). Specimens were then immersed in a 0.5 wt.% NaCl solution and
characterized after 14 days of immersion by SEM. The evolution of the corrosion process was
also monitored by macroscopic photographs at different stages of the immersion test.

3.5.6 Neutral salt spray test

A CCI/CCM-MX cabinet was used to perform the neutral salt spray test (NSST). NSST was
performed on painted specimens on which a 1 cm-long scratch defect was made with a
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ZEHNTNER ZVL 2190 tool. According to ASTM B117 [207] the salt spray atmosphere was
created using a 5 wt.% NaCl aqueous solution. The pH was kept in the range of 6.5to 7.2 and
the temperature at 35 °C. The specimens were slightly inclined (~15° from the vertical) and
exposed to the salt spray for up to 7 days. To remove the solid salt deposits, the samples were
rinsed with water at ~38 °C and air dried. Classification numbers were defined under the ASTM

D 1654-92 [208] by evaluating the area affected by corrosion.
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4.1 Chapter 1. Context and aim

The first chapter focuses on the chemical modification of the surface of the AZ31 Mg alloy by
means of conversion coating systems consisting of layered double hydroxides (LDHs). As it
was mentioned in the Introduction, LDHSs coatings are emerging as an environmentally friendly
approach for corrosion protection of metallic materials. In the particular case of Mg alloys,
LDH coatings are commonly based on the Mg—Al system. Despite of the potential of LDHSs to
serve as nanocarriers for corrosion inhibitors the number of studies on this topic is still quite
limited. On this basis, Chapter 1 focuses on the study of new LDH coatings produced by co—
precipitation synthesis and incorporation of corrosion inhibitors by immersion post-treatment.
The morphology, corrosion behaviour, self—healing ability and paintability of the developed
systems are evaluated in a systematic way for a better understanding of their anticorrosion

mechanism. The graphical abstract of Chapter 1 is shown in Figure 31.

1. Synthesis of LDH coatings on AZ31 2. Incorporation of corrosion inhibitors to LDH coatings
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Figure 31. Chapter 1 graphical abstract: Study of LDH coatings on AZ31 without and with corrosion

inhibitors.
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4.1.1 Introduction

Conversion coatings are one of the most cost—effective approaches for preventing the
degradation of metallic alloys [79]. LDH conversion coatings can improve the corrosion
performance by up to 4 orders of magnitude in terms of corrosion current density and
impedance modulus. Mg—Al LDH (other systems include Mg-Fe, Zn-Al and Li-Al) is the
focus of most studies. LDH coatings are usually synthesised by hydrothermal route, although
steam coating, two—step, and urea hydrolysis have also been used.

However, there is a lack of knowledge regarding intercalation of corrosion inhibitors species
and, up to date, only a few the studies address this issue [145, 147, 150, 151]. Zeng et al. [145]
synthesized a molybdate intercalated hydrotalcite coating with nanosized lamellar structures
that, according to FTIR measurements, released MoO4?~ which acted as anodic inhibitor. Chen
et al. [147] found that Mg—-AI-ASP-LDHs had better corrosion resistance than Mg—-Al-NO3z—
LDHs owing to the corrosion inhibition of aspartic acid (ASP) ions and the larger specific
surface area to capture Cl~. Anjum et al. [150] studied the effect of intercalation of 8-
hydroxyquinoline (8HQ) corrosion inhibitor into Mg—Al based LDH coating. The enhancement
of corrosion resistance was attributed to CI~ and HQ™ ion exchange and the redeposition of
Mg(HQ). Tang et al. [151] intercalated CI-, VO+*, POs*, and MoO4%". The results showed
that the corrosion resistance decreased in the following order: Zn—-Al-VO4* > Zn-Al-MoOs*
> Zn-Al-POs* > Zn-Al-CI-> Zn-Al-NOs". The better corrosion behaviour of Zn-Al-VO43-
—LDHs was attributed to its greater ion—exchange ability.

In this section, new Zn—Al and Li—Al LDH coatings with incorporated inhibitors (W-—, Mo—and
Li—based species) are produced on AZ31 Mg alloy. After screening and ranking the coatings
by electrochemical impedance spectroscopy (EIS), the best LDH coatings are investigated by
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), contact angle
measurements and Fourier-transform infrared spectroscopy (FTIR). The corrosion

performance is further evaluated by scanning vibrating electrode technique (SVET).
4.1.2 Results and Discussion
4.1.2.1 Inhibitor Screening

Two different LDH coatings (Zn—Al and Li—Al) were synthesized on the AZ31 alloy. The

functionalization of the LDH layers with inhibitors was conducted by immersion post—
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treatments in inhibitors—containing solutions (details are explained in section 3.3.3). Table 16

summarises the main information about the coatings formation conditions along with their

labelling, which is based on the cations used to form the LDH and the inhibitor used in the

post-treatment (when applicable).

Table 16. LDH coating and inhibitor post—treatment bath conditions.

Zn(NO3)2-6H,0 0.25M 125 °C
Zn-AlLDH  AI(NO3)3-9H,0 0.125 M pH 10 - -
Na,CO3 0.0625 M 24 h
Zn(NO3)2-6H20 0.25M 125 °C pH 10
Zn-Al LDH Li AI(NO3)39H200.125M pH10  LiNO30.1 M 45°C
Na,CO3 0.0625 M 24 h 2h
snAlLpy  ZN(NO2)6H,0025M  125°C pH 10
Mo AI(NO3)3-9H20 0.125 M pH10  NaMoOs4H00.1 M 45°C
Na,CO3 0.0625 M 24 h 2h
Zn(NO3)2-6H20 0.25M 125 °C pH 10
Zn-Al LDHW AI(NO3)3-9H,00.125M pH10  Na;WO40.1 M 45 °C
Na,CO3 0.0625 M 24 h 2h
LiNO3 0.0625 M 125°C
Li-Al LDH  AI(NO3)3-9H20 0.125 M pH 10 - -
Na,CO3 0.0625 M 24 h
LiNO3 0.0625 M 125°C pH 10
Li~Al LDH Li AI(NO3)3:9H20 0.125M pH10  LiNO30.1 M 45 °C
Na,CO3 0.0625 M 24 h 2h
LiNO3 0.0625 M 125 oC pH 10
Li~Al LDH Mo AI(NO3)3:9H20 0.125M pH10  Na;MoOs-4H,0 0.1 M 45°C
Na,CO3 0.0625 M 24 h 2h
LiNO3 0.0625 M 125°C pH 10
Li~Al LDHW AI(NO3)3:9H20 0.125 M pH10  NaWO, 0.1 M 45 °C
Na,CO3 0.0625 M 24 h 2h

Eight different LDH systems, with and without inhibitor, were screened by EIS testing

following 1 h of immersion in 3.5 wt.% NaCl solution (Figure 32). It is important to note that

the comparison of the impedance modulus (|Z|) at low frequency response (0.01 Hz) is a

common tool for ranking the corrosion performance of coatings [175], although it has some

limitations as it does not always match the corrosion performance obtained by other methods

such as salt spray testing.
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Figure 32. Scatter diagram of impedance modulus at 0.01 Hz for the AZ31 alloy with and without
LDH coatings. Filled symbols correspond to the specimens loaded with corrosion inhibitors. Note that

each system is measured twice, although some points overlap and only one symbol is observed.

Compared with the bare alloy, Zn—Al and Li—Al LDH coatings increase the impedance modulus
by one and two orders of magnitude, respectively. Loading of Li—, Mo—and W-based corrosion
inhibitors improved the corrosion resistance of Zn—Al LDH, with sodium tungstate yielding the
highest impedance values (|Z]o.01Hz ~10° Q cm?). As for the Li—Al LDH system, only the Li-

based inhibitor increased the impedance response (|Z|o.011z ~6x10* Q cm?).

Zn—-Al LDH W and Li—Al LDH-L.i systems were selected for further evaluation based on this
initial corrosion screening. A quick comparison with the values reported in literature [139, 142,
147-151, 209-213] reveals that the selected systems are among the best in terms of low
frequency impedance response. In the following sections, inhibitor—free LDH systems are also

included for comparison.
4.1.2.2 Coating Morphology and Composition

Figure 33 shows the SEM characterization (plan view and cross—sections) of LDHs layers
without inhibitors. Plan—view micrographs of Zn—-Al and Li—-Al LDHs reveal a flake—like

morphology. Both coatings cover the entire surface and show LDH islands that are larger in the
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Zn—Al system. The agglomeration of flakes that form the islands is attributed here to the
increased amounts of available cations (i.e. Mg?*, AI**), preferentially at the location of Al-Mn
inclusions. Enhanced dissolution is expected to occur in these regions due to two phenomena:
i) micro—galvanic corrosion between inclusions and the surrounding matrix; and ii) selective Al
dissolution within the Al-Mn inclusions due to the highly alkaline conditions (pH 10) during
treatment [214]. Figure 33f shows an example of partially dissolved Al-Mn inclusions

surrounded by the thicker coating material.

EDS area and point analysis labelled in Figure 33 are shown in Table 17, along with the EDS
results obtained for the bare substrate (not shown in Figure 33). Both coatings show increased
Al content (6-8 at.%) in comparison with the AZ31 alloy (~2.4 at.%). This is consistent with
the incorporation of this element into the LDH structure. Similarly, the Zn—-Al LDH shows a
higher amount of Zn on its surface (~2.9 at.%) compared with the as—received alloy (~0.4 at.%).
Li was not observed in the Li—Al system due to the difficulties in detecting this element by
EDS. Note the high amounts of Mn and Fe and the low Al/Mn ratio in point 2 in Figure 33f,
which evidences the preferential dissolution of Al in the AI-Mn inclusion. It is worth
mentioning that not all the islands show the presence of Al-Mn inclusions (e.g. point 2, Figure
33a).

Micrographs at higher magnification reveal that the flakes are mostly oriented perpendicularly
to the surface, indicating a faster growth rate in the direction of the bulk solution (Figures 33c
and 33g). This is typically observed in LDHSs systems and is the result of their anisotropy (i.e.
flakes growth in the ab—direction faster than in the c—direction) and the hampered growth of

flakes oriented horizontally to the surface [213].

Flakes in the Zn—Al LDH are thicker and larger than those in the Li—Al system. Image analysis
measurements (obtained from planar views micrographs) yielded thickness and surface area
values of (300 + 50) nm/(31.6 + 0.5) um? and (5 + 3) nm/(560 + 50) nm?, for the coating flakes,
respectively. Considering that similar conditions were used for both LDH treatments, it is
evident that the differences in size are related to the characteristics of Zn?* and Li* cations.
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Zn-Al LDH

4

24 10/um :

Figure 33. Planar view and cross sections micrographs of Zn-Al LDH (a,b,c,d) and Li-Al LDH
(e,f,g,h) coatings. Yellow arrows mark the overall thickness of the LDH coatings and the interface
between the coating and the bulk material is indicated by white arrows. The EDS analysis results are
collected in Table 17.
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Cross section examination of the LDH coatings shows a bi—layer structure composed of an
outer part with loose flakes (~30 % of the layer) and a denser inner layer (Figure 33d and 33h).
The overall LDH conversion layer is thicker when Zn cations are used (5.2 £ 0.5 pum) in
comparison with the Li—based solution (3.8 £ 0.4 um). This bi—layer structure is often seen in
LDH conversion coatings [145, 149, 215] and is related to differences in flake—size and
crystallinity of the coating material. For instance, Lin et al. [211] reported that the inner layer
was less crystalline than the outer one in a Mg—Fe—LDH coating formed on a 99.9 % Mg. It is
suggested here that the interface between the two layers roughly corresponds to the original

surface as it shows a very flat profile (further studies are needed to confirm this).

Table 17. EDS quantification in at.% on AZ31, Zn-Al LDH (Figure 33a), Li—-Al LDH (Figure 33e,9),
Zn-Al LDH W (Figure 34a) and Li—Al LDH Li (Figure 34d) in the specified areas.

AZ31 Matrix - 2.4 969 04 0.2 0.1 - -
Al-Mn - 454 - - 527 1.9 - -
Zn-Al LDH 1(area) 57.1 8.2 319 238 - - - -
2 (point) 55.2 6.1 36.2 25 — — - -
Li-Al LDH l(area) 545 75 370 1.0 - - - -
2 (point) 26.1 6.7 2.5 1.6 616 15 -
Zn-AlLDHW 1 (area) 414 29 536 12 0.2 — 0.1 0.6
2 (point) 734 16 235 05 - - 0.5 0.5
Li—Al LDH Li area 76.2 19 219 - - - - -

Figure 34 shows the SEM characterization of the studied LDH systems after post—treatment
with W—and Li-based inhibitors. The Zn—Al LDH-W coating shows a smoother morphology
than the Zn—Al LDH coating, although some small islands are still scattered over the surface
(Figure 34a). The EDS analysis shows that these islands contain slightly more W (~0.5 at.%)
than the surrounding coating material (~0.1 at.%). Some Na contamination is also present in
the coating (~0.6 at.%) (Table 17). According to the Pourbaix diagram of W (298 K, [WO4*]=
107° mol L) [216], tungstates are soluble in alkaline aqueous solutions. Therefore, W-rich
precipitates such as WOg3 are not expected to form during post-treatment at pH 10. The
precipitation of Al2(WOa)3 can also be ruled out as the amount of Al in the deposits is quite
small (0.2 at.%). Therefore, the presence of W in the coating is most likely due to the
incorporation of WO4? ion into the LDH structure or to the precipitation of MgWOa (pK,=
6.46). Li—rich deposits or precipitates, if any, were not detected in the Li—Al LDH Li coating.
The surface also appeared smoother than the inhibitor—free coating (Figure 34 d, e compared to

Figure 33e,f,g).
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Figure 34. Plan view and cross section SEM micrographs after post-treatment. Zn—Al LDH plan-view
(a,b) and cross—view (c). Li—Al LDH plan-view (d,e) and cross—view (f). The EDS analysis results are
collected in Table 17.
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High magnification plan views reveal that, after post—treatment with inhibitors, LDH flakes are
smaller and are not very well-defined (Figures 34b,e). This is attributed to the partial
dissolution of the outer layer, as evidenced by the cross sections (Figures 34c,f). During post—
treatment at pH 10 and under the non-saturated conditions LDH flakes gradually dissolve,
particularly those in the outer layer as they are loosely bonded to the surface. Note that some of
the coating material from the dense inner layers was also lost during post-treatment, but the
thickness loss can be considered negligible (<0.5 pm). After post—treatment, coating
thicknesses were ~2.7 and ~2.5 um for the Zn—Al LDH W and Li—Al LDH Li, respectively.

Figure 35 depicts the grazing angle X-ray diffraction (XRD) pattern for the studied coatings
before and after post—treatment. All the coatings show the characteristic peaks of hydrotalcite—
like LDH structure with a rhombohedral unit cell and R—3m space group [217]. Mg(OH)2 was
also identified, which is a common subproduct formed during the synthesis of LDH in alkaline
conditions (pH>10.8) [218]. Despite using grazing angle for the measurement, and due to the
low thickness of the studied coatings, peaks from the a—Mg phase in the substrate are also
identified at 34, 36 and 47°.

Table 18 shows the basal plane spacing d calculated using Bragg’s equation and the unit cell
parameters a and ¢ (a=2d110; c=3doos [219]) of LDH structures calculated from (003), (006) and
(110) reflections at ~11°, ~18.5° and 62°, respectively. The inhibitor—free structures present a
doos value of 0.8098 nm and 0.8058 nm, for Zn—Al LDH and Li—Al LDH, respectively, which
are consistent with hydrotalcite—like systems intercalated with NOs™ anions [219]. The shoulder
peaks identified for (003) and (006) reflexions at slightly higher 2—theta values suggest the
partial intercalation of CO32/OH~ ions between the LDH layers [220]. The doos values
correspond to the basal spacing of two consecutive hydrotalcite—like layers, therefore, it is
possible to calculate the intergallery height by subtracting the basal spacing of the cationic layer
(brucitelike, 4.8 A) (Table 18). The intergallery height of both systems is comparable, being
3.298 A and 3.258 A for Zn—Al LDH and Li-Al LDH, respectively.
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Figure 35. (a) XRD patterns for the studied LDH coatings. (b) Region of interest from 10 to 28°.
Table 18. XRD peak indexing results for the (003) and (006) planes of the LDH structures.

Zn-Al LDH 0.2989 0.2429 0.8098 0.3298
Zn-Al LDHW 0.2991 0.2415 0.8051 0.3251
Li-Al LDH 0.2987 0.2417 0.8058 0.3258
Li-AlILDH Li 0.2994 0.2409 0.8029 0.3229

After the post—treatment, the characteristic LDH reflections (003) and (006) of both LDH
systems show a lower intensity and remain at a relatively invariable 20 (Figure 35b). The lower
intensity is related to the removal of the external loose layer of the coating during the post—
treatment. It is worth mentioning that the shoulder peak identified for (003) reflexion at slightly

higher 2—theta values became clearer in the case of Zn—Al LDH-W (labelled * in Figure 35b)
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which is probably related to a significant intercalation of CO3s*/OH- ions, with smaller size
compared to NOs~, between the LDH layers during the post-treatment.

The invariable reflection 26 suggests that the corrosion inhibitors were not incorporated within
the intergallery space. Therefore, the basal plane spacing, d, and the unit cell parameter ¢
remained constant after the treatment. The ab—axis values also remained constant, which
indicates that the inhibitors did not modify the cationic hydroxide layers. In Zn-Al LDH-W,
W-rich particles in the form of MgWO4 were detected at 12, 16.5 and 29° and observed on the
SEM micrographs (Figure 34). This confirms their incorporation into the LDH system.
Considering the low solubility of MgWO., these are likely to be physically adsorbed on the
LDH’s most external layers. The inhibitor Li* in the Li—-Al LDH Li system is not likely to be
incorporated between the LDH layers due to its positive charge. Li* is most probably located at
the most external layers (top and bottom) of the LDH systems creating an electric double layer

with the NOz™ ions which remain attracted by electrostatic interactions to the LDH layers.

The FTIR spectra of the different LDH coatings with and without intercalated inhibitors are
shown in Figure 36. The intense band located at 3683 cm™ corresponds to O—H stretching mode
of hydroxyl groups in the LDH layers (Zn-OH, Mg-OH, and AI-OH) [221]. The bands at
3650-3170 cm? and 1726-1505 cm™ are assigned to tension and bending vibrations,
respectively, of the O—H bonds of water molecules intercalated between the LDH layers. The
bands at 1690—1480, 760 and 578 cm™ correspond to the asymmetric stretching, out—of—plane,
symmetric and antisymmetric deformation modes of NO3™ ions intercalated between the LDH
layers, respectively [220]. The band at 1690-1480 cm™ could also be correlated to the
symmetric stretching vibrations of O-C-O bond of COs®> anions. The bands at lower
wavenumbers (761-546 cm™?) correspond to the stretching vibrations of M—O (M: Al, Zn) of
the LDH [165]. The bands between 30002775 cm™ correspond to C—H vibrations associated

with the presence of superficial contamination in the form of hydrocarbons.
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Figure 36. FTIR spectra of Zn-Al LDH, Zn—Al LDH W, Li—Al LDH and Li-Al LDH Li coatings on
AZ31 Mg alloy.

XPS analysis (Figure 37) was carried out to obtain quantitative compositional information of
the studied materials (Table 19). Figures 37a and 37b show the XPS spectra of the LDH systems
before and after 10 min of argon sputtering, respectively. Figure 37c shows the high—resolution

XPS spectra of elements Zn, W and Li after sputtering.
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Figure 37. XPS spectra of the studied specimens (a) before (as received AR) and (b) after 10 min of
argon sputtering (sputtering cleaning SC). (c) High—resolution Zn, W and Li spectra obtained after 10
min of argon sputtering of the LDH coatings on AZ31.

The most superficial layer for all the studied materials in the as—received condition shows
varying amounts of adventitious C. The C 1s signals at 285 and 286 eV correspond to long
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chain hydrocarbons (C—C, C—H) which were also evident in the FTIR analysis. After sputtering,
the signals at 285 and 286 eV diminished and a small peak at ~290 eV, corresponding to
carbonate ions, appeared (Figure 37b). This suggests the intercalation of CO3?~ between the
LDH galleries, as evidenced by shift of the (003) peak in XRD. The intensity of this signal
increases for the deeper layers of the coating as the superficial contamination is sputtered away.
In the as—received condition, only one O 1s signal is identified at ~532 eV which is assigned to
O atom in metal-hydroxide species (or hydroxyl groups —OH) [222]. Another confirmation of
the presence of magnesium hydroxides is the Auger parameters values of 997.23 eV to 997.47
eV (shown in Table 19). This parameter has been calculated by the difference between the
kinetic energy (KE) of the Mg KLL Auger peak and the KE of the Mg 1s peak [223].

Table 19. Calculated Auger parameter for the studied coatings.

Zn-Al LDH 1180.38 183.15 997.23
Zn-Al LDH W 1180.39 182.92 997.47
Li-Al LDH 1180.27 182.88 997.34
Li—-Al LDH Li 1180.24 182.87 997.37
*a = KE (Mg KLL)-KE (Mg 1s) [Eq. 8]

After sputtering, the Al 2p peak at ~74 eV is possibly related to the bonding energy of A1(OH)3,
but MgO peak was not observed (typically at ~1.5 eV of Mg 1s and Mg 2s binding energies
[223, 224]). Zn is present in Zn—-Al LDH samples; in the Li—Al LDH system, small amounts of
Zn were also detected but disappeared after sputtering, suggesting superficial contamination.
The twin peaks at ~1021 eV and ~1044 eV are assigned to Zn 2psz;2 and Zn 2p1 respectively
(Figure 37c¢), suggesting that Zn is present in the LDH in the divalent oxidation state [225]. In
the case of Zn—Al LDH W system, a peak associated with tungsten is observed at 50 eV. In the
as—received condition, the W 4f high resolution spectra show a split peak at 35.48 and 37.58
eV, while after sputtering (Figure 37c), two doublets 4f7;,—4fs; are fitted at 34.08-35.94 eV and
35.99-38.04 eV, respectively, which are associated with a tungsten oxidation state +6, probably
in the form of WO4? [226, 227]. Li was identified in Li-Al LDH and Li-Al LDH-Li systems
at 55.33 eV (Li 1s). Table 20 shows the quantitative chemical analysis before and after
sputtering of the studied materials. In the as received condition, for both Zn—Al LDH and Li-
Al LDH systems, N is identified, from the intercalation of NOs™ anions between the LDH layers.

It is worth mentioning that Zn—Al LDH W did not present N, suggesting the partial intercalation
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of CO3?> /OH™ ions between the LDH layers. This is in agreement with the shoulder peaks
identified for (003) and (006) reflexions at slightly higher 2—theta values. In the case of Li—Al
LDH system, the N content increased after the post-treatment in LiNOs, where further NO3~
ions are incorporated into the structure. Although a characteristic peak of Li was identified, the

detected amount was below the limit of quantification.

Table 20. XPS elemental composition (at.%) of studied coatings.

Zn-AlLDH 222 515 134662 16 - - 3908 — 2.02 2.27
Zn-AlLDHW 20.8 529 13.7 738 28 08 — - - 15 1.86 2.24
Li-Al LDH 22453 11311601 - - 12- 06 0.98 0.98
Li-AILDHLi 34 46.7 589 962 01- **33- 05 0.61 0.61
Zn-AlLDH 594 472 36.1 952 0.7 — - — 0.5 - 3.8 3.87
Zn-AlLDHW 5.73 50.8 294 896 3311 - - - 0.7 3.28 3.65
Li-Al LDH 819 512241162 * - - - - 04 1.49 1.49
Li-AILDHLi 6.93 52.2 21.8 19.7 * — ** - — — 1.11 1.11

*A very weak peak of Zn2p3/2 was observed (not quantified)

**A very low peak in the high—resolution spectrum is observed for the Li—-Al LDH-L.i; values
are not included in the elemental table composition for both cases.

In the as received condition, the (Mg+2Zn)/Al ratios are ~2.3 and ~1.0 for Zn-Al and Li-Al
LDH, respectively. After sputtering, the ratios increase as the surface contamination is removed
(~3.9 and ~1.5) for Zn-Al and Li—Al LDH, respectively. In both systems, the specimens
containing corrosion inhibitors show a slightly lower ratio which could be associated with the
selective dissolution of Mg during the immersion post-treatment, where the most superficial

layer of the coating is removed.
4.1.2.3 Corrosion Test: Immersion test and SVET measurements

To evaluate the corrosion protection efficiency offered by the encapsulated corrosion inhibitors,
the coatings were artificially scratched, and their electrochemical response was analysed by
SVET up to 6 days of immersion in 0.05 M NaCl. Figure 38 shows the optical images of the
artificial defects and the SVET maps at the same location for different immersion times.

For Zn—Al LDH, right after the immersion, two features were observed: the discolouration of
the surface and blurring of the defect, making it indistinguishable from the intact coating. At

this stage, the current density values remained relatively low (+10 nA/cm?) and no Hz bubbles

76




Chapter 1

were formed. This behaviour continued after 2 and 6 days of immersion and the corrosion
response at the location of the defect remained relatively unchanged. This behaviour can be
explained by the partial dissolution of the LDH flakes and redeposition of the coating material
at the location of the artificial defect. The specimen containing the corrosion inhibitor (Zn-Al
LDH W) showed a similar trend. The defect became indistinguishable in the optical image and

low currents in the range of +10 uA/cm? were registered.

It is worth noticing that two cathodic spots were detected at the location of the scratch after 2
days of immersion, indicating electrochemical activity during the initial stages of immersion,
although the current values were relatively small. Interestingly, after 6 days of immersion, these
two spots disappeared. This could be related to two phenomena: (i) the dissolution—redeposition
of the LDH coating material (some liberation of Zn?* ions from the LDH structure may also
occur, which are likely to precipitate in the form of Zn(OH).) and, (ii) the
dissolution/redeposition of MgWOsa. In both cases, these insoluble deposits would isolate the
exposed magnesium substrate from the aggressive media, thus restating partially the passive

properties of the coating while preventing corrosion propagation.

In the case of the Li-Al LDH system, with and without corrosion inhibitor, a high anodic
activity (50 pA/cm?) is identified at the location of the defect from the beginning of the
immersion test. This is accompanied by an intense generation of H, bubbles. Over time,
corrosion progresses through the exposed substrate and several initiation points are also
developed outside the scribed area. This suggests that the barrier properties of this system are
lower [228]. This can be explained by the composition of the LDH cationic layers; it seems that
the presence of Zn is a requirement for the precipitation of insoluble hydroxides to achieve the
partial recovery of the defect. Therefore, although the Li—Al LDH system increases the overall
barrier properties of the material, it does not provide the same level of active corrosion
protection when compared to the W—containing system.
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Figure 38. Optical images and SVET 2D current density maps of 1 mm scratch defect and the

surrounding area up to 6 days of immersion in 0.05 M NaCl solution.
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A more detailed analysis of the corrosion performance of the studied LDH systems includes
SEM (Figure 39) and EDS (Table 21) results of the scratched regions for up to 6 days of

immersion in 0.05 M NacCl.

Zn-Al LDH Zn-AlLDH W

S

Figure 39. Scanning electron micrographs corresponding to the scribed planar views and details of
(a,b,c) Zn—-Al LDH, (d, e, f) Zn—-Al LDH W, (g,h,i) Li-Al LDH and (j,k,I) Li—Al LDH L.i coatings, up
to 6 days immersion in 0.05 M NaCl solution. Squares represent the areas analysed by EDS.

Before immersion all the scratches are clean and with depth values greater than 7 um. EDS
results at the location of the scratches show high and low amounts of Mg and O, respectively,
in comparison to non-scribed regions (Table 17), showing that the defect has reached the
substrate.

After 6 days of immersion, the scratch of the Zn-Al LDH specimen shows voluminous
corrosion products that are rich in O and Mg (Figure 39c). Contrarily, the Zn—-Al-LDH W
system shows a lesser amount of corrosion products in comparison (Figure 39f). It is
noteworthy that the presence of W and Zn is detected inside the scribe after 2 days of immersion
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and that their contents increase with time (Table 21). The presence of W inside the scribe (where
there was none before the immersion) demonstrates the liberation of WO4%~ from the intact

coating zones and its subsequent precipitation at the defect.

The Li-Al LDH system also revealed voluminous corrosion products at the location of the
artificial defect (not shown in the micrographs) and increased levels of Mg and O with
increasing immersion times, possibly in the form of magnesium hydroxide. In the case of Li—
Al LDH Li, better results were obtained, but some areas of the scribe were also covered by
corrosion products. It is important to mention that, in the areas less affected by corrosion, the
amount of Al and Zn increased significantly in comparison to the Li—Al LDH reference system
suggesting some effect from the Li element. Therefore, the incorporation of LiNO3 salt into the
LDH coating has a beneficial effect on the corrosion performance, although the actual
protection mechanism remains elusive. For instance, Zhang et al [229] reported that LDH films
with a Li*/AI** molar ratio of 1:2 showed better performance than those with 1:1 and 2:1 molar
ratios due to the formation of less defective coatings, but they did not provide a detailed
explanation on the role of Li. In case of Al alloys, previous studies on Li behaviour as corrosion
inhibitor have shown the formation of a protective layer in artificial defects [230-234]. This
layer usually has a composition of Al, O and Li and shows a compact three—layer morphology,
thus providing long—term corrosion protection [233, 234]. A similar mechanism could be acting
in the present case since Al-rich oxides/hydroxides (Table 21) are formed and these should
provide a higher level of protection in comparison to magnesium oxides/hydroxides in neutral
environments. Although further research is needed, this behaviour could be related to Li*
promoting the distortion of the Mg(OH)2 structure, thus reducing its stability [235].

Table 21. EDS analysis performed in the scratched regions of LDH coatings on AZ31 (at.%).

Zn-Al LDH 0 32.1 64.9 1.7 1.3 — -
2 58.5 375 3.7 0.3 - -
6 67.9 28 3.5 0.6 - -

Zn-AlLDHW 0 3.0 93.6 2.2 1.2 - -
2 54.4 40.7 2.1 1.7 0.4 0.7
6 34.6 60.3 2.9 1.0 0.2 1.0

Li-Al LDH 0 15.1 82.2 1.7 1.0 — —
2 57.6 40.7 1.6 0.1 — —
6 344 60.9 3.4 1.3 - -
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Table 21. EDS analysis performed in the scratched regions of LDH coatings on AZ31 (at.%). (cont.)

Coating Elements
o)
Li-FAILDHLi 0 1.5 96.1 2.0 0.4 - -
2 54.5 38.8 5.3 1.5 - -
6 57.8 34.8 55 1.9 - -

In order to summarise the degradation and protection processes, simplified corrosion
mechanisms are represented in Figure 40. These are based on the combination of three

phenomena: ion—-exchange, precipitation of hydroxides and competitive adsorption.

Zn-Al LDH W LDH flakes Li-Al LDH Li

.~ Smaller flakes

anodic
Release of ' .
lithium @ % dissolution

Protective layer
formatio
|

Hydroxides Mg(OH),, Al(OH),
Hydroxides Zn(OH),, Mg(OH),, Protective aluminium

Al(OH), hydroxide

Figure 40. Schematic representation of the proposed mechanism for the corrosion protection on Zn—Al
LDH W and Li-Al LDH Li.

4.1.2.4 Contact angle, Surface roughness and Paint adhesion

Contact angle measurements were performed to evaluate the hydrophilicity/hydrophobicity of
the developed coatings (Figure 41). All the coatings show a hydrophilic behaviour. Zn-Al LDH
shows a 0° contact angle and the water drop completely spread over the coating’s surface. Li—
Al LDH presents a slightly higher contact angle, 13° which is also considered highly
hydrophilic. In both systems, this behaviour can be explained by the presence of hydroxyl
groups within the LDH structures that can easily interact with water molecules through
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hydrogen bonding [185]. This extreme hydrophilicity may cause the aggregation of the LDH
flakes and significant water adsorption, which may promote corrosion initiation if the aqueous
environment reaches the substrate. Both specimens containing corrosion inhibitors show higher
contact angles, 58° and 43° for Zn—Al LDH W and Li-Al LDH Li, respectively. This increase
can be related to the loss of the outer layer that modifies the roughness of the coating and to the
presence of inhibitor—containing species at the LDH surface that prevents the formation of
hydrogen bonding. In case of Zn—-Al LDH W, these could be W-rich solid precipitates, while

in case of Li—Al LDH Li it could be associated with the adsorption of Li* cations.

The roughness values of the studied coatings are presented in Table 22. The analyses of Zn-Al
LDH and Li—Al LDH reveal fundamental differences between them. The Zn—-Al LDH shows
the highest values among studied coatings. This may be related with the presence of
agglomerated flakes on top of intermetallic particles, as observed in the SEM micrographs
(Figure 33). This promotes the water adsorption, which is in accordance with the contact angle
values. The post—treatment for that system results in the dissolution of the most external layer
of the coating, including the above—mentioned agglomerations, leaving the dense and uniform
inner layer exposed. As expected, this leads to a reduction of the superficial roughness (Sa and
S10z) and consequently a decrease in the hydrophilicity as observed in the increased contact
angle values after the post-treatment. The differences in the surface roughness for the Li—Al
LDH system before and after post-treatments were not significant, probably due to the lack of

agglomerate flakes and their smaller size in comparison to Zn—Al LDH.

Table 22. Roughness parameters (S,; arithmetical mean height and Siq;; ten—point height).

Zn-Al LDH 3.8+0.3 40.2+0.5
Zn-Al LDH-W 26%0.6 22 +4
Li-Al LDH 3.0+01 201
Li—-Al LDH-Li 34+0.1 22+ 2

The paint adhesion property of the coatings was evaluated according to the EN ISO 2409
standard using a water—based paint, where scores are allocated to quantify the area affected by
paint delamination. The scale ranges from 0 to 5, where O corresponds to a 0 % area
delaminated, 1 to <5 %, 2 to 5-15 %, 3 to 15-35 %, 4 to 35-65 % and 5 to an area > 65 %.
Figure 41 shows the cross—cut test results and the allocated scores. Some differences are

observed between the inhibitor—free and the inhibitor—containing LDH coatings. The Zn-Al
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and Li—-Al LDH specimens show a paint adhesion score of 1, since some detachment of small
fakes of the coatings was observed at the intersection of the cuts. This indicates a relatively
good paint adhesion property, which can be explained by the high hydrophilicity and roughness
of the most superficial layer of the LDH coating prior to the immersion post-treatment that

provides a high surface area for an optimal paint anchorage.

. Zn-Al LDH Zn-Al LDH W Li-Al LDH Li-Al LDH Li
a
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Figure 41. Water contact angle measurements and paint adhesion: (a,e) Zn—Al LDH, (b,f) Zn—
Al LDH W, (c,g) Li-Al LDH and (d,h) Li-Al LDH Li.

The coatings containing corrosion inhibitors, Zn-Al LDH W and Li—Al LDH Li, obtained after
the post-treatment, exhibit a slightly higher level of delamination (score 2). However, it remains
in the lower range (~5 %). The coatings flake along the edges and at the intersections of the
cuts. The slight decrease in paint adhesion is due to the physical and chemical changes suffered
by the most external layer of the coating after the post—treatment that resulted in a smoother
surface with slightly higher hydrophobicity. Consequently, the contact area available for the

paint anchorage is reduced resulting in a decrease of the paint adhesion.
4.1.3 Concluding remarks on LDH coatings on AZ31 Mg alloy
The main conclusions obtained for the developed LDH systems are summarized as follows:

- Zn-Al and Li-Al LDH systems containing Li—, Mo— and W-based corrosion
inhibitors were successfully synthesized and optimized in terms of corrosion
resistance. The coatings with the highest corrosion resistance, Zn-Al LDH W and
Li—Al LDH Li, were selected for further evaluation.

- XRD, FTIR and XPS analysis confirmed the incorporation of the inhibitors into the
LDH structure. W is incorporated in the form of WO4> and it is likely to be

physically adsorbed on the LDH’s most external layers. In contrast, Li is suggested
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to be incorporated in the cationic form Li*, remaining attached to the top and bottom
layers of the LDH system due to electrostatic interactions with NOs™.

The applied post-treatments result in the selective dissolution of the outermost layer
of the LDH coatings, reducing hydrophilicity and paint adhesion of the coatings.
The active corrosion properties of the developed coatings were confirmed by SVET
analysis. The Zn—Al LDH W system revealed better active protection properties
than Li—Al LDH Li.

The inhibition corrosion mechanism is attributed to the combination of three
phenomena: ion—exchange of aggressive CI~ ions, dissolution—redeposition of
protective deposits, including W-rich precipitates and aluminium hydroxides.
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Doped flash PEO coatings for corrosion
protection of AZ31 Mg alloy
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4.2 Chapter 2. Context and aim

PEO microdischarges allow for an efficient incorporation of electrolyte species into the coating.
These are usually in the form of insoluble or corrosion—resistant phases, thus improving the
coating barrier properties. Alternatively, electrolyte—derived phases may provide active
corrosion protection by mechanisms such as dissolution/precipitation and inhibitor release. Ca
Is sometimes used in PEO coatings as its compounds typically lead to an improvement in the
corrosion resistance of coated Mg alloys. Chapter 2 focuses on the study of a modified PEO
electrolyte for Ca incorporation into a Flash—PEO coating on AZ31 alloy. Two compounds are
considered as a source of Ca: calcium oxide (CaO) and calcium glycerophosphate (C3sH7CaOsP,
CaGlyP). The goal is to synthesize thin, energy—efficient and corrosion resistant Ca—doped PEO
coatings on the AZ31 Mg alloy. Chapter 2 graphical summary is shown in Figure 42.

1. Electrolyte composition 2. Development of PEO coatings on Mg alloys

2 mM Na,EDTA
1.5 mM CaO

2 mM Na2EDTA
1.5 mM CaGlyP

3. Corrosion performance and paint adhesion
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Figure 42. Chapter 2 graphical abstract: Study of Ca—doped PEO coatings on AZ31.
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4.2.1 Introduction

The high temperature and pressure that develops within plasma microdischarges facilitate the
incorporation of electrolyte species into PEO coatings [236]. The species then consolidate into
corrosion—resistant phases and enhance the protection provided by the MgO layer which
otherwise would not be that high, considering the low Pilling—Bedworth ratio (Vox/Vm = 0.81)
of MgO and its relatively high solubility in non—alkaline aqueous environments. It is worth
mentioning that some cationic and anionic inorganic electrolyte species may provide active
corrosion—inhibiting properties [237, 238], although this is usually achieved via a post—
treatment. As a result, PEO is one of the most successful approaches for providing an enhanced

corrosion protection of Mg components.

Ca is sometimes used in protective coatings produced by anodizing [239-251],
electrodeposition [252-254], conversion [255, 256] or by mixed strategies (e.g. PEO with
electrophoretic deposition [257] or hydrothermal treatment [258]). The formation of calcium
phosphates, hydroxyapatite and other Ca—rich compounds typically leads to an improvement in
the corrosion resistance of coated Mg alloys. The incorporation of Ca into PEO coatings is
mostly focused on biological implant applications due to their great biocompatibility, especially
in terms of hydroxyapatite—forming ability [259]. Reported studies on Ca—containing PEO
coatings typically use high voltages (between 400 and 500 V) and long treatment times (5 to 30
min), resulting in thick coatings (up to 70-90 um). Regarding corrosion properties, the studies
revealed that the incorporation of Ca into the PEO oxide layers is beneficial for corrosion
protection, leading to an increase in corrosion potential and corrosion resistance as well as a
reduction in corrosion current [239, 241, 242, 249].

In this section, two compounds are considered as a source of calcium for PEO coatings on Mg;
calcium oxide (CaO) and calcium glycerophosphate (CaGlyP). It is worth mentioning that CaO
solubility is quite limited (approximately 1.18 g/L at 30 °C, pH 7.0 [260]), leading to difficulties
with maintaining stable suspensions of CaO particles. Therefore, the present study also explores
the viability of CaGlyP which shows a higher general solubility 5.7 g/L (pH 7.5) [255]. The
effect of this compound on the coating properties is not clear since the number of studies using
CaGlyP in the electrolyte are rather limited [242] and its influence on the coating performance
iIs somehow unclear. It also needs to be addressed that the main drawback for the
commercialization of PEO coatings is their considerable energy consumption. To overcome

this limitation, this work presents the strategy of a thin coating formation by flash—-PEO (FPEO)
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with a much lower energy input (about 10 times lower) compared with typical PEO procedures.
Thin PEO coatings obtained under such conditions can be a promising replacement for thin

chromium conversion coatings (CC) due to their compact and resistive ceramic—like structure.

The PEO process parameters were optimized in order to reduce the treatment time and the
applied voltage to a minimum, ensuring at the same time the best possible corrosion protection.
The obtained coatings are thinner (~1 pm) in comparison to previous systems [261-268].
Another aim of the present work is to propose an alternative to thin CC treatments for industrial
automobile or aircraft applications that would provide a superior corrosion protection. For such
treatments, an excellent paint adhesion is mandatory. Therefore, special importance in this
study is given to the evaluation of anticorrosion performance of the full system (PEO pre—
treatment combined with epoxy primer layer) in neutral salt spray (NSST) and the paintability
tests performed in accordance with ISO 17872 and ASTM D 1654 standards. Full system
coating properties were compared with those for the untreated Mg AZ31B substrate and a
commercially available CC product with similar coating thickness.

4.2.2 Results and Discussion
4.2.2.1 Electrical Response of Flash-PEO

Table 23 summarises the DC PEO parameters for the developed oxide layers. In order to
maintain a low energy consumption, the PEO electrical parameters were optimized and kept as
low as possible, simultaneously maintaining the shortest possible treatment times. Three
different PEO coatings (FPEO, FPEO_CaO and FPEO_CaGlyP) were fabricated on the AZ31
alloy. It is noteworthy that the concentration of Ca ions was the same for both electrolytes.

Table 23. Electrolytes and PEO process conditions.

FPEO Na2SiOs-5H20 5g/L
NazPO4-12H,0 5 g/L
KOH 14 g/L
KF 3 g/L

12.91/57.5 200 20 100

90




Chapter 2

Table 23. Electrolytes and PEO process conditions. (cont.)

FPEO_CaO Na.SiO3-5H20 5 g/L
NazPO4-12H,0 5 g/L
KOH 14 g/L
KF 3 g/L
Na,EDTA 2 mM
CaO 1.5 mM
FPEO_CaGIlyP NazSiO3z-5H20 5 g/L
NazPO4-12H,0 5 g/L
KOH 14 g/L
KF 3 g/L
Na,EDTA 2 mM
CaGlyP 1.5 mM

12.94/59.2 200 35 100

12.91/57.8 200 45 100

The voltage—time curves acquired during the studied FPEO processes are presented in Figure
43. The curves exhibit shapes characteristic of galvanostatic anodizing conditions with an initial
fast voltage increase corresponding to the growth of a barrier MgO layer and the subsequent
voltage oscillations at a reduced slope associated with the initiation of plasma microdischarges
until the finale set voltage was reached. Despite the fact that the pH and the conductivities of
all the electrolytes were very similar (Table 23) the FPEO in base Ca—free electrolyte reached
the top limiting potential (200 V) after only 20 s; the respective times were extended to 35 s
and 45 s in the electrolytes with CaO and CaGlyP, respectively, in order to reach a similar final
voltage. It should be remembered that both electrolytes contain Na;EDTA, and both GlyP and
EDTA are strong chelating agents not only with respect to Ca but with respect to Mg as well,
which means that in their presence in the electrolyte Mg surface passivates with more difficulty,
as the dissolution of Mg (through the formation of MgGIlyP and MgEDTA complexes)
competes with the formation of MgO. Consequently, this leads to a slower growth of the MgO
layer and to the delay of the onset of microdischarges, more pronounced in a heavier chelated
electrolyte. This also affects the energy consumption of the processes, which varied from ~0.8
kWh m2 pm™ for an Ca—free electrolyte to ~2.0 kWh m= um™ for CaGlyP (Table 24).
Nevertheless, all three PEO processes can be considered as extremely short and, therefore,
beneficial from the energy consumption point of view. For instance, the energy consumption
of a typical 30 min PEO treatment is about 18 kWh m=2 um™ [269].
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Figure 43. Voltage—time curves registered during the FPEO processes in the basic electrolyte and

electrolytes doped with CaO or CaGlyP.

Table 24. Flash—PEO (FPEOQ) process and coating parameters.

FPEO 0.8 31+05 (14£2) x 10°°
FPEO_CaO 1.6 1.8+0.3 (8£3) x 10°3
FPEO CaGIlyP 2.0 1.9+0.8 (1024) x 10°3

4.2.2.2 Coating Morphology and Composition

The plan—view electron—optic examination of the coatings did not reveal any significant

differences in the surface morphologies (Figure 44). Specimens disclose flat regions with

protruding irregularities which formed over the intermetallic inclusions; the latter are also

observed in the AZ31 substrate, with and without commercial CC (Figure 45).

An EDS analysis of the pre—treated samples confirmed that these inclusions show an increased
content of Al, Mn and Fe (17 £ 2, 4.8 £ 0.2, 0.10 £ 0.05 at.%, respectively). After the FPEO

process, these inclusions were also covered with a passive layer. The flat regions of the surface

disclose typical numerous sub—micron size pores with a uniform distribution for all FPEO

coatings (Figure 44b,e,h).
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Figure 44. Secondary electron micrographs of the coating (a,b,d,e,g,h) plan views and the (c,f,i) cross—
sections: (a—c) FPEQ; (d—f) FPEO_CaO; (g-i) FPEO_CaGlyP. EDS surface analysis results for a,d,g

images are collected on Table 25.

substrate

Figure 45. Secondary electron micrographs of surface morphologies of AZ31 substrate (a) without and
with commercial CC (b) plan view and (c) cross view.

The porosity of the two Ca—doped coatings was found to be similar between them and about

~30% reduced with respect to the average pore size and pore population density of the base
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FPEO coating (Table 24), due to the delayed onset of microdischarges. It is well known that
the size and duration of the microdischarges tends to increase with the PEO processing time,
producing larger pores [270], which did not have a chance to happen in the case of the present
“flash” treatments. The chelating effect of EDTA on Mg, mentioned previously, facilitates the
substrate dissolution making the growth of the passive layer slower: therefore, the dielectric
breakdown of the latter and the initiation of the microdischarges occurs later and the number of
the microdischarges, and hence pores, may be fewer too. From the corrosion resistance point

of view, reduced porosity is expected to be a positive factor.

Table 25. Results of the local EDS surface analysis of the coatings (at.%).

FPEO 56.1 2.9 36.4 2.1 1.8 0.7 -
FPEO_CaO 50.6 3.2 39.6 3.5 2.3 0.9 0.1
FPEO_CaGlyP 52.4 2.5 39.6 2.6 2.0 0.7 0.1

Cross—sectional images (Figure 44c,f,i) exhibited a two—layered structure of the coatings: a thin
barrier layer at the bottom and a relatively compact top layer; very few pores are discerned as
a residue of microdischarge channels. This may be related to the small size of the discharges
and their short life-time, both expected for a treatment of such a short duration [270]. Typically,
prolonged PEO treatments of Mg alloys in DC and DC—pulsed regimes result in the formation
of a so—called pore band that is located at the interface of the barrier and outer layer of the
coating [271]. In the present case, this feature, predictably, is underdeveloped. All three FPEO
coatings were of similar compactness and thickness (close to 1 pm). In comparison, the
commercial CC (Figure 45) disclosed a uniformly cracked surface morphology; these kinds of
cracks are known to be deeply penetrating throughout the CC thickness, negatively affecting

the CC anticorrosive properties.

Surface texture is known to have a strong influence on the corrosion properties as well as on
the paint adhesion to the coating. The three FPEO coatings exhibited very similar surface
roughness parameters, with S, and Sio,, between ~3.0-3.3 pum and ~21-23 pm, respectively
(Figure 46). The intermetallic alloy inclusions are clearly visible on the 3D images of the

surfaces and can be recognized as bright orange colour islands on the 2D maps.
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Figure 46. Optical profilometry micrographs and surface roughness parameters of the FPEO coatings,
including the 3D-rendered images (a,c,e), 2D topographical maps (b,d,f). The corresponding

calculated surface parameters are presented on Table 26.

Table 26. Average S,, S; and Sio, values for the FPEO coatings. The parameters represent the average
height, maximum height and ten—point height of the selected area, respectively.

Sa (Um) Sz (Um) S10z (M) |
FPEO 32+05 33+04 3.0+0.1 |
FPEO_Ca 21+3 22+3 24+ 2 |
' FPEO_CaGlyP 22+3 23+3 23+6 |

The chemical compositions of all three FPEO coatings investigated by EDS were found to be
relatively similar (Table 25) with regards to the incorporation of elements from the substrate
(Al) and electrolyte (Si, P, F and Ca), although slightly higher Si content is observed in the Ca—
containing coatings. The incorporation of Ca into the coatings from both electrolytes was
equally small and non—uniform (Ca content varied from zero in some locations to 0.1 at.% in
others). Grazing angle XRD detected MgO as the only crystalline phase (Figure 47). This
indicates that the short PEO treatment time does not enable the evolution of longer lasting
microdischarges with high enough plasma and gas temperature which could draw enough Ca
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species into the discharge channels and form a significant amount of crystalline Ca—containing
phases. CaO was introduced into the electrolyte as a powder which dissolves in the presence of
EDTA and forms EDTA complexes which decompose and liberate Ca?*. Given sufficiently
long PEO treatment time, it would be reasonable to expect the formation of calcium phosphates,

calcium fluoride or hydroxyapatite.
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Figure 47. Grazing angle XRD patterns of the FPEO coatings.

Raman spectra (Figure 48) disclosed a dominant broad peak at ~630 cm™ in all three coatings.
Additionally, the Ca—containing coatings disclosed a weak intensity shoulder at about ~560—
590 cm and a broad and small peak at ~490 cm2, both of which were better defined in the
case of the FPEO_CaGlyP coating. It should be noted that the fluorescence background masked
the presence of peaks above 950 cm™. All the above mentioned bands are typically found in
glasses and are mostly associated with silicate and orthophosphate groups [272-274].
Specifically, broad bands between 300 and 500 cm™ are attributed to mixed stretching and
bending modes of Si—O-Si units and bands in the 550-850 cm™ region are commonly attributed
to ring breathing modes [275, 276]. The band at 630 cm™, which corresponds to Si—O-Si
bending, is more intense for the FPEO_CaO coating, which is in line with its slightly higher Si
content, as shown by the EDS analysis [277]. The orthophosphate (Q0) group is represented by
a590 cm band for the symmetric stretching of the P—O bonds [272]. All three coatings contain
P in similar quantities; however, the shoulder at 590 cm™ is less visible in the FPEO coating,

suggesting a less ordered distribution of the PO4>~ units.
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Figure 48. Raman spectra of the FPEO coatings.

Another important feature of the Ca—containing coatings spectra is the better defined peak at
490 cm™L. This peak is also related to the Si—-O-Si bonds (symmetric stretch oxygen vibration)

and is also an indication of the higher Si content in the Ca—containing coatings.

Remarkably, only the Raman spectrum for the coating generated in the CaGlyP—doped
electrolyte features a well-defined narrow peak at 257 cm™. The regions at <280 cm™ in Ca—
Si—O systems are associated with complex vibrations involving Ca—O polyhedra [277].
Therefore, the prominent 257 cm™ peak suggests a more organized arrangement of the Ca ions
in the structure of the FPEO_CaGlyP coating.

Complementary FTIR spectra (Figure 49) revealed a broad band at around a 937 cm™
corresponding to the stretching of Si-O-NBO bonds in Q1 and Q2 type tetrahedral (with three
and two non-bridging oxygen, NBO, atoms, respectively) of the silica depolymerized with
dopant cations [278], which in the present case would be Mg?" and Ca?*. The broad band at
3390 cm™ and 1608 cm™ correspond to the —OH groups, commonly reported in the PEO—
coatings on Mg [279-281] and originating from adsorbed water, due to the hydrophilic nature
of MgO. The peak at 586 cm™ in the FPEO coating can be attributed to Mg—O stretching
vibrations; notably, it is further shifted to lower wavenumbers in Ca—doped coatings, which is
not uncommon for O—Mg-O bonds in silica—modified MgO coatings [280, 281]. This is in
agreement with the EDS results, where Ca—doped coatings revealed a slightly higher amount
of Si. In this region there is also overlapping of O—-Mg-O and P—O bond vibrations, as PO4*
antisymmetric bending is observed in the range of 570-600 cm™ in crystalline MgO
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surroundings [282, 283]. The weak peak at 1420 cm™ can be associated with CO3?"; it is well
known that hydroxylated MgO reacts with CO, from the atmosphere, forming magnesium
hydroxyl carbonate [283, 284].
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Figure 49. (a) ATR FTIR microscopy spectra and (b) the ATR FTIR spectra of the FPEO coatings.

4.2.2.3 Corrosion Test: EIS and NSST

Figure 50 depicts the values of total impedance modulus at low frequencies (0.01 Hz) after 30
min and 24 h of immersion in a 0.5 wt.% NaCl aqueous solution. This type of analysis is well
known to be a strong indicator of the general corrosion resistance. The main observations can

be summarized as follows:

- PEO coatings enhance the corrosion performance of the bulk material for both
immersion times, showing higher values of the total impedance modulus (up to two
orders of magnitude).

- Aconsiderable decrease in the impedance modulus is observed after 24 h of immersion
for the coated specimens. This reduction of the protective properties is associated with
the penetration of the electrolyte through the cracks and pores of the oxide layer, leading
to its chemical degradation.

- FPEO_CaGlyP coating reveals superior anticorrosion properties among the PEO
coatings followed by FPEO_CaO and FPEO.
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Figure 50. Evolution of the total impedance at 10 mHz for the studied systems. Inset shows the zoom—

in on the difference between the bare substrate and the commercial CC.

A more detailed evaluation of the corrosion properties involved the equivalent circuit analysis
of the impedance spectra and their correlation with the physical phenomena occurring in the
coatings and substrate. The frequency dependent impedance response of the bare and coated
materials after 30 min and 24 h of immersion in a 0.5 wt.% aqueous solution of NaCl is

presented in Figure 51.

At early stages of immersion, the bare substrate reveals three relaxation processes defined by
two capacitive responses (negative phase shift angles in Bode diagrams) at high and medium
frequencies and an inductive response (positive phase shift angles) in the low frequency range.
The time constants at high and medium frequencies present strong overlapping. The capacitive
behaviour was ascribed to the charge transfer resistance and mass transport activities whereas

the inductive response was related to processes involving adsorbed species [285].

After 24 h of immersion, there is a change in the impedance response of the bare material,
mainly due to the formation of a corrosion product layer and the consequent variation of the
free surface area (Figure 51d). Two relaxation processes associated with the presence of the
corrosion products formed during immersion and the electrochemical activities in the

substrate/electrolyte interface can be observed.
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Figure 51. Bode plots for non—painted materials following 30 min (a,b) and 24 h (c,d) immersion in

0.5 wt.% NaCl. Empty symbols correspond to the experimental data and cross symbols to the fitting.

Considering the different physical processes discussed above, different equivalent circuits were
used to fit the experimental data, depending on the exposure time (Figure 52); their

corresponding electrochemical parameters are presented in Tables 27-30. In all the circuits, Rs

accounts for the resistance of the electrolyte; constant phase elements (CPE) were used instead

of capacitances in order to account for the non—ideal behaviour of the system. Good fits of the

experimental data were obtained with the chi—squared values in the range of 0.001-0.0001.

b)
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Figure 52. Equivalent electrical circuits used for fitting the EIS spectra of the AZ31B substrate (a) and
the CC (b) and of the FPEO coatings after 30 min (c) and 24 h (d) of immersion in 0.5 wt.% NaCl.
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For the uncoated materials, the corresponding elements of the equivalent electrical circuit at
early immersion time are CPE1/R: and CPE2/R>, associated with the capacitive and resistive
behaviour of the response at high and medium frequencies, respectively; L/Rs describes the
inductive behaviour at low frequencies (Table 27 gathers the obtained fitted values). For a
longer immersion time, the fitted equivalent circuit shows the resistance and the capacitive
behaviour of the corrosion products formed on the alloy surface (Rc¢p/CPEcp) and the
electrochemical activities in the substrate/electrolyte interface represented by the capacitance

of the double layer and the polarization resistance (Ry/CPEa).

Table 27. Fitted parameters of the EIS data for the Mg and CC specimens after 30 min of immersion in

0.5 wt.% NaCl. (R given in Q cm? CPE given in S s™cm; L given in Q s cm?).

Mg 1423 837x10°% 087 320 1.7x10°% 0.90 856 836.22 603 399
CcC 178.1 1.06x10% 090 350 4.3x10° 090 2400 2873 2060 1178

*calculated according to King et al. [286]

Specimens treated with CC showed relaxation processes and their evolution was similar to those
of the bare substrate, indicating the negligible protection of the conversion layer. Therefore, the
same equivalent circuits (Figure 52a,b) were used to fit the experimental data as the
electrochemical response was mainly controlled by the substrate and the corrosion products
layer. A slight increase in the total impedance values after 24 h of immersion in CC treatment
and bare substrate are attributed to the protective effect of the corrosion product layer (Table

28), given that the R, values with and without CC became very close.

Table 28. Fitted parameters of the EIS data for the Mg and CC specimens after 24 h of immersion in
0.5 wt.% NaCl. (R given in Q cm?; CPE given in S s™cm™),

Mg 152.2  1.41x10° 090 120 6.37x10° 0.90 1047
CC 1535 7.96x10° 094 228 873x10° 098 1173

For the PEO—coated specimens, the relaxation processes observed at the early immersion time
can be ascribed to the response of the outer porous part of the oxide layer at high frequencies,
the contribution of the inner barrier at medium frequencies and the initiation of the
electrochemical activities on the alloy surface at low frequencies, hence the three—time constant
equivalent circuit was used (Figure 52c). The corrosion processes can be described by the
double layer capacitance on the electrolyte/metal interface and the polarization resistance. In

fact, these two components are hard to distinguish at the early immersion stage because of the
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strong overlapping. The inner barrier layer dominates the response of the system in this
situation, as can be seen from high Rin values (Table 29). Which is far superior for
FPEO_CaGlyP and FPEO_CaO contrasted to FPEO as it was suggested by increasing presence
of Si.

Table 29. Fitted parameters of the EIS data for the PEO coatings after 30 min of immersion in 0.5
wt.% NaCl. (R given in Q cm? CPE given in Ss™cm?).

FPEO 140.7 45x107 083 70 1.46x10° 0.60 1.25x10° 2.30 x 10* 0.97 0.37 x 10°
FPEO_CaO 133.4 24x 107 0.83 2553 1.85x 107" 0.86 4.02 x 105 2.23x10° 0.71 2.73 x 10°

FPEO_CaGlyP 161.8 1.65x 107 0.84 2550 4.22 x 10® 0.83 6.79 x 10° 1.06 x 10° 0.61 5.98 x 10°

After 24 h of immersion, the time constant at high frequencies corresponding to the outer porous
layer of the PEO coating has almost disappeared (Table 30 and Figure 51d). This indicates that
the electrolyte can easily penetrate through the outer part of the PEO coating, and a chemical
degradation of the coating (e.g. as result of species lixiviation and the hydration of the oxide)
occurs to a certain degree, leading to the loss of the barrier properties of the outer layer. Since
it became impossible to discriminate between the inner and outer coating part responses, a two
time constant equivalent circuit was employed to fit the experimental data obtained after 24 h
exposure time, where the general coating response was represented by the CPEcoat/Rcoat UNIt.
(Figure 52d). The improved response of FPEO_CaGlyP is attributed here to the presence of
ordered CaO structures spread throughout the entire thickness of the protective layer, that may

provide enhanced corrosion performance.

Table 30. Fitted parameters of the EIS data for the PEO coatings after 24 h of immersion in 0.5 wt.%.
NaCl. (R given in Q cm? CPE given in Ss™ cm™).

FPEO 154.1 1.74x10° 0.77 2230 208x107 1 0.11 x 10°
FPEO_CaO 172.1 154x107 0.94 8464 1.44x107 0.92 0.76 x 10°
FPEO_CaGlyP 152.6 3.61x107 0.87 154x10° 1.13x10° 068 1.14x10°

In order to evaluate the degradation behaviour of the coated specimens, the changes in the total
resistance (Riwota = Rout + Rin + Rp) with immersion time are shown in Figure 53. The
FPEO_CaGlyP coating showed the best corrosion performance, followed by the FPEO_CaO
and FPEO, and maintained this tendency with the immersion time. The improved resistance of
Ca—doped coatings can be partly caused by their reduced pore size and pore population density
(Table 24). Notably, the resistance of the FPEO_CaGlyP coating as a whole after 24 h
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immersion (Reoat = 154 kQ cm?) deteriorated considerably less (Rin + Rout = ~679 kQ cm? after
30 min of immersion), compared with the other two coatings whose resistance deteriorated by

two orders of magnitude.

1.4x10° N —EPES
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1.2x10° A FPEO:CaGlyP
& 1.0x10° -
e ]
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Figure 53. Total resistance for studied coatings FPEO, FPEO_CaO and FPEO_CaGlyP with

immersion time.

The results of the cross—cut paint adhesion test (Figure 54) on all three flash—PEO coatings
corresponded to the Score 0 in accordance with EN ISO 2409 both in dry and wet testing
conditions, as no paint pull-off occurred along the cross—cut lines. This is expected since the
inherent porosity of PEO coatings presents an excellent paint—absorbing base. Lower porosity
and smaller pore size of Ca—doped coatings compared with base FPEO coating (Table 24) did
not affect the paintability of the coatings.

FPEO FPEO_CaO FPEO_CaGlyP

Dry-Paint adhesion

Wet-Paint adhesion
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Figure 54. Cross—cut dry and wet paint adhesion test results on the flash—-PEQ coatings.

Macro—views of the corroded surface area of the painted and scribed specimens after NSST are
shown in Figure 55, which also include an example of freshly scribed specimens before the

exposure to salt fog and the related scores of the creepage.

| FPEO_CaO | | FPEO_CaGLyP |
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Figure 55. Macrographs and summary results of the scribed area of the painted specimens before

(“Fresh”) and after 7 days of NSST, showing the creepage extent.

All the coatings revealed a clear improvement in the corrosion resistance compared with the
untreated Mg substrate, which was heavily corroded, not only around the original scratch, but
on the whole surface. According to the ASTM D 1654 standard, the rating related to the length
of filiform corrosion filament (i.e. creepage) formed from the original scratch ranked the
materials in the following order: Mg substrate < CC < FPEO < FPEO_CaO < FPEO_CaGlyP.
All the FPEO coatings suffered a smaller average corroded surface area and exhibited greater
corrosion resistance than CC (rating of 5). The FPEO_CaGlyP coating disclosed the highest
score of 7 (lowest creepage and corroded surface area) among the investigated flash-PEO

coatings, which was in line with the EIS results.

These findings suggest that the presence of even a slight amount of Ca (0.1 at.%) in a flash—
PEO coating may be beneficial for improvement in protective properties. However, the source
of Ca appears to be an important point affecting the corrosion resistance. Ca species in CaGlyP-
doped electrolyte are chelated to a greater extent and although, semi—quantitatively, Ca content
was found to be the same in both Ca—doped coatings, Ca—O bonds were detected in the
FPEO_CaGlyP but not in the FPEO_CaO coating, according to the Raman analysis (Figure 48).

Likewise, the FPEO_CaGlyP coating exhibited a more pronounced band around 490 cm~* and
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570 cm™, usually associated with PO4* phosphate in a hydroxyapatite. It is evident, therefore,
that Ca species formed more bonds (in terms of their type and complexity) with SiO4+* and
PO4* species within the MgO ceramic network during their in-situ incorporation from a double
chelated electrolyte. That extended bonding network makes the hydrolysis of MgO and the
hydration of the coating more difficult. Furthermore, the leaching of alkaline cations such as
Ca during immersion modifies the SiO2 network, giving rise to hydrolysis and the formation of
Si(OH)4 gel that seals the pores [287]. It is feasible that these phenomena may have led to the
overall lesser resistance loss of FPEO_CaGlyP coating during immersion (Reoat = 154 kQ cm?)

compared with the other two flash—PEO coatings.
4.2.3 Concluding remarks on Ca—doped PEO coatings on AZ31 Mg alloy

Considering the presented results on FPEO coatings on magnesium substrate, the most

important conclusions are:

- DC flash-PEO 1 pm-thick coatings were developed from dilute alkaline
electrolytes without and with added Ca species stabilized in the solution with
glycerophosphate and EDTA chelating agents.

- Chelating agents delayed the onset of plasma microdischarges and the attainment of
the set limiting voltage, which reduced the coating porosity but did not significantly
alter the coating thickness.

- The coating obtained from the electrolyte doped with Ca in a highly soluble form of
CaGlyP disclosed one and two orders of magnitude improvement in corrosion
protection over 24 h of immersion in 0.5 wt.% NaCl compared with the coating
generated from the CaO—doped and Ca—free electrolytes, respectively.

- All three flash—PEO coatings exhibited a score of 0 in a cross—cut dry and wait paint
adhesion tests.

- Full system evaluation of the coatings in NSST for 7 days yielded ASTM D 1654
scores of 7 and 5 for FPEO_CaGlyP and commercial CC coatings, respectively.

- The enhanced corrosion resistance of FPEO_CaGIlyP coating is attributed to the
greater presence of covalent Si—O in the coating and ordered Ca—O structures within

the MgO ceramic network.
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4.3 Chapter 3. Context and aim

Recent developments in post-treatment or sealings for PEO coatings on Mg alloys are mainly
driven by the need to improve their long—term corrosion resistance. The sealing procedures
carried out by immersion in inorganic solutions appear to be an efficient and facile way since
the high porosity of PEO coatings has the ability to act as a natural container for corrosion
inhibitors. Chapter 3 aims for the development of inhibitor—containing post-treatments on PEO
coatings on Mg alloys and their comparison with the non—sealed versions. The structure of the
chapter is divided into two sections where each one is based on a different alloy—coating—
inhibitor combination: (i) in the first section, a PEO coating on a highly novel Mg—Y-Zn alloy
Is studied, in which a post-treatment is applied based on the inhibition effect of Ce species; (ii)
in the second section, the effect of several post—treatments based on Ca species are evaluated
for a PEO—coated AZ91D alloy. Figure 56 shows the graphical abstract of Chapter 3. Also note
that the sections in this chapter follow the same organization as in the corresponding

publications.

| Development of post-treatment processes for PEO coatings on Mg alloys ‘

| |

1. Development of cerium post-treated PEO coatings on Mg-Y-Zn 2. Ca post-treatment for sealing of PEO coatings on AZ91
) L
f \ f )
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2
Evaluation of different post-
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Figure 56. Chapter 3 graphical abstract: Study of sealed—PEOQ coatings on Mg alloys.
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4.3.1 Introduction

The presence of pores is unavoidable in PEO coatings. This is highly relevant for Mg—based
materials since pores worsen the coating barrier properties, thereby facilitating the corrosion of
the substrate, particularly in the presence of CI~ ions. Therefore, sealing of the outer part is
required when PEO layers are exposed to highly corrosive media. VVarious post—treatments have
been evaluated in the past, most of them adapted from sealing processes used in conventional
anodizing [263, 288-290]. Examples include the use of silicate—, phosphate— and fluoride—

based sealings. More recent approaches include the use of Ce— and Ca—containing solutions.

Post-treatments in due to the efficient blockage of the coating defects by Ce-rich hydroxides
and oxides and to the presence of Ce3*/Ce** species which have been associated with self—
healing mechanisms. For instance, Lim [291] and Laleh [292] reported an improvement in the
corrosion resistance of PEO coated AZ31 alloy after post-treatment in cerium chloride
solutions. Similarly, Mingo [288] and Sun [290] demonstrated the superior corrosion
performance of PEO coatings sealed in cerium nitrate solutions when compared to other sealing
procedures. It is generally accepted that the corrosion performance of PEO—coated specimens
increases with increasing Ce concentration and sealing time due to a higher accumulation of Ce
products within coating pores and cracks [178, 293]. However, this is not always the case, as
reported by Phuong [293], who found that long post—treatments (phosphate—cerium based
solution) led to a decrease in the corrosion resistance due to the dissolution of the PEO film

during the sealing treatment.

PEO post-treatments in Ca—solutions are less explored, although it has been reported that the
presence of Ca in oxide layers leads to a better corrosion performance [241, 253, 256]. Ca
species that form in the coating usually include CaF, and CaPQOs, which are insoluble and

significantly decrease the corrosion rate.

In addition to inorganic compounds, sealing procedures can also be used for the incorporation
of organic compounds with active corrosion properties. In this regard, PEO coatings are ideal
since their high porosity serves as a natural container for storing the corrosion inhibitor. A
recent example is the work by Yang et al. [33], who added 3—methysalicylate via low vacuum
environment and subsequently sealed a PEO coating by dip—coating in an epoxy resin. They
found that the electrochemically active areas and corrosion current density were reduced to

relatively low levels after incorporation of the corrosion inhibitor.
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Despite the recent advances on PEO sealing, there remain knowledge gaps. For instance,
LPSO—based alloys remain almost unexplored in terms of surface treatments, let alone PEO
and sealings. Also, the combination of precipitating species and active agents requires further

investigation since most studies only focus on one or the other.

Considering the previous, this chapter is divided into two sections. The first one is focused on
Ce-sealing of PEO coatings applied on an LPSO Mg alloy. The corrosion behaviour was
evaluated in a NaCl solution by electrochemical and hydrogen measurements. The influence of
the Ce—based sealing duration on the corrosion resistance was also investigated. The second
part includes the investigations on Ca—based sealings for PEO coatings on AZ91D Mg alloy.
Sodium dodecyl sulphate (SDS), which was previously found to be an effective corrosion
inhibitor for AZ91D [294, 295], was evaluated as an active agent for improving the sealing
performance. Since the dissolution/precipitation reaction during sealing is of vital importance
for the coating properties, the effects of pH during Ca—based post—treatment were studied on

the morphology, composition, and corrosion resistance of PEO coatings.

4.3.2 Results on Ce-sealing of a PEO coating on Mg-Y-Zn LPSO alloy

4.3.2.1 Substrate Characterization and Coating Morphology and Composition
I.  Mg-Y-Zn alloy

Figure 57 shows the 3D SEM reconstruction and higher magnification micrographs along the
extrusion direction for the Mg—Y—Zn alloy. The material shows fully recrystallized o—Mg
grains surrounded by coarse and elongated a—Mg grains (98.3Mg, 0.6Zn, 1.1Y, in at.%) and
bright contrast strings of LPSO phases (95.3Mg, 2.1Zn, 2.6Y, in at.%). Cuboid—shaped Y-rich
intermetallics (46.5Mg, 0.9Zn, 52.6Y, in at.%) are also observed (Fig. 57b). Recrystallized fine
a—Mg grains (~1 um in diameter and ~60% area fraction) are the result of partial dynamic
recrystallization during high temperature processing [296]. 3D characterization of this alloy in
a previous study revealed that the volume fraction of the LPSO phase is close to 25% and that

strings of this phase are composed of independent fibres of 200-300 pum in length [297].
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Figure 57. (a) 3D SEM reconstruction and (b) higher magnification micrographs along the extrusion
direction of the Mg—Y-Zn alloy and detail of a cuboid—shaped Y-rich intermetallic.

Previous studies have pointed out the cathodic behaviour of LPSO phases based on the
preferential corrosion of the surrounding o—Mg matrix, particularly for lamellar LPSO phases
[55, 56], but only a few works have presented SKPFM results [298]. In this work, Volta
potential differences are of the order of ~60 mV, confirming the cathodic activity of the LPSO
phase (Figure 58a,c). This value is much lower than that reported by Li [55] in a Mg—-Zn-Y cast
alloy (250 mV). The latter result could be a misleading as it was determined right at the
LPSO/0—Mg interface, where SKPFM artefacts are quite common [298].
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Figure 58. Surface potential maps and profiles of the (a,c) LPSO and (b,d) Y-rich phases.
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Y-rich cuboid intermetallics reveal higher potential values (~140 mV) than the LPSO phase
(Figure 58 b,d). This might be due to the higher Y+Zn/Mg ratio ratio (calculated based on at.%)
of cuboids (~1.15) compared with that of LPSO phase (~ 0.03) which leads to a more noble
potential [284, 299].

Il.  PEO coating

Table 31 shows the AC PEO parameters of the coating fabricated on the Mg—Y-Zn alloy along

with the post-treatments details.

Table 31. PEO and post-—treatments details for the LPSO—-based Mg—Y—Zn alloy.

Na>SiO4-H20 (water 20+1°C Ce(NO3)3:6H20 10 g/L  Room temperature
glass) 10.5 g/L 400 V/-30 H.02 0.3 g/L 5 and 60 min
NaOH 6 g/L V square signal  H3zBOs 1 g/L pH 2
NaF 2 g/L 400 mA cm2

500 Hz

15 min

60 s ramp

Surface morphologies of the PEO coated specimens before and after sealing are shown in Figure
59. The unsealed coating reveals a crater—like morphology with microcracks and micropores
located at the sites of the discharge channels due to residual stresses and gas evolution during
the coating formation [156] (Figure 60a,b). After post—treatment, a Ce—rich superficial layer is
formed, mimicking the morphology of the PEO coating and decreasing the number and size of
open pores (Figure 59c¢,d,e,f). Cracks observed in the Ce—rich layer may be associated with its
dehydration (Figure 59d,f) [300]. The best sealing properties, based on surface porosity, pore

size and number of pores, are obtained for the 5 min post—treatment (Table 32).
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Figure 59. Plan view SEM micrographs of the coatings: (a,b) PEO, (c,d) PEO_SCe_5 min and (e,f)
PEO_SCe_1h.
Table 32. Surface characteristics of the studied coatings.

Surface porosity (%) Pore size (um) Number of pores (Pores pm=)

PEO 1.9+1.0 0.38 +0.05 (4.29 +0.09) x 102 |
PEO_SCe 5min 0.8+0.2 0.19 + 0.02 (0.38 +0.09) x 102
PEO SCe 1h  1.8+0.9 0.28 + 0.09 (4.1+0.1) x 102

The cross—sections of the unsealed PEO layer along with the Si, F, O and Y elemental maps are
shown in Figure 60. Backscattered scanning electron (BSE) micrographs (Figure 60a,b) reveal
a coating with a thickness of (5.4 £ 1.2) um and a typical three—layered structure [90, 301-303],
consisting of an outer part with through—going discharge channels, an intermediate section with

smaller pores and a compact inner barrier layer (<500 nm).
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X-ray elemental maps show Si species homogeneously distributed throughout the coating
thickness (Figure 60c) and a F-rich inner region (Figure 60d), indicating a rapid inward
migration of fluoride ions during the oxide formation [304]. LPSO phases are oxidized and
incorporated into the coating in a localized manner, resulting in Y-rich regions. These regions
did not significantly affect neither the coating thickness nor the morphology. This behaviour is
quite different from that recently reported by Martin et al. [305], who observed a more defective
coating at the location of intermetallics. The differences might be ascribed to the different

anodizing conditions and composition of secondary phases.

b)

Figure 60. Cross—section examination of the unsealed PEO coating. (a,b) BSE micrographs and

(c,d,e,f) X—ray elemental maps.
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Figure 61 and Figure 62 show significant differences between the 5 min and 1 h sealed PEO
coatings. After 5 min, the PEO layer does not undergo significant changes and, as marked by
the brighter areas of the BSE micrograph and X-ray elemental maps, Ce—rich compounds are
preferentially deposited within the crater—like pores [178] (Figure 61a). The BSE micrograph
at higher magnification (Figure 61b) and the distribution of F (Figure 61d) suggest that the
barrier inner layer remains intact and, therefore, the anticorrosion properties ascribed to this
inner layer are not compromised. Sealing for 1 h (Figure 62), on the other hand, leads to
important changes in the PEO coating. These are summarised as follows; i) decrease in the
coating thickness up to 40% in some areas; ii) visible large pores through the film thickness;
and iii) deterioration of the barrier layer which becomes hardly visible (Figure 62b). Indeed,
the EDS map shows a depletion in F in the inner region (Figure 62d) indicating that the barrier

layer has been partially dissolved.

PEO_SCe_5min| —t0 . [N pEO

| PEO SCe 5min

c) d)

PEO SCe Smin CC | mmm— PEO SCe 5min F
Figure 61. Cross section examination of the PEO_Ce_5min coating. (a,b) BSE micrographs and (c,d)

X-ray elemental maps.
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Figure 62. Cross section examination of the PEO_Ce_1h coating. (a,b) BSE micrographs and (c,d) X—

ray elemental maps.

The XRD pattern of the unsealed PEO coating obtained at Bragg—Brentano geometry (Figure
63a) reveals only the presence of magnesium oxide (MgO). The formation of forsterite
(Mg2SiOgs) is detected using grazing angle geometry (Figure 63b) which indicates that Si
element is incorporated as crystalline compound in the outer region of the coating. In the case
of PEO_SCe_5min, CeO> compound is only detected using grazing angle (Figure 63b). After
1h sealing, CeO- diffraction peaks are revealed in both type of measurements. For both sealed
coatings the peaks corresponding to Mg.SiO4 disappear for measurements obtained at 0.5°
grazing angle, suggesting the dissolution of the coating during the post-treatment in acid
solution. Other Ce-rich amorphous compounds may form, but they were not identified in the

present study. In all the patterns, Mg peaks correspond to the substrate.
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Figure 63. XRD patterns of studied materials. (a) Bragg—Brentano geometry and (b) grazing angle.
4.3.2.2 Corrosion Test: Polarization Curves and Hydrogen Evolution Test

The potentiodynamic polarization results obtained after immersion in 0.5 wt.% NaCl for 1 h
are shown in Figure 64 and Table 33. The corrosion potential, Ecorr, Of the bulk material is
higher (—1.50 Vagiagci) than that of the PEO coated specimen (-1.61 Vag/agci), although the
latter is obviously more corrosion resistant. This is evidenced by the lower current densities of

the anodic/cathodic branches and the well-defined passive region of ~400 mV between Ecorr

and the pitting potential, Epit (~1.19 Vag/agcl).
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Figure 64. DC polarization curves of studied materials after 1h immersion in 0.5 wt.% NaCl.

Table 33. Parameters obtained from polarization curves in 0.5 wt.% NaCl.

Mg-Y-Zn ~1.50 24x10° -

PEO -1.61 7.1x10°8 -1.19
PEO_SCe_5min -1.20 2.0x107° -0.63
PEO_SCe_1h -1.25 1.3x 1078 -0.63

Ce-sealings yielded PEO coatings with higher Ecorr and Epit values (~ —1.2 Vagiager and —0.63
Vag/agel, respectively) and lower corrosion current densities, icorr, Namely, up to three orders of
magnitude lower than the uncoated alloy (10° vs 10° A cm™). This was mainly associated
with an increased surface passivity (~600 mV passive range) and further inhibition of the anodic
reaction when compared to the unsealed coating. It needs to be noted that sealing for 1 h shifts
the polarization curve towards higher current values for both the anodic and cathodic branches
in comparison with the 5 min sealing. This is a clear indication of coating dissolution and

insufficient blockage provided by the Ce-rich layer.

Figure 65 shows the collected hydrogen versus time for the studied materials up to 15 days of
immersion in 0.5 wt.% NaCl. The kinetic laws calculated from the experimental data are
gathered in Table 34 and were approximated by a linear equation y = bt + a, where y coordinate
represents the collected hydrogen in mL cm~2 and t is the immersion time in days. As expected
from the electrochemical measurements, the uncoated material reveals a high corrosion rate
with significant amounts of hydrogen evolved from the surface. PEO coatings (without and

with post-treatments) reduce considerably the hydrogen evolution when compared to the bulk
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material (up to ~24 times in the best case for PEO_SCe 5min). Also, two trends can be
distinguished depending on the immersion time: up to 3 days of immersion (short term) all the
coatings show effective anticorrosion properties with values of accumulative hydrogen lower
than 3 mL cm™. For longer immersion times, all the coated materials show some level of
degradation, which is typical for this type of porous oxide layers without top layers such as
paints. According to the total hydrogen collected, an opposite effect of Ce—based sealing post—
treatments on the corrosion behaviour of PEO coating is observed: post—treatment conducted
for 5 min reveals a beneficial effect whereas 1h sealing has a negative influence. This failure
of the PEO_SCe_1h specimen was not observed in the short-term electrochemical tests, which

shows the importance of carrying out long—term corrosion experiments.

a) 200 —m— Mg-Y-Zn b) —m Mg-Y-Zn
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Figure 65. (a) Volume of hydrogen evolved from the cathodic reaction with immersion time of studied

materials in 0.5 wt.% NaCl solution. (b) Detail for better comparison of PEO coated specimens.

Table 34. Kinetic laws calculated from hydrogen measurements.

Mg-Y—2Zn y = 1161t — 11.70 0<t<15 0.99
PEO y = 0.88t— 0.46 0<t<15 0.98
PEO_SCe 5min y=0.48t—0.38 0<t<l15 0.95

y =217t 0<t<8 0.83
PEO_SCe 1h | _ 626t 30.50 8<t<15 0.99

4.3.3 Discussion on Ce-sealing of a PEO coating on Mg-Y-Zn LPSO alloy

LPSO Mg alloys are known to be highly susceptible to corrosion in aqueous media due to
galvanic coupling between the cathodic LPSO phases and the o—Mg matrix. Therefore, the
amount, composition and distribution of these phases are all factors needing consideration.

Table 35 summarizes the influence of some of these factors and shows examples of literature
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data on the corrosion of LPSO Mg alloys together with some of the experimental results
obtained in the present study [55, 56, 297, 298, 306, 307].

Table 35. Examples of corrosion data for LPSO Mg alloys.

[298] 3.5 wt.% NaCl

Mg15Gd2Zn0.39Zr  As—cast T4

—As—cast Econ™ —1.57 Vagiagci fLpso 27%

T4 icorr 4.33 x 1072 mA CI’Tr2 Econ™ —1.44 VAg/AgCI
HER200n 1.02 mL cm—2d! icorr 1.16 x 102 mA cm=
P*2.32mmy?! HER200n 0.12 mL cm=2 d?

P*0.27 mmy*!
The improved long term corrosion behaviour of T4 treated alloy with LPSO structure
was ascribed to: the lower VPD of LPSO vs a—Mg (in comparison with the eutectic
phase) and the lower volume fraction of cathodic constituents.

[307] 0.17 M NaCl (Hydrogen evolution)/ 0.1 M NaCl (Electrochemical measurements)
Mg0.75Zn2Y

—Gravity—cast Mg0.75Zn2Y Gravity—cast Mg0.75Zn2Y Injection—cast

—I njection—cast Econr™™ —1.63 VAg/AgCI Econr™™* -1.72 VAg/AgCI

-Ribbon P28mmy PlL4mmy?!

consolidated alloy Mg0.75Zn2Y Ribbon—cons. alloy Mg0.75Zn2Y0.5Al Ribbon—cons. alloy
(Mg0.75Zn2Y, Econ™* —1.64 Vagiage Ecor** —1.71 Vagagel
Mg0.75Zn2Y0.5AI, P 1.0mmy? P0.8mmy?

Mg0.75Zn2Y1.5Al)  Mg0.75Zn2Y1.5Al Ribbon—cons. alloy
Ecorr** -1.72 VAg/AgCI
PO.6mmy!
— Rapidly solidified alloys showed lower corrosion rate.
— The best corrosion behaviour was achieved for the alloy combining aluminium
addition and rapid solidification.

[306] 3.5 wt.% NaCl
Mg15.24Gd4.75Zn  As—cast T4
—As cast fLrso 19.68% fLpso 18.74%
-T4 Ecorr* -1.53 VAg/AgCI Ecorr* -1.57 VAg/AgCI
-T6 icorr 8.942 x 102 mA cm icorr 4.507 x 102 mA cm™
-T6F P323.39 mmy?! P17.30 mmy*!
T6 T6F
Ecorr* -1.58 VAg/AgCI Ecorr* -1.63 VAg/AgCI
icorr 1.604 x 102 mA cm icorr 2.630 X 102 mA cm
P4.98 mmy! P9.75mmy*

LPSO phase was formed in T6 and T6F alloys and acted as corrosion barrier improving
the degradation behaviour.

P: corrosion rate

HER200n: hydrogen evolution rate during 200 h immersion

*Calculated from the reported values

**Qbtained from graphical data
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Table 35. Examples of corrosion data for LPSO Mg alloys. (cont.)

[55] 0.1 M NaCl
Mg0.9Znl1.6Y Mg-0.9Zn-1.6Y Mg-2.1Zn-5.2Y
MgZ.lZn5.2Y prso 3.6% prso 20.3%
Mg3.1Zn7.6Y Ecorr* -1.64 VAg/AgCI Ecorr* -1.60 VAg/Agu
—As cast icor 1.2 X 102 mA cm? icor 6.7 X 102 mA cm?
P*0.23 mmy? P*3.42mmy?!
Weight loss** 0.5 mg cm2 d? Weight loss** 4.5 mg cm2 d*
Mg-3.1Zn-7.6Y
AV pso-matrix 250 mV
fLpso 36.2%
Ecorr* -1.61 VAg/AgCI
icorr 2.6 X 102 mA cm™
P*0.91 mmy!
Weight loss** 2.0 mg cm2 d*
LPSO phase leads to micro galvanic activities increasing the corrosion rate.
[297] 0.1 M NaCl
Mg97Y2Zn1 Mg97Y22Zn1 transversal Mg@97Y22Zn1 longitudinal
fLpso 25% P 10(t<5h) mm y*
P 40(t<5h) mm y* P30 mmy?
P20 mmy?
The corrosion resistance of extruded alloys is strongly influenced by the orientation
of LPSO-phase alignments. Transversal samples showed a better long term
corrosion performance associated with the corrosion front morphology.
[56] 3.5 wt.% NaCl
Mg4.597n8.92Y0.47Ti  As—cast 400°C x 10h
—As—cast Ecorr* -1.60 VAg/AgCI Ecorr* -1.62 VAg/AgCI
—400°Cx10h icorr 5.16 X 102 mA cm icorr 8.77 X 102 mA cm™
-520°Cx6h P**6 mmy! P** 16 mmy*
-520°Cx6h+400°C 520°Cx6h 520°Cx6h+400°Cx 10h
x10 h Ecorr* -1.62 VAg/AgCI Ecorr* -1.61 VAg/AgCI
icor 4.37 X 102 mA cm icor 7.52 X 102 mA cm
P** 2 mmy? P** 8 mmy!
Rod-like LPSO phases revealed a better performance with a more compact corrosion
products film.
Present study 0.5 wt.% NaCl

Mg-Y-Zn
AV pso-matrix 60 mV
Ecorr -1.50 VAg/AgCI
icorr 2.4%107° mA cm™
P 26.46 mmy!
Low Volta potential differences obtained for the LPSO/0—Mg (~60 mV) do not
promote the micro galvanic corrosion process. Moreover, inclusions Y-rich with
higher Volta Potential Differences are expected to play a minor role in corrosion
processes due to their negligible contribution to the total cathode area.

P: corrosion rate

HER200n: hydrogen evolution rate during 200 h immersion

*Calculated from the reported values

**QObtained from graphical data
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Detailing the corrosion performance of the bulk material is not the final goal of the present
work, although it is worth to note that the studied Mg—Y-Zn alloy shows slightly lower
corrosion rate in comparison with the available data. This is likely to be associated with the low
Volta potential differences obtained for the LPSO/a—Mg (~60 mV) that do not promote the
micro galvanic corrosion process. Moreover, Y—rich inclusions with higher Volta potential
differences are expected to play a minor role in corrosion processes due to their negligible

contribution to the total cathode area.

In this particular study, the combination of PEO processing and Ce—sealing was evaluated for
the first time as a way for improving the corrosion performance of an LPSO Mg alloy.
SEM/EDS and XRD characterization revealed that PEO processing can successfully be applied
to a Mg alloy containing LPSO phases. The typical three—layered structure of AC PEO coatings
is obtained and the intermetallics are oxidized/incorporated into the coating without disrupting
its thickness or morphology (Figure 66a). The F—rich inner barrier layer (<500 nm) is the main
responsible for the anticorrosion properties of the coating, whereas the outer layers with their

interconnected porosity only serve as a short-term corrosion barrier [90, 308, 309].

Electrochemical (short—term) and hydrogen measurements (long—term) demonstrate that a short
Ce-sealing of 5 min further improves the corrosion protection offered by the PEO coating,
increasing its passive range and pitting potential. These effects were attributed to the
precipitation of CeO> within the coating pores and cracks and the concomitant reduced surface
porosity (Figure 66b). In addition to the blocking effect of Ce—rich compounds, there is also the
possibility of a self-healing mechanisms related to the redox reactions involving Ce(lll) and
Ce(lV) [310-312]. For example, Ce(IV)—containing compounds may release Ce3* ions, which
then diffuse to the corroding areas and precipitate as Ce(OH)s and/or Ce;Os when the pH
increases. It is worth mention that if Ce3* ions oxidize to Ce(IV) species, then these would

precipitate at lower pH values.

The sealing mechanism of PEO coatings using cerium salts has been proposed in previous
studies [178, 288] and can be summarized as follows: i) oxidation of Ce** ions to Ce(OH),?*
due to the presence of H,O> in the sealing solution (13), ii) partial dissolution in acidic media
of the MgO and Mg>SiO4 phases, which consume protons and lead to local alkalinisation, (14)
and (15); and, iii) precipitation of insoluble oxide/hydroxide Ce compounds (Ce(OH)s and
CeOy) due to the local pH increase (16).
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2Ce3*(aq) + H,0,(aq) + 20H (aq) — 2Ce(OH)3* (aq) (13)
MgO(s) + 2H* (aq) —» Mg?*(aq) + 2H,0(1) (14)
Mg,Si0,4(s) + 4H*(aq) - 2Mg?*(aq) + SiO,(s) + H,0(1) (15)

Ce(OH)3%(aq) + 20H (aq) = Ce(OH),(s) — Ce0,(s) + 2H,0(1) (16)

Y-rich region

Outer layer

r— = Barrier |ayer
.II.‘.-“—‘-

S

Y-rich cuboid LPSO a-Mg

Ce-BASED SEALINGS

Effective sealing

H,0,(aq) Ce(OH),**(aq) >
Ce¥*(aq) Mg?*(aq) + OH-(aq) CeC:z(S) @
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Ayigededs 3uljess
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Figure 66. Protection mechanism: (a) PEO, (b) PEO_SCe_5min, (¢c) PEO_SCe_1h.

Increasing the sealing time (Figure 66¢) leads to an excessive dissolution of the oxide layer in
acidic media (15) and deterioration of the inner barrier layer which negatively influence the
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corrosion performance. The lower corrosion resistance of PEO layers after long immersion time

in acidic solution is in agreement with results obtained by Phuong et al. [293] and differ from

author's previous work [178], pointing out the importance of the individual characteristics of

the PEO layer (thickness, microstructure and composition) for achieving the optimum sealing

time in Ce solutions which, due to their low pH, can become quite aggressive for MgO and

other phases that typically constitute PEO coatings.

4.3.4

Concluding Remarks on Ce-sealed PEO coating on Mg-Y-Zn

The most important conclusions can be summarized as follows:

126

The studied Mg—Y—Zn alloy shows fully recrystallized a—Mg grains, coarse and
elongated o—Mg grains, strings of LPSO phases and Y-rich cuboids. The high—volume
fraction of LPSO phases and their cathodic activity are the main factors contributing to
the high corrosion rate of the uncoated alloy.

LPSO phases are not an obstacle during PEO processing. The coating is mainly
composed of MgO/Mg.SiO4 and shows a uniform three—layered structure with a <500
nm barrier layer. The enhanced surface passivity after PEO treatment significantly
reduced the corrosion rate in comparison to the untreated alloy.

Sealing of the PEO coating in an acidic Ce—containing solution for 5 minutes led to
accumulation of CeO; on the surface, which partially blocked the coating pores and
cracks. The combined effects of insoluble Ce—rich compounds and passivity of the PEO
coating resulted in a much lower corrosion rate than that of the substrate (2.4x107¢ A
cm~2vs 2.0x10°° A cm). Electrochemical measurements also revealed a higher pitting
potential in comparison to the unsealed coating (—1.19 Vagiagcl VS —0.63 Vagiagel).
Sealing for 1 hour improved the short-term corrosion resistance of the PEO coating.
However, long—term experiments revealed the opposite behaviour. This was associated
with the excessive dissolution of the PEO coating during immersion in the acidic Ce—
containing solution. This side effect of the dissolution/precipitation mechanism of Ce—
sealings highlights the need for optimizing the sealing time in Mg/PEQ systems.
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4.3.5 Results and Discussion of Ca-sealings of a PEO coating on AZ91 Mg
4.3.5.1 Coating Morphology and Composition

PEO coatings were fabricated at Northeastern University of China according to conditions

collected on Table 36, where the sealing details are also shown.

Table 36. PEO and Ca—based sealings —conditions for surface modification of AZ91D alloy.

NasPO4-12H.0 30 Pulsed DC Ca(NOs). 70 g/L pH 3,4 and 5
g/L 30+1°C Sodium dodecyl sulphate 60 min
KF-2H20 4 g/L 2000 mA cm (SDS) 0.1 mol/L (80+2)°C
NaOH 2 g/L 500 Hz HNOs

15 min

60 s ramp

duty cycle 30%

Figures 67 and 68 show the surfaces and cross sections of the PEO coating before and after the
studied sealing treatments. Cracks and open pores (2-5 pum in diameter) can be observed on the
coating surface (Figure 67a). This is the typical morphology of PEO coated Mg alloys that is
generated due to gas evolution and thermal stresses associated with discharges [313]. After the
post-treatments, the surface of all PEO coatings is partially covered by newly formed
precipitates. Precipitation is more prominent for lower pH values and in the presence of SDS,
suggesting that coating or substrate dissolution under relatively acidic conditions plays a vital
role in the sealing process. The effect of SDS on the reaction/precipitation process is quite
significant as seen in the PPEO-Ca—pH3-SDS specimen, which is completely covered by Ca—
rich deposits making difficult to distinguish the initial crater—like morphology and microcracks
of the initial PEO coating (Figure 67¢,f).
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f) . PPEO-Ca-pHA-SDS

Figure 67. Surface micrographs of PEO coatings before and after post—treatment in different

conditions.

As shown in Figure 68, the post-treatment has a slight influence on the coating thickness, being
~20 um for all the specimens. The coatings reveal a double—layered microstructure with a
porous outer part (pores being smaller near the substrate) and a dense micrometer—thick barrier
layer adjacent to the substrate. The acidic conditions during the sealing treatments result in
partial chemical dissolution of the coating material. However, the effect is not very significant.
Therefore, the coatings maintain the double—layer structure without major changes in their

morphology.
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PPEO-Ca-pH5-SDS
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Figure 68. Cross—sectional micrographs of PEO coated Mg alloy before and after post-treatment in
different conditions. (a) PPEO: (22.7 &+ 1.6) um, (b) PPEO-Ca—pH3: (20.1 £ 1.5) um, (¢) PPEO-Ca-—
pH4: (22.5 + 1.5) um, (d) PPEO—-Ca—pHS5: (20.5 + 1.1) um, (¢) PPEO-Ca—pH3-SDS: (19.6 + 1.3) um,
(f) PPEO-Ca—pH4-SDS: (21.7 + 1.7) um, (g) PPEO-Ca—pH5-SDS: (22.5 + 2.2) um.

Figure 69 allows for identifying the location of Ca-rich deposits that formed following partial
dissolution of the coating material. As shown in the micrographs, the Ca signal is more evident
for the specimens sealed in the presence of SDS. It is worth noting that the location of the Ca—
rich deposits is also observed in the optical micrographs due to preferential adsorption or
contamination of the blue dye—containing lubricant that was used for polishing (attempts to
remove this contamination by ultrasonic cleaning were unsuccessful). As expected, Ca-rich
deposits are mainly located within the pores and other coating defects.
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PPEO PPEO_Ca_pH3 PPEO_Ca_pH3_SDS

Figure 69. Cross—sectional micrographs and EDS mappings of PEO coated Mg alloy before and after
post-treatment in different electrolytes. (a) PPEO, (b) PPEO-Ca—pH3 and (c) PPEO-Ca—pH3-SDS.

The chemical composition of the coatings (plan view area) before and after sealing treatment
can be found in Table 37. The initial coating is mainly composed of O, Mg, P and F. After the
sealing post-treatments, Mg and F contents are reduced while O levels increase. Ca is detected
on the sealed surfaces, particularly when SDS is introduced into the sealing treatment solution.

The concentration of P on the coating surface is slightly influenced by the sealing treatment.

Table 37. Results of the local EDS surface analysis of the coatings (at.%).

PPEO 51.1 277 122 18 25 |/ 0.1 46
PPEO-Ca—pH3 559 264 116 22 26 10 02 01
PPEO-Ca—pH4 532 287 121 21 30 05 03 01
PPEO-Ca—pH5 271 431 227 18 30 12 08 0.2
PPEO-Ca—pH3-SDS 56.2 8.2 149 21 10 174 01 01
PPEO-Ca—pH4-SDS 522 246 134 21 15 35 0.1 25
PPEO-Ca—pH5-SDS 538 203 142 11 28 43 04 3.0

Figure 70 gathers the XRD results for the studied systems. MgO peaks and a broad amorphous

peak in the 20-35° range are the most distinct features in the patterns. This suggests that P and
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F are incorporated as amorphous phases within the coating. Peaks corresponding to
hydroxyapatite, Cai0(PO4)s(OH)2, were also detected in the PPEO-Ca—pH3-SDS specimen.
The broad amorphous peak varied in intensity from one specimen to other, without a very clear
trend. This could be related to a competition between dissolution of the coating material and

precipitation of Ca—rich compounds on the surface.

Based on the above results, the following sealing mechanism is proposed. In the Ca(NO3)2 post—
treatment solution, dissolution and precipitation processes compete during immersion: the
original coating is dissolved due to the acidic conditions and, as a result, there is a local increase
in pH and phosphate liberation, (17) and (18). This change in the electrolyte triggers the reaction
between Ca?* and phosphate ions (19, 20), resulting in precipitation of hydroxyapatite. When
SDS is present, nucleation of hydroxyapatite is favoured [314] and a greater amount of sealing

deposits are formed.

MgO(s) i Mg?*(aq) + OH (aq) (17)

Mgs (PO4),(s) > 3Mg?* (aq) + 2P0, (aq) (18)

10Ca%*(aq) + 6H,P0, (aq) + 20H (aq) 3 Ca;0(P0O4)¢(OH),(s) + 12H* (aq) (19)

10Ca?*(aq) + 6HPO,* (aq) + 20H (aq) = Ca;o(P0O,)¢(OH),(s) + 6H* (aq) (20)
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Figure 70. XRD patterns of different coatings (a) Bragg—Brentano, (b) Glancing angle (o = 0.5°).
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The survey XPS spectra and high—resolution Ca 2p, P 2p and S 2p spectra of the post—treated
coatings are shown in Figure 71. The Ca peak located at 347.1 eV is consistent with the presence
of Ca10(PO4)s(OH). (Figure 71b,c) [315]. The binding energy of P 2p (Figure 71d,e) at 131.5
eV corresponds to PO4>~ and the one at 133.3 eV can be assigned to HPO4? [316, 317]. The
latter suggests the formation of additional phosphates in the coating (e.g. CaHPQO4). SDS is also
detected on the coating surface after sealing post—treatment process. The spectrum of S 2p

(Figure 71f) is attributed to SO4* [318].
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Figure 71. (a) XPS—survey spectra and (b—f) high—resolution spectra of the coatings. (b) Ca 2p; (c) Ca
2p, SDS; (d) P 2p; (e) P 2p, SDS; and (f) S 2p, SDS.
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4.3.5.2 Corrosion Test: Polarization curves and EIS

The corrosion resistance of the coatings was evaluated by performing polarization tests in 3.5
wt.% NaCl solution at room temperature (Figure 72 and Table 38). It can be seen that the
polarization curves are shifted to lower current densities and higher potentials for all the sealed
coatings. The calculated corrosion current density (icorr) of the unsealed coating is 0.57 pA/cm?,
whereas the icorr Of the coatings after post—treatment decreases by one order of magnitude. The
lowest values were found for the coatings sealed in the presence of SDS. It is also worth noticing
that the slope changes in the anodic branches (i.e. breakdown potentials) are higher in case of

sealed specimens, indicating an improved passivation of the surfaces.
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Figure 72. Polarization curves of the coatings in 3.5 wt.% NaCl solution.
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Table 38. Electrochemical data of different coatings obtained from polarization test.

Ecorr (Vsce)  —1.60 -1.56 -1.52 -1.50 -1.57 -1.50 -1.51
icorr (nA/em?) 0.572 0.032 0.023 0.085 0.014 0.012 0.028

EIS measurements were performed to investigate the long—term corrosion performance of the
coatings, as shown in Figure 73 and Figure 74. According to the Nyquist plots, PEO—Ca—pH3—
SDS and PEO-Ca—pH4-SDS show a large capacitive loop at low frequencies (Figure 73a,b),
indicating superior corrosion resistance versus the coatings without corrosion inhibitor. It can
be seen in the Bode plots in Figure 73c that the impedance modulus (|Z|) in the low frequency
range increased significantly after sealing treatment. This enhancement was more noticeable
for the coatings with the addition of corrosion inhibitor, which also show an additional time
constant. The phase angle of PEO—Ca—pH3-SDS is close to 90°, suggesting that the open pores
of the layer are blocked by SDS as well as by hydroxyapatite. SDS is suggested to be present

at the surface of the coating by a mechanism of adsorption through its hydrophilic head.

It is worth mentioning that hydroxyapatite is more stable than MgO at neutral pH, thus
enhancing the performance of the PEO coating in 3.5 wt.% NaCl solution. In Figure 74, the
impedance values at low frequency decrease by one order of magnitude for all samples after
120 h immersion test, although the impedance of the sealed coatings is still higher than that of
the unsealed coating. Equivalent circuits were used to fit the obtained EIS data (Figure 75). Rs
represents the resistance of NaCl solution, Rca and CPEca are the corrosion resistance and
capacitance of the Ca-rich layer. Rreo and CPEpeo are the corrosion resistance and capacitance
of the porous PEO coating. CPEq and Rp are related to the double layer capacitance and charge

transfer resistance at the metal/electrolyte interface.
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Figure 73. EIS plots of the coatings after immersion 0.5 h in 3.5 wt.% NaCl solution. (a) Nyquist plots,
(b) enlarged Nyquist plots and (c) Bode plots.
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Figure 74. EIS plots of the coatings after immersion 120 h in 3.5 wt.% NaCl solution. (a) Nyquist
plots, (b) enlarged Nyquist plots and (c) Bode plots.
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The fitted electrochemical parameters are summarized in Table 39 and Table 40. The total
corrosion resistance (Riotar) IS used to represent and evaluate the coating performance (Figure
76). The corrosion resistance of PPEO-Ca—pH4-SDS is significantly higher compared to that
of other coatings, although more amounts of hydroxyapatite are deposited on the surface of
PPEO—Ca—pH3-SDS. It can be inferred that the pH value of the post—treatment electrolyte has
an effect on the corrosion resistance of the composite coatings, since the acidic post—treatment
electrolyte also results in the partial dissolution of the composite coating and a decrease of
corrosion resistance. Moreover, addition of SDS has a huge influence on improvement of the
corrosion performance of the coatings, which is probably due to the enhanced nucleation of
phosphates and the inhibition effect of SDS.

a) b)

Rs CPEcoat
N,

Figure 75. (a) Equivalent circuit used to fit PPEO and PPEO-Ca coatings and (b) equivalent circuit
used to fit PPEO-Ca-SDS coatings.

Table 39. Fitted results of EIS plots of different coatings after immersion 0.5 h in 3.5 wt.% NaCl

solution (R given in Q cm? CPE given in Ss™cm™?; L given in Q s cm?).

PPEO 365 - - - 21.2 0.81 4.28x10* 21.7 0.68 4.90x10°
PPEO-Ca—pH3 46.84 - - - 13.1 0.78 1.08x10°® 12.2 0.67 5.54x10°
PPEO-Ca—pH4 38.85 — - - 12.0 0.72 1.07x107 7.06 0.96 1.56x10°
PPEO-Ca—pH5 226 - - - 19.7 0.73 4.16x10° 44.5 0.80 2.36x10°
PPEO-Ca—pH3-SDS 37.76 233 0.95 9.73x10° 6.25 0.92 3.49x107 3.34 0.94 5.51x10°
PPEO-Ca—pH4-SDS 59.3 107 0.86 1.44x107 8.23 0.86 4.67x107 2.21 0.63 3.88x10°
PPEO-Ca—pH5-SDS 31.03 132 0.87 6.62x10* 24.5 0.83 1.01x107 14.7 0.86 5.73x10°

Table 40. Fitted results of EIS plots of different coatings after immersion 120 h in 3.5 wt.% NaCl

solution (R given in Q ¢cm? CPE given in Ss™ cm L given in Q s cm?).

PPEO 2133 — - - 2.19 0.653209  22.26  0.88 4216

PPEO-Ca-pH3 3217 - - - 10.88  0.83 2.53x10° 2.93 0.82 1.36x10*
PPEO-Ca-pH4 33.96 — - - 55.5 0.86 2.66x10° 1.78 0.84 3.59x10*
PPEO-Ca—pH5 25.62 — - - 7.53 0.90 6.07x10% 24.58  0.72 5.71x10*
PPEO-Ca-pH3-SDS 29.23 12.17 079  1.64x10° 16.22  0.79 2.92x10° 71.7 0.82 2.54x10"
PPEO-Ca-pH4-SDS 352 6271 0.87  2.97x10° 13.32  0.55 5.54x10° 57.71  0.78 2.88x10*
PPEO-Ca-pH5-SDS 57.09 3.49 0.83  1.65x10° 6.72 0.76 7.19x10* 1527  0.82 2.11x10*
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Figure 76. Ruta Of different coatings after immersion (a) 0.5 h and (b) 120 h in 3.5 wt.% NaCl

solution.

4.3.5.3 Contact Angle and Paint Adhesion Test

Contact angle measurements are presented in Table 41 and images are gathered in Figure 77.
The value of contact angle obtained for PPEO coating demonstrates the hydrophilic nature of
the original oxide layer (i.e. <90°) mainly due to its inherent porosity. Coatings sealed at
different pH slightly increase the values of contact angle. This might be associated with the
presence of precipitates on the coating surface. The existence of SDS provides hydrophobicity
for the coating surface with contact angle up to (111 + 13°) in the case of PPEO-Ca—pH5-SDS.
Similar findings were also reported for PEO coatings sealed with octadecylphosphonic acid

[288]. Therefore, the obtained results indicate that the surface chemistry significantly influences

the wettability for these particular layers.

Figure 77. Water contact angle measurement of different coatings.
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Table 41. Water contact angles of studied coatings.

Sample Contact angle (°)

PPEO 46 + 12
PPEO-Ca-pHS3 62+3
PPEO-Ca-pH4 52+5
PPEO-Ca-pH5 57+6
PPEO-Ca—pH3-SDS 84 + 11
PPEO-Ca—pH4-SDS 106 + 9
PPEO-Ca—pH5-SDS 111+ 13

The results of the cross—cut paint adhesion test are shown in Figure 78. The rating system (from
0 to 5) is according to the detached surface (%) after the test considering no detachment (0) and
complete detachment (5). The rating of PEO coatings without addition of corrosion inhibitors
appears to be excellent from the adhesion point of view (as no paint pull-off occurred along the
cross—cut lines).

| ppEO-Ca-pH5

i3 A I T T Score 0
"L PPEO-Ca-pH5-SDS _ |

L

~=} Bl

PPEO-Ca-pH3-SDS
: , k14 1S :

Figure 78. Appearance of painted PEO surfaces after the adhesion test.

Ca containing precipitates do not have a noticeable effect on paint adhesion. Considering the
partial blocking of the pores with Ca containing precipitates, it is believed that the good
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paintability of the sealed specimens (without SDS) is due to the good adsorption properties of
hydroxyapatite. This is in accordance with the hydrophilic character of the layers even after
performing post—treatment process. The increase in hydrophobicity of the coatings due to the
presence of SDS has a negative influence on the paint adhesion of the layers with rating value
up to 4. Only few data are available addressing the paint adhesion of PEO coatings, suggesting
that the good adhesion property of the composite layers is ascribed to the outer porous layer
[301, 319]. Findings obtained in the present work reveal that modification of the outer porous
layer might decrease the adhesion between organic layer and inorganic PEO coating when

painting is coated for long—term corrosion protection.
4.3.6 Concluding remarks on Ca—sealed PEO coating on AZ91D

Some conclusions can be drawn regarding the effects of studied sealings on PEO coated AZ91D

alloy on PEO morphology and corrosion performance:

- The corrosion resistance of PEO coatings on AZ91D Mg alloy is enhanced by
performing sealing post-treatment process in Ca—containing acidic solutions. Corrosion
inhibitor (SDS) in the post-treatment electrolyte further improves the corrosion
performance of the coatings.

- Ca-—containing precipitates, i.e. hydroxyapatite, are deposited within the coatings pores
following the partial dissolution during the post-treatment. Thus, blocking the access
of aggressive species toward the substrate. The enhanced precipitation of calcium
phosphates in the presence of SDS as well as the inhibiting effect of the latter further
impede the corrosion process. SDS also provides hydrophobicity to the coating surface.
However, this has negative influence on paint adhesion.
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4.4 Chapter 4. Context and aim

It is known that sol—gel sealing is an effective way to increase the corrosion resistance of Mg
alloys. Inhibitor—loaded sol-gel formulations are becoming increasingly popular as a strategy
for providing active protection. Chapter 4 is focused on the development of sol—gel sealings for
PEO coatings on AZ31 alloy in combination with incorporation of corrosion inhibitor species.
The chapter is organised in two sections: (i) post—treatment of the PEO layer by immersion in
an inhibitor containing solution, and (ii) loading of the inhibitor into the sol-gel precursor. The
goal is to identify the best strategy for improving the long—term corrosion protection of hybrid
PEO/sol-gel coatings on AZ31 Mg alloy. Figure 79 shows the graphical abstract of Chapter 4.

a) PEO-8HQ-SG 8HQ
Coating Si0;*
Dissolution ‘ ' Corrosion

8HQ(Mg) I

Post-treatment

PEO

b) PEO-SG-8HQ,

1Zlo ss: (2em?)

) 8-HQ Release

Figure 79. Chapter 4 graphical abstract: Functionalization of sol-gel-sealed PEO coatings on AZ31.
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4.4.1 Introduction

PEO coatings on magnesium usually improve the corrosion resistance with respect to the bare
substrate by up to 4 orders of magnitude in aqueous corrosion media such as NaCl [174, 320]
and simulated body fluid (SBF) [321]. However, aggressive species eventually reach the
substrate, leading to pitting or, alternatively, undercoating corrosion. Therefore, corrosion
protection provided by PEO coatings usually only lasts up to 7 to 14 days [174, 288, 289, 291].

The use of sol-gel sealings has been gaining increasing interest in recent years and several
papers on hybrid PEO/sol-gel coatings have already been reported [187, 188, 322, 323]. Sol-
gel is highly valued for its capacity to penetrate through the PEO pores and cracks as well as
for its versatility and low environmental impact [189, 324-326]. For instance, Malayoglu et al.
[327] studied different post-treatments, including phosphate and silicate sealings, and

concluded that the PEO/sol-gel system showed the best corrosion performance [189, 191].

Inorganic—organic sol-gel formulations, also known as hybrid sol-gels (HSGs), are highly
suitable for enhancing the corrosion performance. The organic part lowers the curing
temperature and provides elasticity, while the silane structure offers good mechanical properties
and adhesion [186, 190-192, 328]. The use of hybrid sol—gel sealings for PEO coatings was
positively reported by Pezzato et al. [329]. In all the studied cases, the sol—-gel sealing produced
an increase in the uniformity of the surface and, hence, a remarkable increase in the corrosion
properties and durability of the coating system. Despite the good perspective of PEO/sol—gel

systems, once the corrosion initiates there is lack of active protection.

To accomplish self-healing, the incorporation of inhibitor species is key. Corrosion inhibitors
are chemical species that can protect actively the substrate from corrosion. Active protection
has been widely studied in recent years and interesting results have been reported for 8—
hydroxyquinoline (8HQ) [330] and 2-mercaprobenzothiazole (MBT) [331], as organic
inhibitors, and Ca, Ce, and Zn [288, 332-335] as inorganic inhibitors. However, limited results
have been published on PEO/sol—gel systems with incorporation of corrosion inhibitors. Chen
et al. [336] developed a PEO/sol-gel system loaded with glycolic acid, 4-aminosalicylic
sodium salt, and 2,6—pyridinedicarboxylic acid. Corrosion inhibitors were incorporated by
impregnation of the PEO coating followed by sol—gel sealing. According to the reported results,
inhibitors—containing coatings showed enhanced corrosion performance. The authors proposed

a protection mechanism achieved by suppression of the re—deposition of detrimental Fe
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impurity and inhibitor adsorption. lvanou et al. [195] impregnated a PEO coating with 1,2,4—
triazole followed by sol—gel sealing. High corrosion protection was reported during one month
continuous exposure to the aggressive medium. This enhancement was attributed to the thin
and porous PEO layer that secures the corrosion inhibitor close to the bulk metal where the

corrosion process starts.

In this chapter, the approach is to evaluate the ability of sol—gel processes to seal the micropores
of PEO coatings and to immobilise inhibitors with the aim of providing active corrosion
protection. The suitability of the inhibitors was first assessed by screening their effect on the
bare alloy. The chapter is divided into two sections. The first part evaluates the incorporation
of organic inhibitors into the PEO/sol—gel system by using a post-treatment step after PEO.
The second part is dedicated to inhibitor loading in the sol-gel precursor before its applied onto
the PEO coating. The effects of inhibitors on the morphology, composition and corrosion
resistance of hybrid PEO/sol—gel systems are studied. Electrochemical and immersion tests are
used to evaluate the anti—corrosion performance and the degradation process of the coatings.

4.4.2 Results on PEO/inhibitor/Sol-Gel systems
4.4.2.1 Inhibitor Screening

Nine different corrosion inhibitors were preselected from the systematic study carried out by
Lamaka et al. [98]. Note that most of the selected inhibitors are of the mixed type since they
adsorb on the surface, blocking both the anodic and cathodic regions. Bare AZ31 Mg alloy was
exposed to corrosive media containing the corrosion inhibitors in 0.05 M concentration and pH
adjusted to 8. Hydrogen evolution testing (Figure 80) was carried out for comparison among
species [203]. Table 42 summarises the information regarding the inhibitor type and conditions
along with the kinetic laws calculated from the experimental data. Kinetic laws coefficients
were calculated by the linear regression method [Eq. 9], where V coordinate represents the

collected hydrogen in mL cm~2 and t is the immersion time in days.

V(mLcm™?) = b, - t(d) + a [Eq. 9]

As expected, the bare alloy generates significant amounts of hydrogen due to its high corrosion
rate (Figure 80). Remarkably, some species (4—isopropilicbenzoic acid, 2-hydroxy-1,4—
napothoquinone, and 4—methyl-3-salycilic acid) increased the corrosion rate, possibly due to

formation of soluble complexes with Mg. 8-Hydroxyquinoline (8HQ) revealed the lowest
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amount of collected hydrogen, followed closely by 5-methyl-2—nitrobenzoic acid and 3-
methylsalycilic acid.

Table 42. Kinetic laws, with and without inhibitor, calculated from hydrogen measurements.

NaCl (reference) 0.05 0.5 8 021
A
8-Hydroxyquinoline 0.05 0.5 8 0.02 7
OH
0, 21
. <0
quecylbenzenesulphonlc 0.05 05 8 005 —
acid =
Fumaric acid 005 05 8 011 NN
. . o}
5—Methyl—2—nltroben20|c 0.05 0.5 8 003 H30\©\)L on
acid N,
4—Isopropilicbenzoic acid 0.05 0.5 8 032 Hsc\p)L
3-Methylsalycilic acid 005 05 8 003 @ >

X
Quinaldic acid 0.05 0.5 8 0.16 N
[o]
OH
2 oyt s 05 8 1w
napothoquinone
(o]

(o]
4-Methyl-3-salycilic acid  0.05 05 8 1.02 @ﬁk%

As shown in Figure 80, the surface of the reference sample was largely affected by corrosion.
On the other hand, most of the surfaces exposed to the inhibitor showed a combination of
corroded areas and inhibitor deposits. As the best candidate, 8HQ shows no corroded areas but
a deposit covering the entire surface. This deposit limits the exposure of the metal to the
corrosive environment, thus reducing the amount of evolved hydrogen. In agreement with
several studies [337-341], 8HQ may behave as an inhibitor by the formation of a complex
chelate (Mg(8HQ)2) on the surface, blocking the action of aggressive ions. Based on this initial

corrosion screening, 8HQ was selected for further evaluation. It is important to note that 8HQ
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has already been used with good results as an additive in sol—gel systems for steel [342], Mg
[343] and Al [341, 344-346], however, those systems did not include an intermediate PEO layer.
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Figure 80. Volume of hydrogen evolved from the cathodic reaction during immersion in 0.5 wt.%

NaCl solution and surface appearance of the exposed area after the test.

Figure 81 shows the SEM planar view characterization of the AZ31 surface after the hydrogen
evolution test in the presence of 8HQ inhibitor. As demonstrated by the micrographs and the
EDS analysis (Table 43), it is evident that the substrate is fully covered by the Mg(8HQ)2
precipitates. The micrographs reveal that the flakes agglomerate to form islands. According to

Vaghefinazari et al. [347], the liberation of H> bubbles promotes the formation of these islands;
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hydrogen bubbles are trapped for a short time on the surface and the Mg(8HQ). flakes
precipitate around them. There are also agglomerates with a flower—like morphology that show
a higher O content (Figure 81a, label 1, Table 43) suggesting the formation of Mg(OH)2 [347].

A

Y A4
Figure 81. (a) Surface morphology of bare AZ31 exposed to 0.5 wt.% NaCl containing 8HQ after
14 days. A higher magnification view of the flakes is presented in (b). Marked areas corresponds to the

EDS analysis collected in Table 43.

Table 43. Results of the local EDS surface analysis of the coatings (at.%).

C o) Na Mg Al cl Zn |
1 76.3 20.7 0.1 2.6 0.1 0.1 0.1 |
2 78.0 16.9 0.2 4.6 0.1 - 0.1 |

4.4.2.2 Optimization of inhibitor post—treatment

Once the most promising inhibitor was selected, several coating systems were defined for
further analysis. These combined a PEO layer with a post—treatment in 8HQ just before a final
sealing with sol—gel. PEO and sol—gel conditions are included in Table 44. Both PEO and sol—
gel layers were produced by the author at UMONS (Belgium). The operating conditions were
established considering previous studies [284, 348, 349] and the findings from previous section
(Section 4.3.2). Table 45 shows the list of studied specimens. Only 8HQ was selected as
inhibitor for this section, therefore, the names obviate the inhibitor in favour of the post—

treatment conditions.

Electrochemical impedance screening was performed in order to identify the best candidates
for further studies and detailed morphological and compositional characterization. Figure 82

shows the procedure followed for the evaluation of the coatings.
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Table 44. PEO conditions for surface modification of AZ31 and details of the sol—gel sealing.

Electrolyte Electrical signal Sol-Gel solution Sol-gel process
Na,SiO3 10.5 g/L 20£1°C TEOS 20 % 10 mm/min
KOH 8.5 g/L 400/-30 V GPTMS 10 % immersion/withdraw
NaF 2 g/L 100 mA cm™ Ethanol 10 % 15 min air drying

50 Hz Water 58 % 150°C 2h curing

4 min Acetic acid to

60 s ramp adjust pH 2

Table 45. Designation of specimens and inhibitor post-treatment conditions. Colours are in correlation

with those in Figure 83 for a better understanding.

Post—treatment

Sol-gel solution

[BHQ] and immersion time

AZ31 - -
PEO - -
PEO-SG - TEOS/GPTMS
PEO-1mM-5min 1 mM -5 min -
PEO-5mM-5min 5 mM —5 min -
PEO-10mM-5min 10 mM -5 min -
PEO-100mM-5min 100 mM — 5 min -
PEO-5mM-5min-SG 5 mM —5 min TEOS/GPTMS
PEO-5mM-10min-SG 5mM — 10 min TEOS/GPTMS
PEO-5mM-30min-SG 5 mM — 30 min TEOS/GPTMS
PEO-10mM-5min-SG 10 mM — 5 min TEOS/GPTMS
PEO-10mM-10min-SG 10 mM — 10 min TEOS/GPTMS
PEO-10mM-30min-SG 10 mM — 30 min TEOS/GPTMS
PEO-100mM-5min-SG 100 mM — 5 min TEOS/GPTMS
PEO-100mM-10min-SG 100 mM — 10 min TEOS/GPTMS
PEO-100mM-30min-SG 100 mM — 30 min TEOS/GPTMS
Step 1 Step 2

PEO coated AZ31

Evaluation of bath

concentrations at identical times
times (5 min)
1 mM

* 5mM

« 10mM

* 100 mM

¢ 5min
* 10 min
* 30 min

Evaluation of immersion

Post-treatment

PEO
AZ31

PEO
AZ31

Sol-gel sealing

Post-treatment

PEO
AZ31

Figure 82. Steps for the optimization of the inhibitor post-treatment prior to sol—gel sealing.
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The screening results are presented in Figure 83. All the combinations yielded higher
impedance values than the reference bare alloy. Stand-alone PEO shows an impedance
modulus 2 orders of magnitude higher than that of the substrate, but its protection is rapidly lost
with time, reaching a modulus similar to that of the alloy after 24 hours. The hybrid system
(PEO-SG) shows an initial impedance slightly lower than that of PEO, but the response remains
practically constant with time. This long—term protection is attributed to the sealing of the PEO
coating defects [186].

PEO post-treatments with different 8HQ concentrations improved the performance of the PEO
coating with the only exception of one post—treatment (1ImM 8HQ), which revealed a lower
impedance value. 8HQ post-treatment is likely to form an insoluble deposit with magnesium,
Mg(8HQ)2, thus enhancing the corrosion resistance [350]. Contrary to expectations, the
application of sol—gel on top of post-treated PEO produced lower impedance values than the
reference PEO-SG film for all the tested combinations. The causes for this could be varied. For
instance, 8HQ-rich precipitates may disrupt the continuity of the sol-gel film. Also the
formation of Si—-O—M bonds in the PEO/sol—gel interface could be affected in the presence of
8HQ and reduce the penetration of the sol-gel layer [347]. However, it is noteworthy that some
coatings systems show an increase in the modulus with increasing immersion time. This

improvement suggests active protection and recovery of the corrosion protection.
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Figure 83. Scatter diagram of impedance modulus at 0.01 Hz in 0.5 wt.% NaCl of the selected
coatings on AZ31 alloy.
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With the exception of the PEO-1mM-5min specimen, there are no significant differences
between the studied hybrid PEO/inhibitor/SG systems. Therefore, all the full systems with 5,

10 and 100 mM inhibitor concentrations were selected for further evaluation.
4.4.2.3 Coating Morphology and Composition

Several characterization techniques were used with the aim of elucidating the effect of the
applied post-treatment on the PEO-SG system. In order to reduce the number of specimens,
only representative systems were studied. FTIR spectra of 8HQ (powder), PEO-8HQ, PEO—
SG and PEO-8HQ-SG coatings are presented in Figure 84.

Table 46. FTIR bands and their assignation for the 8HQ compound [351-353].

3311 v(OH) hydration of PEO

3150 stretching vibration for v(OH) phenol
3049 aromatic v(C—H) stretching

1625 v(C=N) stretching

1579 v(C=N) ring stretching vibration
1500 v(C=C) stretching vibration

1471, 779 in—plane and out—of-plane deformations of CH, and CHz groups
1433 O-H plane bending

1274, 1246 v(C-0) stretching vibrations

1165, 1138, 1093 N(C—N) stretching bands

1059, 1028 v(N-0) stretching bands

974 —CH> rocking

896, 866 v(C—C) bending vibration

740, 707 v(C—H) out-of—plane bending band

Table 46 gathers the characteristic bands of the 8HQ compound (in powder form), which were
identified in the FTIR spectrum presented in Figure 84. For a representative specimen (PEO—
5mM-10min), the spectrum still shows bands corresponding to 8HQ, demonstrating the
successful incorporation onto the surface (Figure 84b). However, there is a remarkable
difference; the 3150 cm™ band associated with the phenol group vanishes due to the formation
of metal complexes between 8HQ™ and Mg?* [354]. Note that the spectrum now also shows
bands coming from the PEO layer. The most characteristic bands are the one at 3311 cm™,
attributed to v(H-0O), due to hydration of the outermost region of the PEO layer, and several
signals associated with Si—-O-Si bonds (1493-960, 960—724 cm™) and Si-O—Mg (<700 cm™),
due to incorporation of silicate from the electrolyte during PEO processing [186, 355, 356].
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The spectra obtained for the PEO-SG and PEO-8HQ-SG coatings show characteristic bands
of sol-gel layers. Signals at 3100-3600 cm™* and 1585 cm™ correspond to vibrations of the
v(H-O) bonds. These come from the Si—OH groups in the sol-gel layer and absorbed water
molecules [186, 351, 352]. The intensity of this band increases with the number of polar groups,
thereby acting like an indicator of the level of sol-gel polymerization. Vibrations of v(C—H)
bonds at 3000-2824 cm* correspond to the CH3 and —CH: groups coming from the GPTMS
precursor. Note the increased intensity of the Si—O-Si and Si—O-M signals which come from
both the PEO and sol—gel layers. The intensity of the band centred at ~1034 cm™ is generally
associated with asymmetric Si—O-Si vibrations, which are also indicative of correct sol—gel

formation.

It is important to mention that the inhibitor post-treatment with 8HQ results in less intense Si—
O-Si and Si—O-Mg bands for the hybrid PEO-8HQ-SG system. Therefore, it can be concluded
that the 8HQ post-treatment interferes with the sol-gel process: the hydrolysis and
condensation reactions are restricted, and the formation of a 3D network is therefore limited.
Very few studies have investigated the effect of an intermediate post—treatment step on sol—gel
sealing of PEO coatings [357-359]. However, there are many examples where species

incorporated in the sol—gel influence the degree of polymerisation associated with the inorganic

Mb]

and organic parts [360].
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Figure 84. (a) FTIR spectra of 8HQ powder and studied coatings and (b) detail of the near IR region.

A representative concentration of the 8HQ was used for FTIR study.
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The SEM images of the surface of the PEO—coated AZ31 Mg alloy are presented in Figure 85
alongside with EDS maps. A crater—like morphology is revealed on the unsealed coating.
Microcracks and micropores are located at the sites of the discharge channels caused by residual
stresses and gas evolution during the coating formation (Figure 85a,b). As shown in the cross—
section micrographs (Figure 85c,d), a well-defined barrier layer is observed in combination
with a thicker and porous outer layer (thickness 7.3 + 0.4 um). The EDS Si map of the PEO
layer show a significant contribution from Si, which is to be expected considering that the PEO
coating was produced in an alkaline-silicate electrolyte [303, 361, 362]. The outer areas of the

coating show some Al enrichment (this element comes from the substrate).

s - . - T THT
- r( 'V W l*: b". o

Figure 85. Scanning electron micrographs corresponding to the (a,b) planar and (c,d) cross views of

PEO coated AZ31. Cross—section observation along with EDS mapping of the PEO layer.

XRD results of the unsealed PEO coating (Figure 86) shows the presence of magnesium oxide
(MgO) and forsterite (Mg2SiOs4). Aluminium crystalline phases (e.g. MgAl>0s) were not
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detected. Therefore, the Al detected in the coating is mainly in the form of amorphous phases
or doping the abovementioned compounds. Mg peaks come from the substrate due to

penetration of the X—rays.

e Mg ¢MgO = Mg,SiO,

=
SPEO
.
‘D
=
2
=
AZ31
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20 25 30 35 40 45 50 55 60 65 70 75 80

Degrees (20)
Figure 86. XRD patterns of bare alloy and the fabricated PEO coating.

Comparative SEM micrographs of PEO-coated AZ31 Mg alloy without and with post-—
treatment and sol—gel sealings are presented in Figure 87. Planar and cross view micrographs
are included. After 10 min post-treatment, the surface of the PEO coating shows flakes of 8HQ
complexes with two different morphologies (Figure 87c); (i) agglomerates of small flakes that
are deposited on the flat surface of the PEO layer and surrounding smaller pores; and (ii) large
flakes in the vicinity of bigger pores. Their morphology resembles that observed in Figure 81.
No flakes were found in the cross—sectional micrographs as they were probably washed away
during the cross—section preparation. Cross—view examination suggests a slight dissolution of
the PEO coating after the inhibitor post-treatment (PEO 7.3 £ 0.4 pum vs. PEO-5mM-10min
6.7 £ 0.3 um, Figure 87b,d).

The different size of the flakes is attributed here to the supply of Mg?* ions. The dissolution of
Mg is suggested to be more abundant inside the pores (supplied by substrate and PEO layer),
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thus resulting in bigger flakes. According to EDS analysis, these flakes show high levels of C,
O and Mg, suggesting the formation of Mg(8HQ).. These findings are in agreement with the
results of Vaghefinazari et al. [347], who reported Mg(8HQ). formation on a bare substrate

exposed to a solution containing 8HQ.

PEO-SG PEO-5mM-10min PEO

PEO-5mM-10min-SG

50 um' »: 10 um

Figure 87. Scanning electron micrographs corresponding to the planar and cross views of (a,b) PEO,
(c,d) PEO-5mM-10min, (e,f) PEO-SG and (g,h) PEO-5mM-10min-SG. Corresponding EDS
analysis are collected in Table 47.
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Figure 87e shows that the sol-gel sealing forms a homogeneous layer (1.8 £ 0.5 um) that
successfully fills up the pores and cracks in the PEO layer. However, some surface defects are
observed, mostly cracks, caused by dehydration of the sol-gel layer during curing. These cracks
are also observed in the cross—view (Figure 87f). PEO coating thickness decreased to 5.4 £ 0.5
pum due to the acidic conditions during sol—gel sealing. The total thickness of the PEO-SG
system was 6.39 + 0.09 um. It is noteworthy that the inner barrier layer of the PEO coating is

still intact.

Micrographs of the specimens with a sol-gel layer on top of 8HQ post-treated PEO layer are
presented in Figure 87g and h. As it was observed in PEO-SG surface, the sol—gel layer fills
up the pores and cracks in the PEO layer, but here Mg(8HQ)2 deposits emerge from the surface
of sol—gel layer at some points. Dehydration cracks in the sol—gel layer are also observed. Once
again, no Mg(8HQ): flaky deposits are observed in the cross—view, but minor bulky precipitates
are visible inside the pores. The overall thickness increases to 8.2 + 0.4 um being the sol—gel
layer thicker than in previous cases (2.9 + 0.2 um). The sol—gel thickening is attributed here to
the increase in surface roughness due to the presence of the Mg(8HQ). precipitates. It is
noteworthy that the PEO layer showed some dissolution (5.5 + 0.7 um) with the inner dense

layer being less evident than in previous cases.

Table 47. Results of the local EDS surface analysis of the studied coatings (at.%).

PEO Area 8.8 - 543 — 1.0 246 0.7 104 02 - —
PEO-5mM-10min Area 130 06 521 09 10 206 10 100 02 05 01
1 240 - 527 10 0.7 154 04 57 01 - —
2 22.7 — 479 08 08 190 06 81 01 - -
3 170 - 227 15 02 521 13 45 01 - 0.5
PEO-SG Area 27.0 - 415 - 04 167 05 139 01 - -
1 46.7 — 430 05 02 46 01 48 01 - —
2 334 — 416 03 05 156 04 80 01 - -
3 18.4 — 29.7 20 02 421 12 59 01 - 0.3
PEO-5mM-10min-SG Area 31.7 — 443 — 05 125 06 102 02 - —

4.4.2.4 Corrosion Test: Immersion tests

Figure 88 shows the digital macrographs of the PEO-8HQ-SG specimens with an artificial
scribe after 14 days of immersion in 0.5 wt.% NaCl solution. PEO and PEO-SG specimens are

included as a reference.
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The stand—alone PEO coating reveals corrosion all over the surface (Figure 88a), whereas PEO—
SG system reveals a slightly better performance. However, there are evident signs of corrosion

next to the scratch and some localized damage away from it.

The PEO-8HQ-SG systems reveal much less corrosion damage than the reference coatings
(Figure 88c—k), although the 5 mM 8HQ post—treatments show some corrosion around the
scratch. This coincides with the EIS results, where post-treatments with low 8HQ concentration
showed lower modulus of impedance after 24 h. The PEO-10mM-30min-SG coating is among
the best performers and was selected for further characterization (Figure 88h). Therefore, these
results indicate a possitive effect of increasing the 8HQ concentration. It is suggested here that
the dissolution of Mg(8HQ): flakes and their redeposition in regions with high pH (above 7,
[347]) provides self-healing ability, thus improving the long—term corrosion resistance of the

hybrid systems.

. b) 1cm

PEO-5mM-5min-SG PEO -5mM-10min-SG = PEO -5mM-30min-SG
c) d) e)

PEO-10mM-5min-SG PEO -10mM-10min—-SG PEO -10mM-30min-SG
f) g) h)

PEO-100mM-5min-SG PEO —100mM-10min-SG PEO —100mM-30min—SG
i) j) k)

Figure 88. Digital images of (a) PEO, (b) PEO-SG and (c—k) PEO-8HQ-SG scribed coatings after 14

days of immersion in 0.5 wt.% NaCl solution at room temperature.
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SEM/EDS results of the scribed systems after 14 days of immersion in 0.5 wt.% NaCl are
presented in Figure 89 and Table 48. PEO-10mM-30min-SG was selected as a representative

of PEO-8HQ-SG systems due to its superior corrosion performance.

The scratch in the PEO specimen shows voluminous corrosion products that are rich in O and
Mg (Figure 89a, Table 48). As shown in Figure 89b, typical PEO micropores are no longer
visible due to coating hydration (some cracks are formed as a consequence of partial
dehydration). The cross—sectional view shows that the corrosion attack is quite deep, especially
at the centre of the defect where small pits are revealed (inset in Figure 89c). The incorporation
of F and Si in these corrosion products is noteworthy. These elements can only be released from
the PEO coating. It is believed that SiOs? anions that originate from dissolution of the PEO
coating combine with Mg?* in the solution and form precipitates such as MgSiOs. Despite of
this self—repairing properties, the level of protection is insufficient and some of the non-scribed

areas also show corrosion damage, indicating failure of the inner barrier layer (Figure 89d).

In comparison with the stand-alone PEO coating, the PEO-SG system shows less amount of
corrosion products (Figure 89e-h). Corrosion products are mostly present at the artificial defect
and its surroundings. The cracked appearance of the sol—gel layer is particularly striking. The
cross—sectional view of the defect (Figure 89g) shows the small amount of corrosion products
within the scribe. The EDS analysis at the centre of the scribe also shows some Si, which can

originate from both the PEO coating or the sol-gel layer.

The PEO-10mM-30min-SG shows the best corrosion behaviour as evidenced by the shallow
depth of the scratch (Figure 89i—1). The initial depth of the scratch is 20 + 2 um and it reaches
values of 49 + 5 um, 31 £ 2 um and 22 + 2 um for PEO, PEO-SG and PEO-10mM-30min—
SG, respectively, after 14 days of immersion. The presence of C and O along with Mg in EDS
area 1 may be indicative of the presence of Mg(8HQ). (Table 48).
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PEO-SG PEO

PEO-10mM-30min-SG

Figure 89. SEM microscopy images of (a—d) PEO, (e-h) PEO-SG and (i-1) PEO-10mM-30min-SG

scribed coatings after 14 days immersion test in 0.5 wt.% NaCl solution at room temperature.

Table 48. EDS analysis performed of the scribed coatings after 14 days immersion in 0.5 wt.% NaCl
(in at.%).

PEO 184 597 14 04 148 10 43 -
205 59.0 - 02 159 03 41 -
PEO-SG 222 470 01 05 283 09 10 -

199 585 03 07 120 06 80 -
321 267 03 02 392 08 07 -
115 647 - 01 223 03 01 038

PEO-10mM-30min-SG

N P DNPFP DN

4.4.25 Contact Angle

Contact angle measurements were performed in order to assess the hydro—philicity/phobicity
of the developed coatings (Figure 90). All the coatings show a hydrophilic behaviour with
values below 66°. Minor differences are observed between the PEO and the sol—gel sealed
samples. PEO coating inherent porosity is strongly related to the contact angle value obtained.
Its hydration tendency also contributes to this behaviour. The sol—gel layer significantly reduces
the contribution of surface defects, therefore the hydrophobic character is mostly related to the

chemistry of the sol—gel surface rather than to its roughness.
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According to SEM and FTIR results, the PEO-8HQ-SG specimens should be more hydrophilic
due to the following two factors: (i) disrupted sol—gel layer in the presence of Mg(8HQ)> flakes;
and (ii) lower degree of sol-gel polymerization in the presence of 8HQ resulting in an increased
number of hydrophilic silanol groups and, therefore, increased hydrophilicity [186, 363].
However, as shown in Figure 90, the difference between specimens with and without treatment
IS not significant.

58t3 PEO-SG 59+0.4

v W

PEO-5mM-5min-SG 63t2 PEO-5mM-10min-SG 65.310.9 PEO-5mM-30min-

PEO-10mM-5min-SG 59.910.9 PEO-10mM-10min-SG 58+1 PEO-10mM-30min-SG  60.2+0.5

PEO-100mM-5min-SG ~ 59.9+0.9 PEO-100mM-10min-SG 66+3 PEO-100mM-30min-SG 58+3

Figure 90. Water contact angle measurements: (a) PEO, (b) PEO-SG and (c-k) PEO-8HQ-SG.

4.4.3 Results on PEO/Sol-Gel(inhibitor) systems

4.4.3.1 Sol—gel precursors with incorporated 8HQ

Sol-gel precursors with different amounts of incorporated 8HQ corrosion inhibitor were
prepared for sealing the PEO coating on the AZ31 alloy. The PEO processing was identical to
that already described in section 4.4.2.2 (conditions are again included in Table 49). Therefore,
the inhibitor loading approach in this hybrid PEO/sol—gel system differs from that of the section

4.4.2, where the inhibitor was incorporated after PEO and before the sol—gel sealing.

The inhibitor was incorporated into the precursor by means of dissolving 8HQ in the aqueous
solution, which accounted for 58% of the sol-gel. Table 49 shows a summary of the studied

systems.
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Table 49. PEO conditions and sol-gel sealing precursors, with and without incorporated 8HQ, for

surface modification of AZ31.

PEO Na2SiO310.5g/L 20+x1°C 400/-30 V 5 min
KOH 8.5 g/L 100 mA cm™ 60 s
NaF 2 g/L 50 Hz ramp

PEO-SG TEOS 20 % Ethanol 10 % Acetic acid to adjustpH 21 h
GPTMS 10 % Water 58 % 150°C

PEO-SG-1mM 8HQ 1 mM in the aqueous solution (58 %)

PEO-SG-5mM 8HQ 5 mM in the aqueous solution (58 %)

PEO-SG-10mM 8HQ 10 mM in the aqueous solution (58 %)

*8HQ concentrations higher than 10 mM were discarded due to the precursor heterogeneity.

Figure 91 depicts the rheological characterization of the sol-gel precursors before
polymerization. The shear ratio increases with the shear stress for all cases, indicating a
Newtonian behaviour. The presence of 8HQ causes a slight drop in viscosity, with the 10 mM
concentration yielding the lowest values. The viscosity values in mPa-s were as follows: 3.87
+0.02, 3.74 £ 0.02, 3.74 £ 0.02 and 3.71 + 0.02 for SG, SG-1mM, SG-5mM and SG-10mM,
respectively. These values suggest that the addition of 8HQ may facilitate the penetration of the
sol—gel precursor into the PEO coating. A different behaviour may also be expected in terms of
film thickness and compactness for the inhibitor loaded specimens (i.e. lower viscosity should

result in thinner sol-gel films).
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Figure 91. Flow curves for various 8HQ concentrations in the sol—gel solutions.

Figure 92 presents the UV-visible spectra of the sol-gel solutions with and without 8HQ. It

should be taken into consideration that a 10 times dilution in deionized water was used to
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minimize detector saturation. The 8HQ (0.05 M) aqueous solution is also included as a
reference. The latter shows a saturated peak at ~250 nm and an absorption maximum at 305
nm, which is characteristic of the neutral prototropic species of 8HQ in water [364]. When 8HQ
is incorporated into the acidic sol-gel precursor (pH 2.5) a new broad band arises at 358 nm.
This corresponds to the lowest electronic transition of the acicid prototropic species of 8HQ
(both O and N are protonated). Note that the intensity of this band is higher for the precursor
with the highest amount of 8HQ. Therefore, UV-Vis spectra demonstrate the presence of 8HQ
in the sol-gel precursor.

The SG solution without inhibitor presents an absorption maximum at ~263 nm which is
attributed here to electronic transitions of SiO, [365] due to partial polymerization of the
precursor.

SHQ
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Figure 92. UV—Visible spectra of the sol-gel solutions for various concentrations of 8HQ corrosion

inhibitor.
4.4.3.2 Coating Morphology and Composition

FTIR spectra of PEO-SG-8HQ systems are presented in Figure 93. The spectrum of 8HQ
powder is included for reference. The spectra are like those presented in section 4.4.2.3. Si-O—
Si bonds show their characteristic signals at 1493-960 and 960—724 cm™ [186]. Again, the

intense band at ~1034 cm™, associated with asymmetric vibrations, indicates successful sol—
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gel polymerization. Comparatively, the presence of 8HQ results in less intense Si—O-Si signals.
This suggests that 8HQ is detrimental for the polymerization process. Similarly, the band below
700 cm2, corresponding to Si-O—M bonds, is more intense for the PEO-SG which is attributed
here to a better interaction between the PEO and the inhibitor—free sol-gel layer. Note that
bands corresponding to the 8HQ molecule are almost invisible when incorporated into the sol—
gel layer.

Transmitance (%)

B A!

8¢ 18 g
$6 5 o
B n
——8HQ g
—— PEO-SG-10mM 2
——— PEO-SG-5mM <
PEO-SG-1mM
PEO-SG
4000 30I00 ZUIUU 10I00

Wave number (cm™)

Figure 93. FTIR spectra of PEO-SG-8HQ systems on AZ31 alloy. The spectra of PEO-SG coating
and 8HQ powder are included for reference.

The surface and cross—sectional SEM micrographs are shown in Figure 94 for the PEO-SG—
1mM specimen, which is representative of the studied systems. As shown in Figure 94a, there
are some cracks in the sol—gel layer, but the porosity of the PEO layer was almost completely
sealed (Figure 94b). The thickness of the sol—gel film is 2.1 = 0.7 um (measured with the eddy
current method) without a significant influence of 8HQ. The EDS analysis of the sol—gel layer
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Is consistent with previous results, but there is a relatively high amount of C, which is indicative
of 8HQ incorporation in the sol-gel layer. Free system (~59°), possibly due to the small

concentration of 8HQ in the sol-gel layer.

Figure 94. Scanning electron micrographs corresponding to the (a) planar and (b) cross views of PEO—
SG-1mM coated AZ31. Results of the local EDS surface analysis of the coatings (at.%) are: C 36.3,
0 38.8, Na 0.3, Mg 9.9, Al 0.3, Si 13.4 and K 0.1.

4.4.3.3 Corrosion Test: Immersion test

Figure 95 depicts the impedance modulus for the studied coatings at 0.01 Hz in 0.5 wt.% NaCl
up to 48 h of immersion. Impedance results for AZ31, PEO and PEO-SG are included as

reference.

After 2h of immersion, PEO-SG-8HQ specimens show lower impedance modulus than the
inhibitor—free PEO-SG system. Note that the impedance is the lowest for the highest 8HQ
concentration (PEO-SG-10 mM) with lower values for increasing concentration of 8HQ in the
sol—gel film. Despite this negative effect of 8HQ incorporation, PEO-SG-1 mM and PEO-SG—
5 mM specimens show an improved performance after 24 h (e.g. |Z| >10” Q cm? for PEO-SG-
1mM).

Therefore, findings reveal that 8HQ has opposing effects when incorporated into the sol—gel
precursor. On the one hand, it hinders the sol-gel polymerization and makes the layer more
susceptible to cracking, thus facilitating access of the corrosive medium. And, on the other
hand, when added in small concentration (1 mM), 8HQ significantly improves the impedance
response after long immersion times. Again, the positive effect is likely to be associated with
the precipitation of complexes that form between the 8HQ molecules released from the sol—gel
layer and the Mg?* ions coming from the corroding substrate.

165




Chapter 4

108

12h

7]
1079, 24n

2
|Z]g 011z (€2 €mM©)

— -

o o

[3.] o

—-
o
S
1
L

py [ ]
v
v
10% - .
102 . . !
N
> & 2 S & &

W Q o N o O

& & ¢ !

] S =) Y

& & o
3 ¢ &

Figure 95. Scatter diagram of impedance modulus at 0.01 Hz in 0.5 wt.% NaCl of the PEO-SG
coatings with 1, 5 and 10 mM 8HQ in the sol—gel layer. The diagram also includes the reference
coatings (PEO and PEO-SG).

The surface appearance of PEO-SG-8HQ systems with an artificial scribe after 14 days in 0.5
wt.% NaCl is presented in Figure 96. Overall, the specimens show a much better corrosion
performance than PEO and PEO-SG (see Figure 88a,b). However, some small corrosion spots
are visible at the scratch for the PEO-SG-5mM and PEO-SG-10mM specimens. Therefore,
additions of 8HQ into the sol-gel precursor improve the long-term corrosion resistance of
hybrid PEO/SG systems, although their performance is slightly compromised when the

concentration of 8HQ is above 1 mM.

PEO-SG-1mM PEO-SG-5mM PEO-SG-10mM
a C d
) 144 iy g ST
14 days 7 %
| 1lcm |

Figure 96. Digital images of PEO-SG-8HQ scribed coatings after 14 days of immersion in 0.5 wt.%

NaCl solution at room temperature.

The PEO-SG-1mM specimen, which combines the highest |Z| value with best surface
appearance after the scribe test, was selected for SEM/EDS examination (Figure 97 and Table

50). As shown in the plan—view, the scribe shows some corrosion products and there is cracking
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of the sol—gel layer, which is due to water permeation and hydrolysis of the Si—-O-Si bonds
[366]. (Figure 97a,b). However, the depth of the attack is significantly less than that of the
inhibitor—free systems (PEO, PEO-SG in Figure 89), being very similar to the original depth
of the defect (~20 um, Figure 97c). In the regions away from the scratch, it can be seen that the
cracks penetrate the entire sol—gel thickness, although the PEO coatings remain relatively
unaffected with only some signs of hydration (Figure 97d).

EDS analysis on the scribe’s surface show a relatively high level of O, suggesting the formation
of magnesium hydroxide as the main corrosion product. There is also some Si and F, which can
originate from chemical dissolution of the PEO and/or sol—gel films (in case of Si), and C,
although no Mg(8HQ)2 flakes were detected on the surface of the scratch.

Figure 97. SEM microscopy images of PEO-SG—1mM scribed coatings after 14 days immersion test
in 0.5 wt.% NaCl solution at room temperature.

Table 50. EDS analysis performed of the scribed coatings after 14 days immersion in 0.5 wt.% NaCl

(in at.%).
Spectrum Elements |
C 0 |

1 156 600 12 01 215 05 08 03
2 242 537 08 03 134 02 74 -
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4.4.4 Discussion on the Protection mechanisms: PEO-8HQ-SG vs. PEO-SG-8HQ

PEO coatings are known to be highly susceptible to damage in saline media due to the relatively
poor corrosion protection of MgO and the lack of self-healing ability. There are many strategies
to incorporate inhibitors into PEO coatings in order to overcome this limitation. In this study,
an immersion post—treatment and a modified sol—gel precursor based on 8HQ organic inhibitor
were explored. This inhibitor was selected over a list of candidates after screening with EIS

tests.

The inhibitory action of 8HQ is associated with the formation of insoluble metal chelates on
the surface [340]. This mechanism has been demonstrated on materials such as aluminium [367]
and copper [338]. In case of magnesium surfaces, Mg(8HQ)2 precipitates in alkaline solutions
in the form of large flakes [347]. In the present study, the flakes were clearly visible on the
surface of the AZ31 after 14 days of immersion in a 0.5 wt.% NaCl solution that contained 0.05
M 8HQ. In a recent study by Vaghefinazari et al. [347] it was also reported that Mg(8HQ):
flakes can also form on the surface of a PEO—coated AZ21 alloy, resulting in improved
corrosion resistance. Precisely, in the present work, this approach consisting in an immersion
post-treatment was successfully applied for incorporation of 8HQ in the so—called hybrid PEO—
8HQ-SG systems.

The second strategy for 8HQ incorporation, identified as PEO-SG-8HQ, follows the results
from previous studies [343] where 8HQ-doped sol-gel formulations have demonstrated
improved corrosion resistance on AZ31. The novelty in this study lies in the combination of the
barrier properties of the PEO layer along with the sealing effect of the sol—gel as well as the
active protection provided by the 8HQ inhibitor. In this scenario, 8HQ is suggested to act by a

release—precipitation mechanism, therefore blocking corrosion in damaged areas.

In the present study, comparison between PEO-8HQ-SG and PEO-SG-8HQ strategies showed
that, regardless of the approach, the incorporation of 8HQ improved the long—term corrosion
resistance. This effect was more noticeable with scribed specimens, suggesting an active
protection mechanism in the presence of 8HQ. PEO-8HQ-SG and PEO-SG-8HQ systems
yielded similar results with a negligible depth of corrosion attack at the location of the scratch
after 14 days of immersion in 0.5 wt.% NaCl. The influence of variables such as inhibitor post—

treatment time and 8HQ concentration did not show a clear trend. In any case, the PEO-
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100mM-30min-SG and PEO-SG—-1mM were amongst the best performers when considering

EIS results and corrosion tests with scribed specimens.

Figure 98 shows the schematics of the suggested protection mechanisms for the developed
hybrid systems. The PEO-8HQ-SG combination, which is obtained by an immersion post—
treatment in 8HQ solution followed by sol—gel sealing, produces a composite structure; flakes
of Mg(8HQ)2 are embedded in the sol-gel matrix and protrude at some locations (Figure 98a).
The latter regions are more heterogeneous and show the presence of small cracks. The PEO—
SG-8HQ combination does not show Mg(8HQ): flakes (Figure 98b), however, UV-visible and
FTIR spectra provided sufficient evidence of its successful incorporation into the sol—gel film.
Remarkably, FTIR results indicated a lower degree of sol-gel polymerization and interaction

between the sol-gel layer and the PEO coating when 8HQ was added to the precursor.

According to the findings in this study, when there is mechanical damage in PEO-8HQ-SG
and PEO-SG-8HQ systems, the following steps are likely to take place:

1) Corrosion occurs at the location of the scribe with liberation of Mg?* ions.

Mg(s) - Mg?*(aq) + 2e” (21)

2) Water uptake and hydrolysis of the Si-O-Si bonds causes cracking of the sol—gel layer

and some Si release [368].

Si0,(s) + 2H,0(l) - Si(0H),(aq) (22)

3) Chemical dissolution of the PEO coating with liberation of SiOs?", Mg?* and F~ ions
occurs when the solution penetrates across the sol-gel layer. Some dissolution is also
expected to occur in the damaged regions next to the scratch. This chemical dissolution

process is well documented in the literature [178, 288].

MgO(s) + 2H"(aq) —» Mg?*(aq) + H,0(1) (23)
Mg,Si0,(s) + 4H* (aq) — 2Mg?*(aq) + Si03%* (aq) + H,0(D) (24)

4) Under neutral or slightly acidic conditions, 8HQ™ ions are released from the Mg(8HQ):
flakes [343] in the PEO-8HQ-SG system and from the bulk of the sol-gel layer [369]
in the PEO-SG-8HQ system. Then, when the pH rises over the cathodic regions due to
the water reduction reaction, 8HQ~ combines with Mg?" and forms Mg(8HQ):
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precipitates. The latter will remain insoluble under the highly alkaline conditions that
developed in the scratch region [347, 370].

5) The combination of Mg?* and other species in the solution (SiOs?~, F~, OH™) results in
additional precipitates that also contribute to delay the corrosion attack. This
precipitation is more prominent at the location of the scratch due to a higher amount of
Mg?* ions and confinement of the solution. In this study, the presence of Si and F on the
surface of the scribe has been demonstrated by EDS analysis, whereas further studies
are required to confirm the precipitation of Mg(8HQ) at the damaged areas (e.g. after

testing for longer immersion times).

a) PEO-8HQ-SG

Coating
Dissolution

Mg(SHQ)g

Corrosion

b) PEO-SG-8HQ

8-HQ Release

Figure 98. Schematic illustration of the corrosion mechanism for scratched (a) PEO-8HQ-SG and (b)
PEO-SG-8HQ coatings on AZ31 Mg alloys.

445 Concluding Remarks on hybrid PEO/Sol-Gel coatings with corrosion inhibitors

The following conclusions were obtained from investigations on inhibitor loading on PEO/sol—

gel systems:
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Hydrogen evolution tests showed that, among several organic corrosion inhibitors, 8HQ
was the best performer for the AZ31 alloy in saline solution. The mechanism of
protection is associated with formation of insoluble Mg(8HQ)2 flakes.

8HQ inhibitor species were successfully incorporated into hybrid PEO/sol-gel systems
following two strategies: i) inhibitor post—treatment before sol-gel sealing (PEO-8HQ-
SG), and ii) inhibitor loading into the sol—gel precursor (PEO-SG-8HQ).

The PEO-8HQ-SG system showed a composite structure with flakes of Mg(8HQ):
embedded in the SG film, whereas the PEO-SG-8HQ incorporated 8HQ into its
structure, although it reduced the cross—linking of the sol—gel layer.

PEO-8HQ-SG and PEO-SG-8HQ systems yielded similar results with a negligible
depth of corrosion attack at the location of the scratch after 14 days of immersion in 0.5
wt.% NaCl. This improvement was mainly ascribed to an active protection mechanism
involving the release and precipitation of 8HQ species and other species (SiOs*", F).
The PEO-10mM-30min-SG and PEO-SG-1mM coatings are amongst the best

performers when tested by EIS and immersion with scribed specimens.
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Conclusions

The development of environmentally friendly coatings for corrosion protection of Mg alloys is
one of the main challenges for magnesium alloys in the transport industry. In this work, several
strategies were investigated for the corrosion protection of Mg alloys. In Chapter 1, inhibitor—
loaded LDH conversion coatings were investigated, whereas Chapters 2, 3 and 4 deal with
plasma electrolytic oxidation coatings and their modification through inhibitor doping, sealing
and hybrid combination with a sol—gel top layer. The following sections summarize the main

conclusions of this work.
5.1 Chapter 1

LDH conversion coatings formed by in-situ growth method were investigated on AZ31 alloy.
After an inhibitor screening stage, two systems were selected: Zn—Al-and Li—Al-LDHs loaded
with inhibitors Na,WO4 and LiNOg, respectively. Coatings showed a two—layer structure with
an outer flaky layer and an inner denser layer. The applied inhibitor post-treatments resulted in
the selective dissolution of the outermost layer of the LDH coatings, reducing hydrophilicity
and paint adhesion of the coatings. The incorporation of W and Li was confirmed by several
techniques. The incorporation of W species was mainly in the form of MgWO4 precipitates,
whereas Li" is suggested to attach to the top and bottom layers of the LDH flakes by electrostatic
interaction with NOs™ ions. The active corrosion properties of the developed coatings were
confirmed by SVET analysis. The Zn—-Al LDH W system revealed better active protection
properties than Li—Al LDH Li. The inhibition corrosion mechanism is attributed to ion—
exchange of CI™ ions and dissolution—redeposition of protective deposits at the location of

artificial defects.
5.2 Chapter 2

Ca—doped flash-PEO (FPEO) coatings with low energy consumption and enhanced corrosion
resistance were developed on AZ31 alloy. Coatings (~1 pm-thick) were produced under low
current densities (100 mA cm™) and short treatment times (20-45 s). Two Ca-—based
compounds, calcium oxide (CaO) and calcium glycerophosphate (CaGlyP), which is more
soluble, were used as sources of Ca in the electrolyte. A chromium commercial conversion
coating (CCC) was used as a landmark. Full-system evaluation with painted—and-scratched
specimens, consisting of FPEO combined with an inhibitor—free epoxy primer, was performed
in neutral salt spray and paint adhesion tests. The FPEO_CaGlyP coating revealed the best
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performance, both as a stand-alone coating and as a full system, being superior to the CCC.
This behaviour was attributed to the stronger interactions of Ca?* ions with SiOs* and POs*

species within the MgO ceramic network.
5.3 Chapter 3

PEO coatings were successfully developed on Mg-Y-Zn and AZ91D alloys and sealed with

Ce— and Ca-salts, respectively.

The Mg-Y-Zn alloy shows a recrystallized microstructure with a high—volume fraction of
LPSO phases that act as cathodes according to SKPFM measurements. PEO processing resulted
in a 5 um-thick coating with a three layer structure where LPSO phases were oxidized without
disrupting the continuity of the coating. The enhanced surface passivity after PEO treatment
significantly reduced the corrosion rate in comparison to the untreated alloy. Sealing in an
acidic Ce—containing solution led to accumulation of CeO2 within the coating pores and cracks
and, therefore, improved corrosion resistance. A 5 min sealing was enough to significantly
improve the corrosion resistance of the PEO coating, whereas longer times (60 min) resulted in
excessive dissolution of the coating and deterioration of the inner barrier layer.

A sealing treatment combining Ca species and SDS provided hydrophobicity and a significant
inhibition effect for corrosion protection of PEO coatings on the AZ91D alloy. Low pH
conditions and the presence of SDS as a nucleating agent promoted the precipitation of Ca—rich
compounds. As shown by SEM, XRD and XPS, hydroxyapatite sealed the coating pores due to
increased amount of released PO4* at these locations. The adsorption of SDS is believed to
greatly contribute to the enhanced corrosion performance, although it decreases the paintability

due to its hydrophobic character.
5.4 Chapter 4

Screening of several organic corrosion inhibitors by hydrogen evolution test revealed that 8HQ
was the best performer for the AZ31 alloy due to the formation of insoluble Mg(8HQ)2 flakes.
Two strategies were used to successfully incorporate 8HQ into hybrid PEO/sol—gel systems: i)
inhibitor post-treatment before sol—gel sealing, which showed a composite structure with flakes
of Mg(8HQ). embedded in the SG film, and ii) inhibitor loading into the sol-gel precursor, in
which 8HQ was incorporated into its structure. Both systems revealed similar corrosion

performance after 14 days of immersion in 0.5 wt.% NaCl and the enhanced behaviour was
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related to an active protection mechanism involving the release and precipitation of 8HQ
species and other species (SiOs?,, F). The PEO-10mM-30min-SG and PEO-SG-1mM
coatings are amongst the best performers when tested for short-time (EIS) and long-time

(immersion test with scribed specimens).
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