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I 

 

Abstract 

Surface Treatments to Protect Conventional and Rheo-High 

Pressure Die Cast Al-Si Alloys from Corrosion 

 

Rheocasting process integrated with the high pressure die casting 

method (Rheo-HPDC) has established itself as a new promising 

technology to produce high-quality components. However, different 

types of microstructural segregation induced by the semi-solid process 

influence the properties of the final component. 

The semi-solid microstructural features and the new compositions 

require detailed corrosion studies and verification. 

The first part of this thesis deals with microstructural and corrosion 

studies of the conventional and Rheo-HPDC Al-Si alloys. 

In this part, corrosion properties of two Al–Si alloys containing 2.5 

and 4.5 wt % silicon cast by Rheo-HPDC method were examined in 

the diluted Harrison solution using polarization and electrochemical 

impedance spectroscopy (EIS) techniques on as-cast and ground 

surfaces. 

The microstructural studies revealed that samples taken from different 

positions (with respect to the feeding gate) contain different fractions 

of solid and liquid parts of the initial slurry. 

It was shown that the Rheo-HPDC Al-Si alloys are prone to the 

localized form of corrosion inside the eutectic region at the interface 

of aluminum with silicon phase and intermetallic particles. 

Electrochemical behavior of as-cast, ground surface, and bulk material 

was shown to be different due to the presence of a segregated skin 

layer and the surface quality. 

Corrosion properties of the two Al-Si alloys cast by the conventional 

and Rheo-HPDC process were also evaluated and compared in 0.01, 

0.05, 0.1 and 0.6 M NaCl solutions. 

The conventional HPDC and semi-solid alloys presented similar EIS 

responses. However, the semi-solid samples with a lower fraction of 

the eutectic phase showed slightly higher impedance values in the 

more diluted sodium chloride solutions. Corrosion morphological 
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features, including localized corrosion, trenching and co-operative 

corrosion rings were comparable for both types of alloys. However, in 

the anodic polarization test, the semi-solid alloys presented a higher 

resistance to pitting corrosion. 

To protect aluminum alloys from corrosion, chromium-based 

conversion coating has been successfully used for decades, due to its 

extensive protection. However, rising concerns and new restrictions 

on the environmental hazards of Cr (VI) compounds have led to 

intensive efforts to develop alternative coatings. The second and third 

parts of this thesis address the effort to investigate two alternatives in 

this field. 

Cerium-based conversion coatings were deposited on the 

conventional and Rheo-HPDC Al-Si alloys by immersion in cerium 

nitrate aqueous solutions. Different parameters were studied to 

optimize the conversion coating, and NaCl or H2O2 were also added to 

the solution to modify or accelerate the deposition process. 

The results revealed that applying cerium-based conversion coating 

on Al-Si alloys, is possible and a selective deposition is obtained due to 

the presence of iron-rich intermetallic particles inside the eutectic 

region.  

Under the accelerated conditions, the deposition mechanism includes 

dissolution of the aluminum matrix, selective dissolution of aluminum 

from the noble intermetallic particles, oxidation of iron from these 

particles, and the deposition of cerium hydroxide/oxide layer.  

The results revealed that the improvement in corrosion resistance in 

the presence of selectively deposited cerium-based conversion coating 

is more significant compared to the homogenous coating obtained 

from the conversion solution containing H2O2. 

The aluminum alloy with a higher amount of silicon showed more 

active surface during the conversion process which reduces the 

required concentration of Ce(NO3)3 but also makes it difficult to work 

with more aggressive solutions.  
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In the third part of this thesis, the possible protective effect of 

polypyrrole coating on pure aluminum and Rheo-HPDC Al-Si alloys 

was investigated. 

Different electropolymerization solutions containing the Py 

monomer, SDS, DHBDS (Tiron), C6H8O7 and NaNO3 were used. 

The presence of nitrate anions led to the passivation of the aluminum 

electrode (both pure and alloy) during the electropolymerization and 

to the deposition of a thicker/more conductive coating.  

These facts resulted in longer and more efficient corrosion protection 

in NaCl solutions. This polypyrrole coating was able to keep the alloys’ 

surface potential noble for at least 168 hours. Which can be attributed 

to the anodic protection provided by the reduction of the polymer. 

It was shown that the presence of silicon phase or intermetallic 

particles has a positive effect on the electropolymerization of 

polypyrrole film. Therefore, the coatings deposited on the alloys 

possess higher thicknesses compared to those deposited on the pure 

aluminum. 

In the presence of chloride ions, all coatings suffered from the 

formation of blisters as a result of severe (localized) galvanic 

interaction of polypyrrole with aluminum. This may question the 

application of polypyrrole coating in concentrated NaCl solutions.  

However, it is shown that the protection efficiency can be improved 

by altering the solution chemistry which affects the polymer/metal 

interface and the conductivity and the barrier properties of the 

coating. Therefore, the application of polypyrrole in corrosion 

protection is not totally ruled out but needs specific considerations.
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1 

 Introduction 

  

This chapter describes the motivations, the main subjects, the methodology 

and the structure of this thesis. 

 

1.1. Motivation and aim 

This thesis is based on the study of the electrochemical properties of 

aluminum- (low content) silicon alloy components which were produced 

by the conventional and semi-solid (rheo)-high pressure die cast (HPDC) 

processes. 

There are four main motivations:  

(i) The semi-solid casting technology (Rheo-HPDC) is new and 

promising, while its influence on the corrosion properties of 

aluminum alloys and the corrosion protection strategies have 

not been studied yet.  

The specific semi-solid microstructure and its differences with 

the conventional casting microstructure make the study of 

corrosion behavior and surface treatment essential. 

(ii) The effect of silicon content on the corrosion properties and 

the corrosion protection treatments in the low silicon content 

aluminum alloys has not been studied before. 

(iii) The component used for this study is a prototype of the real 

component used in telecom base stations. These components 

are subjected to corrosion due to the different environmental 

conditions. The knowledge investigated in this thesis can be 

transferred to manufactures and designer for future research 

and development. 
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(iv) The growing industrial demand for environmental friendly 

corrosion protection treatments for aluminum alloys has led 

many researchers to devote effort in this field. In this thesis 

two different types of alternative coatings have been 

investigated. 

1.2. Research design 

1.2.1. Research perspectives 

Based on the motivations described earlier a series of investigations on the 

corrosion properties of the alloys and on the corrosion protection 

treatments were designed: 

(i) For the corrosion investigations, firstly behavior of the semi-

solid alloys was investigated in a diluted Harrison solution. 

The focus of this study was to correlate the effect of semi-solid 

casting process and the semi-solid microstructure to the 

corrosion properties, with an especial emphasize on the effect 

of the surface liquid segregation. 

Moreover, corrosion properties of the conventional and Rheo-

HPDC aluminum-silicon alloys were studied and compared in 

sodium chloride solutions with different concentrations. 

(ii) The first surface treatment studied in this thesis was cerium-

based conversion coatings (CeCCs). The initial aim was the 

optimization of the treatment parameters to achieve the 

highest level of protection. Moreover, the deposition 

mechanism of the conversion coating was studied and 

compared for the conventional and semi-solid cast alloys. 

(iii) The second surface treatment (coating) studied in this thesis 

was polypyrrole coating. Due to the complexity of the 

electrodeposition process and the corrosion protection 

mechanism, the study was first performed and optimized on 

the pure aluminum. Subsequently, the conductive polymer 
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coating was applied on Rheo-HPDC aluminum-silicon alloys 

and the results were compared. 

The initial subject of this study was investigation of the effect 

of solution chemistry, voltage range and the substrate nature 

on the electropolymerization. While the main focus was to 

understand the possible corrosion protection mechanism of 

polypyrrole coating and the influence of substrate composition 

and microstructure on this protection effect. 

1.2.2. Research questions 

The following main questions are answered in this thesis: 

 

Corrosion investigations 

 

How do the semi-solid microstructure and the segregation due to rheo-

casting process affect the corrosion properties? 

 

What are the differences between the corrosion properties of the 

conventional and Rheo-HPDC Al-Si alloys? 

 

How does the silicon content influence the corrosion properties? 

 

Cerium-based conversion coating 

 

What are the effects of semi-solid microstructure and the silicon content 

on the deposition and the corrosion properties of CeCCs? 

 

What is the deposition mechanism of CeCC on the conventional and Rheo-

HPDC Al-Si alloys? 

 

Is there any difference in the deposition and the corrosion properties of 

CeCCs on the conventional and Rheo-HPDC Al-Si alloys? 
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Polypyrrole coatings 

 

What are the effect of nitrate and citrate anions on the electrodeposition 

and the properties of polypyrrole coatings on aluminum and Rheo-HPDC 

Al-Si alloys? 

 

How do the semi-solid microstructure and the silicon content influence the 

electrodeposition and the properties of polypyrrole coating? 

 

What is the corrosion protection mechanism of polypyrrole coating on 

aluminum and Rheo-HPDC Al-Si alloys? 

1.3. Thesis structure 

Chapter 2 provides a short literature review on the main subjects of this 

thesis. 

Chapter 3 describes the principles of main characterization techniques used 

in this study.  

Chapter 4 presents and compares microstructural features and corrosion 

properties of the conventional and Rheo-HPDC Al-Si alloys in diluted 

Harrison solution and sodium chloride solutions with different 

concentrations. 

Chapter 5 addresses the study on deposition and electrochemical properties 

of CeCC on the conventional and Rheo-HPDC Al-Si alloys. 

Chapter 6 presents the experimental work and the related results and 

discussion on electropolymerization and electrochemical characterization 

of polypyrrole coatings on pure aluminum (AA1050) and Rheo-HPDC Al-

Si alloys for corrosion protection purpose. 

To avoid any confusion, at the beginning of chapters 4-6, separate 

“materials and methods” sections describe the detailed experimental 

procedures for each part. 
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 Literature review 

  

This chapter addresses a short literature review on the main subjects of this 

thesis. 

2.1. Aluminum-silicon (Al-Si) alloys 

2.1.1. Generalities and research backgrounds 

Binary system of Al-Si is the base for 90% of casting aluminum alloys [1]. 

These alloys provide excellent castability, low melting point, low shrinkage, 

low coefficient of thermal expansion, low specific gravity, proper wear and 

good corrosion resistance [2]. Application of these alloys is not limited to 

those in military, automotive, aerospace, and general engineering 

industries. 

Depending on the silicon percentage, Al-Si alloys are categorized into 

hypoeutectic alloys with 5 to 10% silicon, eutectic alloys containing 11–

13% silicon, and hypereutectic alloys with a silicon content commonly 

between 14 and 20% [3]. In the semi-solid casting processes, the lower limit 

of silicon can be reduced to 2-3%. 

Typical microstructure of these alloys mainly consists of α-aluminum solid 

solution, the eutectic phase and silicon crystals [3]. Inevitable presence of 

iron in the alloy composition either in the form of impurity or alloying 

element results in the formation of AlFeSi intermetallic (IM) particles [4, 

5]. Different forms of AlFeSi compounds, based on the silicon content have 

been reported, including β-AlFeSi in hypoeutectic alloys and α-AlFeSi and 

δ-AlFeSi in hypereutectic alloys [4, 5]. These brittle intermetallic 

compounds with a relatively low bond strength with the aluminum matrix 

lead to inferior mechanical properties [5]. Besides this disadvantage, in high 

pressure die cast alloys, which are the subject of this thesis, the presence of 

iron in the composition prevents the soldering of molten alloy to the die. 
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The morphological features and subsequently the properties (mechanical, 

electrical, thermal, etc.) of Al-Si alloys are dependent on the alloy 

composition, the casting technology and the heat treatment procedure. 

Specifically, the morphology and the fraction of main phases (α-Al, eutectic 

silicon and silicon crystals) and intermetallic compounds govern the 

mechanical properties of alloys. 

From almost 100 years ago [6], until present research on Al-Si alloys 

includes those on the modification of eutectic silicon morphology (from 

coarse plate-like to fine fibrous networks) by chemical modifiers such as 

strontium (Sr), sodium (Na) and Antimony (Sb) [7-10]. Due to the 

tribological applications of Al-Si alloys, the subsequent researches mostly 

focus on the relationship between the microstructure and the mechanical 

and specifically wear properties [7, 11, 12]. 

The development of low silicon content aluminum alloys (especially for 

using in high pressure die cast process) to increase the thermal conductivity 

is the subject of some other studies [13, 14]. 

2.1.2. Corrosion of Al-Si alloys 

Despite its reactive nature, pure aluminum is resistant to most 

environments and chemicals thanks to the formation of a protective oxide 

(passive) layer. The corrosion of aluminum only occurs once the oxide film 

has been dissolved or damaged. This film is stable in neutral conditions, but 

soluble in acidic and alkaline environments and is sensitive to the presence 

of halide ions such as chloride. The growth of oxide film is affected by the 

alloying elements and impurities [15]. 

Aluminum is anodic to many metals. When it is coupled with them in an 

electrolyte, the resultant potential difference causes a galvanic couple and 

considerable corrosion can result. Similarly, the galvanic potential 

difference between the aluminum matrix and the secondary phases can 

result in severe corrosion [16]. 

Different microstructural components in Al-Si alloys, including the 

eutectic silicon phase and the IM particles, exhibit various electrochemical 
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potentials with respect to the aluminum matrix, rendering the alloy 

susceptible to localized forms of corrosion such as pitting [4, 16-18].  

The so-called “pitting corrosion” is a localized breakdown of the passive 

layer on an open surface. The presence of aggressive anionic species, usually 

chloride ions, is essential for the pitting to occur [19]. Adsorption of 

chloride ions on the oxide film and the subsequent chemical reaction 

between these anions and Al(OH)2+ cations result in the formation of the 

soluble aluminum chloride salt leading to the localized oxide dissolution 

and pit initiation [20, 21]. The preferential sites for pitting corrosion are the 

locations where the oxide film is, presumably, less perfect, such as the phase 

boundaries [22]. Once the pitting starts the anodic (metal dissolution) and 

the cathodic (e.g. oxygen reduction) electrochemical reactions separate 

spatially. The local pit environment depleted of the cathodic reactant (e.g., 

oxygen) and enriched in metal cations shifts the cathodic reaction to the 

exposed surface and absorbs anionic species such as chloride ions, auto-

catalyzing the pitting process. The acidic pH in the pit, due to cation 

hydrolysis and the absence of a local cathodic reaction helps to propagate 

the pit growth [19]. 

There is a general agreement that iron-rich IM particles are deleterious to 

the alloy’s corrosion resistance [4, 16, 17, 23-25]. These particles are nobler 

with respect to the aluminum matrix and exhibit enhanced cathodic 

kinetics. Apart from the galvanic influence, it has been suggested that the 

alkaline dissolution of the matrix at the particle/ aluminum interface where 

the pH of the solution is increased due to the cathodic reaction on the 

particle surface can be the reason of pit nucleation [19]. Furthermore, on 

the alloy surface, the oxide is not continuous (from the IM particles to the 

aluminum matrix), leading to a significant defect site [18]. 

For cathodic particles (such as iron-rich IMs), circumferential pits appear 

as trenches around the intact particle and the corrosion attack is mainly in 

the matrix phase [18]. 

Silicon is also cathodic with respect to the aluminum matrix but its galvanic 

effect is minimal due to the low current density, promoted on the silicon 

surface, as a result of the high polarization of silicon particles [4]. However, 
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the effect of silicon on the corrosion resistance of aluminum is not clear yet 

[16, 26]. For instance, Rehim et al [26, 27] showed that the rate of pit 

nucleation, in chloride containing environment, decreases by increasing 

the silicon content from 0 to 6 and 18%. According to their kinetic study, 

this trend does not change by the variation in halide ion (chloride) 

concentration, temperature or applied potential. However, no clear 

explanation is provided for this behavior. 

Silicon also increases the corrosion potential of the aluminum solid 

solution, decreasing its potential difference with the secondary phases [28, 

29]. 

Moreover, the 3D corrosion study by Mingo et al. [24] showed that in the 

rheocast aluminum alloy (A356), iron-rich IM particles are the preferential 

corrosion sites rather than the eutectic silicon phase. A recent study by Qi 

et al. [25, 30] on the effect of Rheo-HPDC process on the corrosion 

resistance of Al-8 Si-Fe alloy shows improved corrosion resistance of the 

alloy as a result of the semi-solid process and correlates it to the lower 

volume fraction of β-Al5FeSi particles. 

The morphology of iron-rich IM particles can be modified with the addition 

of Mn, resulting in the formation of Al-Fe-Si-Mn compounds with a 

reduced cathodic effect [16]. Magnesium has a similar effect on reducing 

the cathodic effect and Al–Fe–Si–Mg compounds are the least detrimental 

in comparison to Al–Fe, Al–Fe–Si and Al–Fe–Si–Mn phases [4]. 

As mentioned before, Al-Si alloys mainly suffer from the preferential 

corrosion at α-Al dendrites inside the Al–Si eutectic region [31]. Therefore, 

the corrosion behavior of these alloys depends on the volume fraction, the 

morphology and the distribution of α-Al particles, the eutectic silicon phase 

and iron-rich IMs, such as β-AlFeSi and π-AlFeSiMg [4]. 

Since the subject of this thesis is semi-solid cast Al-Si alloys, more 

information regarding their corrosion behavior is presented in the 

following sections. 
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2.2. Rheo-high pressure die cast process 

2.2.1. Principles 

High pressure die cast (HPDC) is widely used as the manufacturing process 

of the majority of light alloy components [32, 33]. In this technology liquid 

metal, maintained in a holding furnace at the desired temperature, is ladled 

into a shot sleeve and injected into the oil-cooled die where it rapidly 

solidifies under pressure [32, 34]. 

Advantages of this process include high productivity, possibility of 

manufacturing parts with complex geometry, dimensional accuracy, 

reduced need for finishing operations and producing a component with fine 

grain microstructure and good mechanical properties [35, 36]. While the 

formation of internal defects during the high-speed mold filling can be a 

problem in the conventional HPDC process [32, 37]. In addition, there is a 

tendency for hot tearing during HPDC due to a relatively wide freezing 

range and a low solidus temperature [38]. 

Semi-solid metal (SSM) processing integrated with HPDC (SSM-HPDC) is 

a promising casting technology to produce high-quality components with 

sound microstructure. The higher viscosity of semi-solid slurries in this 

process reduces air entrapment and the consequent porosity in the 

component. Moreover, it allows fabrication of parts with low thicknesses, 

which is not possible to achieve with the standard/conventional HPDC 

processes.  Such a technology introduces a new opportunity to enhance the 

castability of a component, which is impossible to achieve by traditional 

manufacturing methods [33, 35, 39, 40]. 

Based on slurry production technology, there are two kinds of semi-solid 

processes: “rheocasting” and “thixocasting”. In 1976, Flemings et al. [41] 

introduced rheocasting process as an alternative to other metal forming 

processes such as die casting and forging, which can be used to prepare 

high-quality parts. Rheocasting, the method which is used in the current 

research, involves the application of shearing force during solidification to 

produce a non-dendritic semi-solid slurry that can be transferred directly 

into a mold or die to give a final product [42].  
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Rheo-HPDC parts possess advantages such as low porosity, heat treatability 

and high performance [33, 39]. 

One of the newly developed methods of slurry preparation for Rheo-HPDC 

is RheoMetalTM process, also known as the rapid slurry formation (RSF) 

(Fig. 2.1) [43]. This process utilizes an enthalpy exchange material (EEM), 

a piece of metal, to convert the molten metal into the slurry. The EEM is 

cast onto a steel rod, then while stirring the rode is immersed into the melt. 

The melt is cooled down during the melting of the EEM, due to internal 

enthalpy exchange, and at the end, a homogeneous slurry is prepared. In 

RheoMetalTM process, no external heat exchange and subsequently no 

temperature control during the slurry formation are required [44-46]. This 

approach decreases the time for slurry formation. 

The solid fraction in the slurry is controlled by the initial temperatures of 

the melt and the EEM and the EEM/melt ratio. The slurry requires 30-35% 

solid fraction to be pourable into the shot sleeve of HPDC machine [38]. 

Proper materials for Rheo-HPDC process are limited to those which have a 

good castability with HPDC process (considering mold filling limitations) 

and also a wide solidification interval and therefore a low sensitivity of the 

solid fraction to variations of temperature, which helps to stabilize the solid 

fraction [47]. 

Rheo-HPDC increases the inhomogeneity of the microstructure in the final 

component, in comparison to the conventional HPDC process [37]. 

Specifically for aluminum (-silicon) alloys, this phenomenon arises from the 

fact that the formation of primary α-Al phase during the slurry preparation, 

characterized with low solubility of alloying elements, increases the 

amount of these elements in the remnant liquid phase [48]. Therefore, the 

final semi-solid microstructure consists of the primary globular α-Al phase 

(α1-Al) and the secondary higher alloyed α-Al phase (α2-Al) together with 

the eutectic phase and some intermetallic particles [49]. 

In addition, during the filling process both separation of the solid and liquid 

phase in the gating system (longitudinal macrosegregation) and the 

tendency of solid particles to migrate to the core of the component 
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(transverse macrosegregation) increase the microstructure inhomogeneity 

of the final component. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Schematic illustration of RheoMetalTM and Rheo-HPDC process [38]. 

 

This leads to variations of properties in different locations of the component 

either in microscopic or macroscopic scale [50-52]. 

The surface liquid segregated (SLS) layer observed in different SSM-HPDC 

aluminum alloys, mostly consisting of the eutectic phase in comparison to 

the bulk of the cast material, may have significantly different properties 

[53]. 

The furthest parts of the mold, particularly in thin geometries, will be filled 

mostly with liquid, while the solid fraction will concentrate in the core. 

This is due to the higher viscosity of the slurry compared to the liquid 

molten metal [54]. 

Due to the higher cooling rate and also the effect of stirring, semi-solid 

process slightly modifies the distribution and morphology of the β-AlFeSi 

IM particles. Therefore, semi-solid Al-Si alloys possess not only refined 

eutectic silicon but also smaller iron-rich IM particles. 
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2.2.2. Effect on the corrosion properties of Al-Si alloys 

Studies on the corrosion behavior of semi-solid Al-Si alloys such as A356 

and A357 include those performed by Yu et al. [55], Park et al.[56], 

Tahamtan et al. [57, 58], Masuku et al. [53], Qi et al. [25] and Arrabal et al. 

[4, 24]. These researchers have mostly emphasized on the localized 

corrosion inside the eutectic regions, at the interface of the eutectic silicon 

and iron-rich intermetallic particles with the α-Al phase. 

Although both of the eutectic silicon phase and iron-rich IMs contribute in 

the localized corrosion, as mentioned before, some authors considered the 

contribution of IM particles to be more important [4, 25]. 

It is shown that the semi-solid casting process, such as thixoforming, can 

effectively change the morphology of the eutectic silicon in 357 alloy, 

resulting in an improved corrosion resistance [55]. The acicular eutectic 

silicon phase in the conventional cast 357 alloy has more contact area with 

the aluminum matrix in comparison to that of the globular eutectic silicon 

in the thixoformed alloy, which encourages the galvanic corrosion in the 

former alloy [55]. 

Rheocast process can increase the concentration of silicon in α-Al particles 

in A356 aluminum alloy. This leads to the smaller potential differences 

between this phase and the eutectic silicon phase or β-AlFeSi IM particles, 

which result in a higher resistance to pitting corrosion [4].  

The effect of semi-solid process on the corrosion of aluminum alloys is still 

controversial. As for example Masuku et al. [53] indicated that the higher 

amount of eutectic phase on the surface as a result of surface liquid 

segregation in SSM-HPDC aluminum alloys can increase the pitting 

susceptibility. 

2.3. Corrosion protection  

General approaches to the corrosion protection of aluminum alloys include 

the deposition or growth of a manufactured oxide via electrochemical 

(anodizing) or chemical (conversion coating) means and the use of an 

organic coating (barrier and inhibitor combinations), normally including a 
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primer and a top-coat. Beside corrosion protection, the oxide layers provide 

better adhesion for the organic exterior paints. 

Anodic oxide layers possess a bilayered structure composed of a thin 

nonporous barrier layer under a thick porous layer, both formed from the 

anhydrous γ-Al2O3. These layers are electrochemically grown from the 

solutions of chromic, sulfuric, sulfuric-boric, sulfuric-tataric or phosphoric 

acid [18, 59].  

Amongst the conversion coatings, chromate conversion coating (CrCC) 

provides outstanding corrosion resistance, excellent paint adhesion, ease of 

application and self-healing properties [60]. 

However, chromate (VI) is carcinogenic and ought to be eventually phased 

out. Replacements for CrCC include molybdate, permanganate, refractory 

metal oxyfluorides (mainly Ti/Zr, but also Hf, Nb and Ta), phosphates, 

silanes, sol–gels, self-assembling monolayers, conductive polymers, cobalt-

based coatings, hydrotalcites and rare earth elements [18, 59-61]. 

The focus of this thesis is on one of the rare earth elements (cerium) and 

one of the conductive polymers (polypyrrole). 

2.4. Cerium based conversion coatings 

2.4.1. Research background 

Conversion coatings are oxide-based coatings which have been utilized to 

replace the native oxide film on a metal surface such as aluminum, zinc, or 

magnesium to provide a higher corrosion resistance [62]. For many decades, 

CrCC has been used due to its extensive corrosion protection, especially for 

aluminum alloys. However, concerns and new restrictions on the 

environmental hazards of chromium compounds [63] have led to the 

intensive efforts to develop alternative pretreatments [59]. 

Anti-corrosion conversion coatings based on lanthanide salts have been 

studied as the environmentally friendly replacement for CrCC since the 

1980s [64-66]. These coatings are both effective and non-toxic [66]. Studies 

like the one of Olivier et al. [67] have shown that cerium-based conversion 

coatings (CeCC) can be the most effective ones compared to the other 
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lanthanide-based layers, such as yttrium and lanthanum. The deposition 

and corrosion properties of CeCC have been studied not only on aluminum 

alloys but also on other metals such as magnesium alloys [68-71] and steel 

[72-75]. Most of the researches on CeCC on aluminum alloys have been 

widely focused on the protection of the high strength alloys with aerospace 

applications such as AA2024 [76-95] and AA7075 [83, 96-103]. Other 

studies include those on AA5083 [75, 104-106], AA6061 [107-109], AA6063 

[110, 111] and AA6082 [112]. Only a few works have been performed and 

published on Al-Si alloys such as those done by Pardo et al. [113, 114]. 

There are mainly three methods for applying CeCC including electrolytic 

deposition, spraying and immersion [60]. One of the challenges in the 

immersion method, which is the most frequently used method, is reducing 

the required immersion time. To speed up the process, researches have been 

mainly focused on the addition of hydrogen peroxide (H2O2) [78, 115-117] 

and/or chloride ions [91, 100, 117] and thermal activation [115]. Other 

process parameters including the concentration [118] and the type of 

cerium salt (nitrate or chloride) [106, 107, 112], the immersion time [106, 

107, 111, 112], pH [106, 107, 112], oxidizing ability of the solution [67] and 

the temperature [106] have been investigated by different authors.  

Pioneer studies on the corrosion inhibition effect of rare earth metal salts 

on aluminum alloys, such as AA7075, address the influence of cerium 

concentration and the immersion time on the thickness of conversion layer 

and the corrosion rate [119]. According to these preliminary results, 

addition of only 50 to 200 ppm cerium chloride to a sodium chloride 

solution of 0.1 M reduces the corrosion rate of AA7075 by a factor of 50. It 

was noted that a minimum cerium chloride concentration of 50 ppm is 

required to slow the corrosion process. A higher cerium concentration leads 

to a lower corrosion rate. In addition, longer immersion times result in the 

conversion layers with higher thicknesses containing a higher percentage 

of cerium oxide compared to the aluminum oxide [119]. It is worth 

mentioning that in this study the immersion time changed from 16 hours 

to 20 days. More recent studies on the other aluminum alloys such as 

AA2024 [120], AA6063 [111], AA5083 [106] and A361 [114] confirm the 
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effect of increasing the immersion time and the cerium concentration on 

CeCC deposition. Hughes et al. [77] monitored the growth of the oxide layer 

on AA2024 during immersion in a cerium-based conversion solution. 

According to their study, the deposition of CeCC occurs in two different 

phases including an induction step and a ceria deposition step. The 

induction period includes activation of the surface, aluminum oxide growth 

and the deposition of cerium oxide on the IM particles. While the 

deposition phase includes the deposition of cerium oxide all over the 

surface, which increases linearly with the immersion time. 

In some studies, the optimum amount for the cerium concentration [107] 

and/or the immersion time [114] was found. It was shown that a very high 

cerium concentration and/or a very long immersion time will result in 

cracked and spalled coatings which do not possess an improved corrosion 

resistance [111, 114, 120]. 

Many studies on the deposition of CeCC on different aluminum alloys 

benefit from the accelerating effect of addition of hydrogen peroxide (with 

the concentration from 0.02 to 1 M [100, 107, 120]), and/or sodium chloride 

(with the concentration from 0.05 to 0.3 M [87, 93]) to the conversion 

solution. In these studies, the concentration of cerium nitrate/chloride salt 

usually ranged from 0.005 to 0.1 M [67, 85, 109, 112, 120, 121] for different 

aluminum alloys. The immersion time differed from 12 to 24 hours for the 

non-accelerated deposition process [91, 93], while it was reduced to 2 

minutes to 2 hours using an accelerated deposition process (in some cases 

the accelerated deposition process was performed at temperatures higher 

than 50 ºC) [106, 107, 109, 111, 114]. 

Pretreatment is another important factor, which significantly affects CeCC 

deposition, thickness, morphology, and corrosion protection. Especially 

alkaline and acid activation of the surface has been the subject of some 

studies [83, 101, 103, 122]. It is stated that CeCC layer will generally not 

deposit on an as-received surface. Physical abrasion, degreasing, alkaline 

and/or acid activations are the main proposed steps for the pretreatment 

[60]. Sodium hydroxide solution is one of the most frequently used solutions 

for the alkaline activation step [79, 83, 91, 92, 106]. This pretreatment has 
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been shown to promote rapid CeCC deposition on AA7075 [101]. While for 

AA2024 an extra acid activation step, for instance in a sulfuric acid solution, 

is required for more rapid deposition [122]. In this alloy, the acid activation 

decreases the thickness of the oxide layer and the concentration of 

magnesium on the surface. It also increases the concentration of copper on 

the surface, likely due to the exposure of copper-rich IM particles. Exposure 

of more cathodic sites during the immersion increases the rate of coating 

deposition. For cast Al-Si alloys scientific support for the pretreatment 

procedure and its effect on CeCC deposition is almost unavailable. 

2.4.2. Deposition and protection mechanism 

Deposition and protection effect of CeCC is mainly due to the 

heterogeneous microstructure of aluminum alloys, especially with different 

IM particles. The potential difference between different microstructure 

components and the aluminum matrix introduces micro galvanic cells in 

which the aluminum matrix is often the anode and the IM particle is the 

cathode. Reduction of oxygen on the cathodic sites (e.g. IM particles) leads 

to the localized increment of pH, which results in cerium hydroxide/oxide 

deposition: 

 

Al→Al3++3e-       Eq. 2.1 

O2+2H2O+2e-→H2O2+2OH-     Eq. 2.2 

O2+2H2O+4e-→4OH-      Eq. 2.3 

2Ce3++6OH-→2Ce(OH)3→ Ce2O3+3H2O    Eq. 2.4 

2Ce3++ H2O2+2OH-→2Ce(OH)22+     Eq. 2.5 

4Ce3++ O2+4OH-+2H2O→4Ce(OH)22+    Eq. 2.6 

Ce(OH)22++2OH-→ Ce(OH)4→CeO2+2H2O    Eq. 2.7 

 

Therefore a physical barrier consisting of cerium compounds deposits on 

the IM particles increasing the resistance of aluminum alloy to the localized 

corrosion [85, 91]. These islands will grow further to cover the entire 

surface. This mechanism is known as the island growth [65, 123]. However, 

obviously, and to our favor, a higher deposition occurs on the cathodic sites 
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[91], which is attributed to the higher pH over these particles, due to 

oxygen reduction [124]. The pH drops off away from the IM particles, partly 

also due to the acidic pH due to the hydrolysis of dissolved aluminum ions 

[121, 125]. 

 

pAl3++qH2O→[Alp(OH)q](3p-q)++qH+     Eq. 2.8 

 

Studies have shown the effect of different types of IM particles and the 

heterogeneous microstructure, especially in AA2024, on the deposition 

mechanism of cerium conversion layers. Many of IMs are cathodic with 

respect to the aluminum matrix (e.g. AlFeMnCu). However anodic particles 

such as Al2CuMg (S-phase) also participate in the deposition mechanism by 

dealloying. Since after dealloying (selective dissolution of magnesium and 

aluminum) these IMs become nobler compared to the aluminum matrix and 

act as cathodic sites [85, 93]. Paussa et al. [93] elaborated this model to state 

that only a small dissolution of magnesium and intense hydrogen evolution, 

which happens locally and very close to the IM particle can increase the pH 

high enough for cerium hydroxide/oxide precipitation. Therefore, the 

precipitation of cerium compounds on the anodic IM particles can happen 

even before they become cathodic to the aluminum matrix.  

Lau et al. [85] focused on the role of copper dissolution from S-phase during 

the deposition of the conversion coating. According to their model, further 

cathodic reduction of copper ions on the matrix results in the formation of 

copper islands which promote more dissolution of the surrounding 

aluminum matrix leading to areas of major oxide growth. In this case, the 

composition of cerium-based layer differs from CeO2 on the more active 

IMs to Ce(O2)(OH)2 over the aluminum matrix [85]. 

As was mentioned before, studies on the formation and characterization of 

CeCC on cast Al-Si alloys are rare. 
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2.5. Conductive polymers 

2.5.1. Polypyrrole 

Conductive polymers including polythiophene, polyaniline and 

polypyrrole are able to conduct electricity thanks to the existence of 

conjugated bonds. As the carbon atoms are sp2pz hybridized and overlap 

along the polymer chain, they induce electron delocalization in the chain 

resulting in a polymer with conductive or semi-conductive nature [126]. 

These polymers have numerous electrochemical applications such as 

batteries, supercapacitors, electrochromic devices, fuel cells, light emitting 

cells, to name a few. Among other conductive polymers, polypyrrole has 

been the subject of many studies due to its ease of preparation, high 

electrical conductivity and good redox properties [127]. In fact, in a certain 

potential range (the so-called stability window), polypyrrole redox 

properties are reversible. Therefore, it can be cycled repeatedly without any 

degradation [128]. 

Polypyrrole is a conductive polymer based on the monomer with the 

formula of C4H4NH. It can be electrochemically polymerized on a 

conductive electrode immersing in a solution of the monomer. The 

electrode needs to be anodically polarized. The dispersed monomers lose an 

electron to the electrode, making radical cations. Dimerization of these 

radical cations leads to the formation of a polypyrrole film (Fig. 2.2) [128-

130]. 

During the oxidation of conductive polymers, electrons are removed from 

the valence band and charges are generated in the conductive band. These 

resulting positive charges will be compensated with the counter-anions (p-

type doping). On the other hand, the reduction of conductive polymers 

injects electrons into the conductive band. The resulting negative charges 

will be neutralized with the doped cations (n-type doping). Subsequently, 

the extent of oxidation/reduction in the polymer chain changes its 

conductivity [130, 131]. 
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Fig. 2.2 Electropolymerization of polypyrrole. 

2.5.2. Application in corrosion protection 

Application of organic coatings for corrosion protection of various metals is 

mainly based on their barrier properties. Nevertheless, any prolonged 

exposure to the corrosive environments can lead to failure [132, 133]. 

Conductive polymers introduce a new category of organic coatings, that can 

maintain the surface potential noble and protect it from corrosion even 

when the corrosive species have reached the surface [134]. In fact, the 

barrier properties of conductive polymer coatings are not the best [134] and 

their redox activity leads to anion exchange with the electrolyte [135]. 

However, their galvanic interaction with the substrate results in the 

“passivation protection mechanism”. According to this mechanism a 

conductive polymer, which is applied on the metal surface in its oxidized 

state, can undergo the redox reaction and act as an oxidizer, producing a 

protective oxide layer at the polymer/metal interface [133, 136]. As it was 

mentioned before, the passivation protection mechanism is influenced by 

the galvanic interaction between the substrate and the conductive polymer, 

which, in its turn, is affected by the quality of the coating and its electrical 

contact and interface with the substrate [137]. 
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An alternative protection mechanism includes the role of conductive 

polymer in shifting the oxygen reduction site from the metal/polymer 

interface to the polymer/electrolyte interface. This will reduce the 

concentration of aggressive radicals formed during oxygen reduction at the 

metal/polymer interface, preventing or slowing down the coating 

detachment [133, 136, 138]. 

David W. DeBerry suggested the application of conductive polymers for 

corrosion protection for the first time in 1985 [139]. He deposited 

polyaniline coating on stainless steel and showed its ability to keep the 

substrate passivated in acidic solutions. Since then conductive polymers, 

especially polypyrrole and polyaniline, have been repeatedly used for 

corrosion protection purposes on aluminum alloys [135, 137, 138, 140-150] 

and steel [151-156]. 

Studies on the electrodeposition of polypyrrole on aluminum alloys include 

those on AA2024 [135, 138, 142, 145-147, 157, 158], AA6061 [143], AA6082 

[146, 147] and AA7075 [159, 160]. Among these papers, few have discussed 

the effect of microstructural and compositional features of the substrate on 

the electrodeposition and the electrochemical properties of polypyrrole 

[135, 142, 143, 146]. As, apparently, the chemistry of the solution and the 

electropolymerization conditions are more effective variables [145, 158]. 

As an example, the catalytic effect of copper in AA2024 on the 

electrodeposition of polypyrrole is elaborated in the papers by Volpi et al. 

[135] and Rizzi et al. [146] and also briefly mentioned in the research 

performed by Arenas et al. [142]. In ref. [146], the effect of copper has been 

attributed to its migration from the alloy and then its interaction with the 

pyrrole ring through oxalate dopant ions (due to the application of oxalic 

acid in the solution). It is further shown that the presence of copper oxo-

complexes in the polypyrrole film has a positive influence on its protection 

efficiency for the AA2024 substrate. This clearly connects the effect of 

compositional features to those of the solution chemistry.  

Arenas et al. [142] have considered the influence of alloying elements, 

including copper, on the modification of aluminum oxide layer, which 

creates conductive pathways for the electrodeposition of polypyrrole. 
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Similarly, it has been shown that the presence of IM precipitates such as 

Mg3Si6Al8 or Mg2Si in AA6061 has a positive effect on promoting the 

electrodeposition of polypyrrole film. As they facilitate the electrical 

connection between the metal and the electrolyte [143]. 

The available researches show the potential of polypyrrole coating (without 

doped inhibitors) to protect aluminum alloys from corrosion [142, 143, 

148]. However, the effective corrosion protection mechanism and the 

possible protection in chloride containing environment are still unclear and 

controversial. Some papers have cast doubt on the passivation mechanism 

in the presence of large defects [133, 144, 161]. Moreover, the galvanic 

interaction at the conductive polymer/metal interface has been considered 

as a serious obstacle in achieving the protection [162]. 

Electrochemical polymerization of polypyrrole provides the possibility to 

coat various metals. This process is advantageous in controlling the film 

thickness and its properties [128]. It also offers ways to improve the 

protection effect [128]. This includes controlling and altering the doped 

anions [145, 158, 163-171], the film conductivity and its thickness [128, 

130] and the addition of desired fillers such as titania and graphene oxide 

[160, 172]. 

While doping voluminous anions into the polypyrrole film is one way to 

increase its ion-barrier properties, some researchers have introduced 

corrosion inhibitor anions to increase the protection influence. It is shown 

that large anion such as benzene sulfonate, dodecyl sulfate and p-toluene 

sulfonate will be trapped inside the polymer matrix and will not be 

interchanged with the aggressive anions such as chloride [164, 165, 171].  

Whereas doped anions with corrosion inhibiting properties, such as 

molybdate and 8-hydroxyquinoline, get released during the reduction of 

the conductive polymer coating, migrate to the corroding defect and 

stabilize the passive film [163, 168-170]. 

Besides the advantages of the electrochemical polymerization, direct 

electrodeposition of a conductive polymer on some metals such as 

aluminum and magnesium is challenging. Since the concomitant anodic 

dissolution/oxidation of the substrate during the electrodeposition process 
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hinders the formation of a homogenous coating. In the case of aluminum 

(alloys), the oxide layer insulates the charge transfer between the electrode 

and the electrolyte [173]. Therefore, care should be taken in selecting the 

supporting electrolyte and the electrodeposition conditions (applied voltage 

or current). The applied potential (or current) needs to be high enough to 

oxidize the monomer but low enough not to lead to the corrosion of 

electrode [173, 174]. 

In this case, application of electron transfer mediators such as 4,5-

dihydroxy-1,3-benzenedisulfonic acid disodium salt (DHBDS, 

commercially known as Tiron) has been found helpful in reducing the 

required potential [173]. DHBDS can be doped into the polymer as well 

[157]. The applied conditions in the electrochemical process should not lead 

to the overoxidation of polypyrrole film which destroys its redox properties 

and its protective effect [141, 143]. 

The presence of some anions with passivating effect such as nitrate and 

molybdate has been shown to be beneficial in lessening the dissolution of 

the aluminum electrode during the anodic deposition [141, 175]. It is 

interesting to mention that doped anions, NO3- specifically, can alter the 

thickness and the morphology of polypyrrole coatings as well [145, 158, 

176]. 
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 Short review on the 

characterization techniques 

  

This chapter describes the principles of main characterization techniques 

utilized in this thesis. However, at the beginning of chapters 4-6, separate 

“materials and methods” sections describe the detailed experimental 

procedures for each part. 

3.1. Electrochemical measurements 

3.1.1. Polarization measurements 

Polarization measurement refers to the test where the potential of free 

corroding metal, open circuit potential (OCP), is changed in positive 

(anodic polarization) or negative (cathodic polarization) directions versus 

the OCP and the resulting current is measured.  

In the current work, the polarization measurements were performed far 

away from the corrosion potential (>100 mV). This test provides 

information including the pitting, passivation and repassivation potentials 

[177]. 

The cell used for electrochemical measurements is schematically shown in 

Fig. 3.1. It includes the sample with an exposed area of 1 cm2 as the working 

electrode, a standard Ag/AgCl (3 M KCl) (0.210 V vs NHE) reference 

electrode and a platinum counter electrode. 
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Fig. 3.1. The electrochemical cell for corrosion tests. 

3.1.2. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) has been widely used in the 

current research to investigate the electrochemical behavior of coated and 

bare aluminum (alloy) samples immersed in different solutions as a matter 

of time. 

Applying an electrical perturbation (e.g. potential) to an electrical circuit 

results in a response. EIS utilizes this principle to study various 

electrochemical systems. In this case, the perturbation imposed on the 

system is so low that the response is linear. A monochromatic signal 

(v(t)=Vm sin(ωt)) is applied to the electrochemical cell resulting in a steady 

state current (i(t) =Im sin(ωt+θ)). Theta (θ) is the phase difference between 

the voltage and the current and it is zero for a purely resistive behavior. 

The EIS spectra are presented as Bode or Nyquist plots. Bode plot represents 

the magnitude of impedance |Z| (z (ω)= |Z| exp(jωθ)) and the phase angle 

versus frequency. While Nyquist plot depicts the imaginary part of the 

impedance versus its real part (|Z|2=Zreal2+Zimg2). 

Impedance spectra provide information about the material itself such as 

conductivity, dielectric constant, the mobility of charges, etc. and about the 

material/electrolyte interface and the electrochemical reactions occurring 

there. This includes adsorption–reaction rate constants, the capacitance of 
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the interface region, etc. Application of the equivalent electrical circuits 

and assigning physical models are required to consider these contributions 

to the EIS spectra [177-179]. 

For the EIS measurements, the same electrochemical cell (Fig. 3.1) was 

employed. The EIS responses were fitted using ZSimp Win 3.50 software. 

3.1.3. Cyclic voltammetry 

Cyclic voltammetry (CV) is a dynamic electrochemical test, where the 

potential of a sample is changed in a certain range (versus the reference 

electrode) with a constant rate and for a certain number of scans. In the 

current thesis, this method was used for the electropolymerization of 

polypyrrole coatings and later on for investigation of their redox properties. 

The electrochemical cell is presented in Fig. 3.2. In this cell, the sample to 

be coated is the working electrode and a graphite electrode is used as the 

counter electrode. A standard Ag/AgCl (3 M KCl) electrode is used as the 

reference electrode.  

The 100 ml cell was placed on top of a magnetic stirrer that was set on 300 

rpm (using a magnetic round bar of 20 mm length and 6 mm diameter). 

 

 

Fig. 3.2. The electrochemical cell for the electropolymerization process. 

 

All the electrochemical measurements in this thesis were performed using 

a computer-controlled potentiostat (Metrohm Autolab PGSTAT302N). 
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3.2. Microscopy and spectroscopy techniques 

3.2.1. Scanning electron microscopy 

In this work, scanning electron microscopy (SEM (JSM-IT300)) has been 

widely used for the morphological and chemical examinations.  

A focused beam of electrons produced by an electron gun (in the vacuum) 

is used in this technique. The interactions of electrons and atoms inside the 

specimen result in various signals which can be utilized for imaging and 

chemical analysis. Fig. 3.3 schematically depicts three subsequent signals 

resulting from these interactions.  

Secondary electrons are the loosely bound electrons which emit from the 

surface when the primary beam strikes the sample. These electrons possess 

average energy of 3-5 eV and they come from a few nanometers beneath 

the surface providing topographic information. 

The elastic interaction of the specimen atomic nucleus and the electrons 

bounces them back with 60–80% of their initial energy. These so-called 

backscattered electrons provide compositional contrast. As the elements 

with higher atomic numbers and therefore more positive charges on their 

nucleus bounce more electrons back appearing relatively lighter in the 

images. 

When the primary beam displaces an inner shell electron, an outer shell 

electron may fall into the inner shell to return the atom from the ionized 

to the ground state. This incident occurs with the emission of an X-ray 

photon, which can be used for the chemical analysis which is called energy-

dispersive X-ray spectroscopy (EDXS) [180]. 
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Fig. 3.3. Schematic interaction of an electron beam with a specimen (the SEM images are 

related to this work). 

3.2.2. Focused ion beam assisted SEM 

An SEM equipped with a Gallium ion (Ga+) gun is called focused ion beam 

assisted SEM (FIB-SEM (LYRA3)). The sputtering action of Ga+ ions can be 

used for precise micro-machining of the samples. In this thesis, this 

technique has been used to make microscopic cross-sections on the samples. 

Fig. 3.4 provides a schematic overview of FIB-SEM. 

In the current work, this method has been used in studying the deposition 

mechanism of CeCCs and the protection mechanism of polypyrrole 

coatings. 

 

 

Fig. 3.4. Schematic illustration of FIB-SEM (the SEM image is related to this work). 
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3.2.3. X-ray photoelectron spectroscopy 

The information regarding the chemical composition of coating surfaces 

(CeCC and polypyrrole) and their interfaces with the substrates is collected 

by X-ray photoelectron spectroscopy (XPS). 

In this technique, the sample is irradiated by an X-ray (with hν energy) 

which ejects electrons from a core level (Fig. 3.5). The kinetic energy (Ek) 

and the number of electrons that emit from 0-10 nm depth of the surface 

are measured by the instrument. The binding energy of these electrons is 

calculated as follows: 

 

EB=hν-Ek-K Eq. 3.1 

 

While K is the work function dependent on both the spectrometer and the 

material [181]. 

In this thesis, XPS has been used for the examination of cerium oxidation 

state in CeCCs, the composition of polypyrrole coatings and the state of 

their interface with the substrate. The analysis was carried out using an Axis 

DLD Ultra instrument. 

 

 

Fig. 3.5. Schematic illustration of XPS process. 
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 Microstructural and corrosion 

studies  

  

This chapter presents and compares microstructural features and corrosion 

properties of the conventional HPDC and Rheo-HPDC Al-Si alloys in 

different solutions. 

The results presented in this chapter have partially published, presented 

and are under submission in papers III, VII and XII, respectively. 

4.1. Materials and methods 

4.1.1. Sample preparation and microstructural studies 

Cast samples were produced using a 400-ton HPDC machine equipped with 

an automated RheoMetalTM slurry generator. The RheoMetalTM utilized an 

EEM as an internal cooling agent to generate the slurry [182]. An 

experimental cavity filter (Fig. 4.1), demonstrator for telecom applications, 

was cast using both the conventional HPDC and Rheo-HPDC processes. 

Measured compositions of the alloys are presented in Table. 4.1. The 

composition measurement was performed using optical emission 

spectrometry (OES) method.  

The alloys cast by the conventional HPDC process are referred by the letter 

“L” and the alloys cast by Rheo-HPDC process are labeled by the letter “R” 

in their names.  

The most important criterion in designing these alloys was to reduce the 

alloying elements without significantly compromising the castability and 

the mechanical properties. The alloys’ composition was adjusted by adding 

pure silicon to a primary alloy in a resistance furnace. 

In the casting process, the temperature of the fixed half of the die was set 

to 230-250 °C and the temperature of the moving half was set to 280-320 

°C. The shot weight was approximately 5 kg and the holding furnace 
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temperature was set at 675 °C. Ladling was done with a standard cast iron 

ladle to which the EEM was added (5-6 % of the shot weight) under stirring 

(900 rpm) to generate a slurry with a solid fraction of around 40 %. The 

final slurry temperature was 610 ± 1 °C. The die cavity fill-time was 31 ms 

with the first stage and the second stage piston speed set at 0.23 and 5.2 m/s, 

respectively. These conditions were similar to the standard settings for this 

type of component cast by the normal HPDC process. 

 

 

  

Fig. 4.1. The experimental cavity filter used for (Rheo)-HPDC process. 

 

Table. 4.1. The measured composition (wt. %) of alloys 

 

For the microstructural studies, samples were taken from the thin walls 

(thickness ≈ 1.5 mm) or from the thick bottom plate (thickness ≈ 4 mm), 

underneath the component (Fig. 4.1). 

To investigate the longitudinal segregation, both thin wall and thick bottom 

plate samples were taken from different locations: near the feeding gate (G) 

or near the die vent (V). The detailed designation symbols for different 

samples are presented in Table. 4.2 and shown in Fig. 4.1. 

 

Name Si Fe Cu Mn Mg Zn Al 

Alloy 2R (L) 2.41 0.462 0.131 0.019 0.58 0.038 96.338 

Alloy 4R (L) 4.50 0.481 0.137 0.019 0.58 0.035 94.223 

*L: HPDC, R: Rheo-HPDC 
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Table. 4.2. Designation of samples for the microstructural studies 

 
Section Near the gate Near the vent 

A
llo

y
 

2
R

 (
L
) Thin wall 2R(L)GT 2R(L)VT 

Plate bulk 2R(L)GB 2R(L)VB 
A

llo
y
 

4
R

 (
L
) Thin wall 4R(L)GT 4R(L)VT 

Plate bulk 4R(L)GB 4R(L)VB 

* L: HPDC, R: Rheo-HPDC, G: Samples from near the gate, V: Samples from 

near the vent, T: Samples from thin walls, B: Samples from the thick bottom 

plate. 

 

For the metallographic analyses, samples were wet ground through a 

successive grinding using silicon carbide abrasive papers from P600 to 

P4000, followed by the polishing using two diamond pastes (3 and 1 µm). 

10 wt.% NaOH solution was used to clean the surface and to reveal the 

constituents of the microstructure. The microstructure of the surfaces and 

the bulk of components were studied using light optical microscope (LOM) 

and SEM. Energy/wave-dispersive X-ray spectroscopy (EDXS/WDS) was 

used to measure the composition of different phases. 

4.1.2. Corrosion and electrochemical studies 

4.1.2.1. Corrosion testing in the diluted Harrison solution 

The aim of this section is to investigate the effect of segregation and surface 

condition on the corrosion resistance of Rheo-HPDC Al-Si alloys. Samples 

for corrosion testing were taken from the thin walls, in as-cast or ground 

condition, or from the thick bottom plate only in ground condition. 

To investigate the longitudinal segregation, both kinds of samples were 

taken from different locations, as described in Table. 4.2. 

To study the corrosion properties of alloys, the electrochemical 

measurements, including potentiodynamic polarization and EIS were 

performed. Due to the working environment of telecom components, the 

diluted Harrison solution (0.5 g/l NaCl and 3.5 g/l (NH4)2SO4) was used to 

simulate the electrochemical behavior of alloys exposed to acid rain [183, 

184]. 
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Regarding the polarization test, for each sample, mainly the anodic branch 

was collected (as the cathodic branch did not exhibit any significant 

information). In order to highlight the effect of chloride ions, all the 

polarization experiments were also repeated using a solution of 3.5 g/l 

(NH4)2SO4. 

EIS measurements were conducted for the immersion time of 24 hours at 

the room temperature. In the EIS measurements, frequency range was 100 

kHz to 10 mHz and the amplitude of the sinusoidal potential signal was 10 

mV. 

EIS measurements were conducted on as-cast and ground surfaces of the 

thin wall samples and also on ground surface of the thick bottom plate 

samples to investigate the effect of transverse macrosegregation and as-cast 

condition. 

To distinguish the results of these different experiments, the letter “P” is 

added to the name of the thin wall samples, which were ground before the 

electrochemical test. These samples were wet ground by silicon carbide 

abrasive papers from P600 to P4000 to the extent that the skin layer was 

completely removed. In the case of bulk samples (of the thick bottom plate), 

the surfaces were ground until the middle of each sample was reached. In 

this way, the electrochemical behavior of the bulk of each alloy can be 

investigated. Repeatability of the results was tested by conducting each 

experiment on at least three specimens. After the corrosion tests, the 

corroded surfaces were examined using SEM/EDXS to study the 

morphology and composition of the corrosion products. 

4.1.2.2. Corrosion testing in sodium chloride solutions 

Enlightened by our studies in the sections 4.1.1 and 4.1.2.1, samples were 

selected based on not only the casting technology but also the thickness. 

The position of samples in the cavity is random. The details regarding the 

designation of samples are presented in Table. 4.3. 

Each sample was cut from the main component (Fig. 4.1) and embedded in 

epoxy resin. Wet grinding was done using SiC abrasive papers of P600, 
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P1200 and P4000, respectively. The polishing step included using diamond 

pastes of 3 and 1 µm. 

The electrical connection to each sample was provided by attaching a 

copper wire to the sample using silver epoxy resin before embedding it 

inside the epoxy resin. 

 

Table. 4.3. Designation of samples for the corrosion testing in NaCl solutions 

Name of the 

sample 

Casting technology Thickness 

2RB Rheo-HPDC ≈ 4 mm 
4RB Rheo-HPDC ≈ 4 mm 

4RT Rheo-HPDC ≈ 1.5 mm 
4LT HPDC ≈ 1.5 mm 
* L: HPDC, R: Rheo-HPDC, T: Samples from thin walls, B: 

Samples from the thick bottom plate. Samples positions are 

random. 

 

The corrosion behavior of different samples was investigated and compared 

by means of EIS and potentiodynamic polarization test. The EIS tests were 

performed in sodium chloride solutions with different concentrations (0.01, 

0.05, 0.1 and 0.6 M). The polarization tests were performed in 0.6 M NaCl 

solution. The details of both of the corrosion tests are similar to those 

described in section 4.1.2.1. 
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4.2. Results and discussion 

4.2.1. Microstructural features 

Generally, the microstructure of rheocast low silicon content aluminum 

alloys exhibits the presence of α-Al phase (primary and secondary) together 

with Al-Si eutectic phase and some intermetallic particles [185]. Based on 

the presence of iron in the composition of the two rheocast alloys (Table. 

4.1), and since the solid solubility of iron in aluminum is very low [186], 

the presence of iron-rich intermetallic particles is expected. According to 

the composition of the initial melt, the sequence of phase formation 

(aluminum phase and the eutectic reaction) was calculated using 

ThermoCalcTM software [187, 188]. The results are shown in Fig. 4.2. As it 

is predicted by the thermodynamic model, the needle shape β-AlFeSi IM 

particle was the most favored intermetallic phase for precipitation in the 

two alloys and it is formed before the eutectic silicon phase. 

The microstructural features of the polished surfaces of thin wall samples 

from different positions in the cavity, with different percentage of silicon, 

are illustrated in LOM images in Fig. 4.3. As it is expected, the usual 

dendritic structure is absent in the semi-solid materials [41, 189, 190].  

From the images in Fig. 4.3, two different sizes of α-Al phase can be 

observed in all the samples: a coarse globular α-Al phase (α1-Al) and a finer 

α-Al phase (α2-Al). The formation of α1 and α2-Al particles is related to the 

two-step solidification in the semi-solid metal process. α1-Al particles are 

nucleated during the slurry preparation outside the mold, at a higher 

temperature, while α2-Al particles are formed during the secondary 

solidification stage inside the cavity, at a higher cooling rate and in the 

absence of shear force [49]. 

Regarding the effect of the position, the microstructure near the gate (Fig. 

4.3 (a) and (c)) consists of a higher amount of α1-Al particles in comparison 

to the sample taken from the region near to the vent (Fig. 4.3 (b) and (d)). 

However, this difference is less significant in the alloy 2R. 
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Fig. 4.2. Sequence of formation of different phases in the alloy (a) 2R and (b) 4R. 

 

Fig. 4.3. LOM image of the sample (a) 2RGT, (b) 2RVT, (c) 4RGT and (d) 4RVT. 

 

This inhomogeneity of the microstructure is attributed to the separation of 

liquid and solid portions of the slurry during the injection stage when the 

solute-enriched liquid portion of slurry squeezes out and leaves the solid 
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part behind. During the later stages of injection, the portion of slurry that 

contains a larger fraction of α1-Al particles together with some entrapped 

melt is pushed into the near-to-gate region. Easton et al. [191] showed this 

type of separation of the liquid and the solid portions of slurry in a SSM-

HPDC component and explained it by a so-called “sponge effect”. 

α2-Al particles in the thin wall samples (of both alloys) are finer in the 

region near the vent in comparison to the region near the gate, due to the 

higher undercooling. This effect is more evident for the alloy 4R. It seems 

that by increasing the amount of silicon, the aluminum phase is refined, 

which can be due to more nucleation of the eutectic silicon [192]. 

LOM images of the samples 2RGB and 4RGB from the thick plate are 

presented in Fig. 4.4. In comparison to the microstructure of thin wall 

samples, the bulk microstructure contains more α1-Al particles in both of 

the alloys, which is expected. In fact, due to the high viscosity of the semi-

solid slurry, the thin walls are mostly filled by the liquid, while the 

relatively thicker parts are filled by the solid fraction of the slurry [54]. 

The cross-sectional LOM image of a thick plate sample of the alloy 2R in 

the region near the gate is reported in  

Fig. 4.5. According to this image, on the surface, segregation exists between 

the liquid phase and α1-Al particles, which tend to aggregate in the center 

of the sample. This phenomenon is considered as the transverse 

macrosegregation. Three different phenomena lead to the transverse 

macrosegregation including the skin effect [50], migration of solid particle 

to the center [51] and shearing band in the form of porosity or positive 

macrosegregation (eutectic-rich band) [193]. 

Study of the transverse macrosegregation in different positions of the same 

Rheo-HPDC component performed by Payandeh et al. [194] showed that 

the thickness of the skin layer increases by increasing the liquid portion. 

Therefore, it is obvious that the thickness of this layer is larger for the 

samples taken from the region near the vent. 

Govender et al. [195] also reported the existence of a surface layer consisting 

of mainly liquid or eutectic phase in SSM-HPDC A356 alloy. 
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Fig. 4.4. LOM image of the sample (a) 2RGB and (b) 4RGB. 

 

Fig. 4.5. Cross-sectional LOM image of the sample 2RGB. 

 

Fig. 4.6 compares the SEM micrographs of as-cast and polished surfaces of 

the sample 2RGT. It is noticeable how the as-cast surface is enriched with 

the eutectic phase and IM particles. Moreover, localized defects such as 

porosities/voids among the grains and inclusions are visible. 

SEM image of the sample 4RGT at higher magnification in Fig. 4.7 (a) 

depicts the microstructure of the eutectic phase and iron-rich IM particles. 

The eutectic silicon phase has a polygonal flake shape forming a continuous 

branched network [196]. This figure also shows that the location of the IM 

particles is inside the eutectic region. 

According to the EDXS results in Fig. 4.7 (b), IM particles are rich in iron 

and as it is expected in hypoeutectic alloys the intermetallic particles are β-

AlFeSi. These IM particles usually have a needle shape [4], and platelet 

morphology in 3D tomographic volume [24]. 

Fig. 4.8 represents the concentration of silicon at the center of α1 and α2-Al 

grains in the alloys 2R and 4R. α2-Al particles, nucleated from the liquid 

portion of the slurry [197], have a higher amount of silicon which, 

according to the literature, leads to a smaller potential difference between 
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them and the silicon eutectic phase/iron-rich IM particles and results in less 

severe corrosion [4]. 

 

  

Fig. 4.6. SEM image of the sample 2RGT in (a) as-cast and (b) polished condition. 

 

  

Fig. 4.7. SEM image (a) and spot EDS analysis (b) of polished surface of the sample 4RGT. 

 

The microstructure of HPDC materials partially reveals a conventional 

dendritic structure (Fig. 4.9). In this case, heat transfer from the superheat 

melt to the metallic ladle or to the cold shot sleeve could start the 

solidification before the injection, leading to the formation of coarse 

dendrites or the so-called “externally solidified crystals (ESCs)” [51, 198]. 

In case of the alloy 2L (Fig. 4.9 (a) and (b)), the microstructure near the vent 

is finer compared to the microstructure near the gate. 

As it was mentioned before, this can be due to the higher cooling rate in 

this region.  
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Fig. 4.8. Concentration of Si in α1 and α2-Al phases in the alloys 2R and 4R. 

 

Fig. 4.9. LOM image of the sample (a) 2LGT, (b) 2LVT, (c) 4LGT and (d) 4LVT. 

 

In general, the position does not seem to have a significant influence on the 

microstructure of the HPDC materials. 
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Concerning the effect of silicon content, regardless of the position (and the 

casting technology), a higher silicon content leads to the presence of more 

eutectic and a finer aluminum phase. 

For the HPDC samples, the higher thickness of the bottom plate leads to a 

lower cooling rate [199] which causes coarser microstructure compared to 

the microstructure of thin wall samples (Fig. 4.10). 

Fig. 4.11 compares SEM images of the samples 2LGT and 4LGT. 

Distribution of IM particles and the eutectic silicon phase seems to be 

similar in both conventional and Rheo-HPDC materials. 

 

Fig. 4.10. LOM image of the sample (a) 2LGB and (b) 4LGB. 

 

  

Fig. 4.11. SEM-BS image of the sample (a) 2LGT and (b) 4LGT. 
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4.2.2. Effect of segregation and surface condition (in Rheo-HPDC alloys) 

Potentiodynamic polarization curves related to as-cast surfaces of the thin 

wall samples (2RGT, 2RVT, 4RGT and 4RVT) in the diluted Harrison 

solution and in 3.5 g/l (NH4)2SO4 solution are reported in Fig. 4.12. 

In both of the solutions values of the corrosion potential are similar for 

different samples regardless of the position and the silicon content. 

Regarding the effect of position, samples from near the gate (2RGT and 

4RGT) possess higher pitting potentials (written in the graphs), in the 

solution of 3.5 g/l (NH4)2SO4 (Fig. 4.12 (a)), compared to the samples taken 

from near the vent (2RVT and 4RVT). In the diluted Harrison solution, all 

of the samples (except for 4RVT) show the pitting from the OCP, which is 

due to the presence of chloride ions in the solution and the higher amount 

of iron-rich IM particles as well as the defective condition of the as-cast 

surfaces. 

Considering the bulk microstructure, the results of potentiodynamic 

polarization test, in the diluted Harrison solution and in 3.5 g/l (NH4)2SO4, 

solution related to the samples 2RGB and 4RGB are presented in Fig. 4.13. 

In both solutions, there is no significant difference in the corrosion 

potentials of the two samples.  

The stability of the passive oxide layer is higher for the bulk samples in 

comparison to the as-cast surface of the thin wall samples, especially in the 

chloride-containing solution. This is due to the surface condition since the 

bulk samples have a higher α1-Al and a less eutectic fraction and are ground 

while the thin wall samples are tested in as-cast condition.  

SEM images of the corroded surfaces of the samples 2RGT and 4RGT after 

the polarization test are presented in Fig. 4.14. For both samples, in both 

solutions corrosion is localized and a galvanic coupling between the 

eutectic silicon phase or iron-rich IM particles and the aluminum matrix 

can be observed. 
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Fig. 4.12. Potentiodynamic polarization curves of the thin wall samples in (a) 3.5 g/l 

(NH4)2SO4 and (b) the diluted Harrison solution. 

  

Fig. 4.13. Potentiodynamic polarization curves of the thick plate (bulk) samples in (a) 3.5 g/l 

(NH4)2SO4 and (b) the diluted Harrison solution. 
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Fig. 4.14. Corroded surfaces of the sample (a) 2RGT, (b) 4RGT in the diluted Harrison 

solution and (c) 2RGT in 3.5 g/l (NH4)2SO4 solution after the polarization test.  

 

EIS spectra were obtained during 24 hours of immersion in the diluted 

Harrison solution. Bode plots of EIS spectra of the thin wall samples in as-

cast condition are reported in Fig. 4.15. This figure also compares the effect 

of different positions in the cavity and the silicon content. 

For all of the samples, the impedance values at the low frequencies decrease 

with the immersion time, which indicates the progressive corrosion 

process. 

In addition, the phase angle maximum depresses through the immersion 

time, suggesting that the localized corrosion activity is increasing [200]. 

Regarding the effect of position, the samples taken from near the vent, 

almost always during the immersion show slightly higher impedance values 

at the low frequencies in comparison to the samples taken from near the 

gate, except at 24 hours when all the samples show the same values. 

As it was discussed before, according to the LOM images in Fig. 4.3, the 

samples which are taken from near the vent, possess a higher fraction of α2-
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Al particles and they also have a finer microstructure compared to the 

samples which are taken from near the gate. 

Concerning the effect of silicon, no noticeable difference is detectable. 

However, all the previous researches have indicated the positive effect of 

silicon on the pitting corrosion resistance of aluminum alloys [26, 201, 202]. 

Nevertheless, it is worth mentioning that these researches are focused on 

the silicon content higher than 6%, which is higher than the percentage of 

silicon in both of our alloys. 

To remove the effect of as-cast surface quality, the thin wall samples were 

ground using SiC abrasive papers to the extent that the skin layer was totally 

removed. The samples were then monitored by EIS during 24 hours of 

immersion in the same solution. Bode presentations of EIS spectra of these 

samples are presented in Fig. 4.16.  

According to these spectra, the ground thin wall samples show one order of 

magnitude higher impedance values at the low frequencies compared to the 

same samples in as-cast condition. 
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Fig. 4.15. EIS spectra of the samples 2RGT, 4RGT, 2RVT and 4RVT after (a) 1, (b) 6, (c) 12 

and (d) 24 hours of immersion in the diluted Harrison solution. 

 

In addition, the impendence values increased during 24 hours of immersion 

for all of these samples. This can be due to the presence of a protective oxide 

layer, which is more stable to the localized corrosion. This protective oxide 

layer is provided by better finishing quality on the ground surfaces. By 

grinding, the skin layer is removed and a surface containing more α1-Al 

particles and fewer intermetallic particles (Fig. 4.6) is exposed to the 

corrosive solution. 

The difference between corrosion performances of the samples from 

different positions is negligible in this condition. Impedance tends slightly 

to increase after 6 hours and no pits are developed after 24 hours. This 

proves that the poor behavior of as-cast surface is due to the poor surface 

quality and the higher amount of intermetallic particles. 
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Fig. 4.16. EIS spectra of the samples 2RGTP, 4RGTP, 2RVTP and 4RVTP after (a) 1, (b) 6, (c) 

12 and (d) 24 hours of immersion in the diluted Harrison solution. 

 

EIS spectra of the samples taken from the thick plate, which are ground to 

the middle to expose the bulk microstructure, are reported in Fig. 4.17.  

These results indicate the growth of a protective oxide layer on the surface. 

The equivalent circuits used to describe the electrochemical responses of 

the samples 2RG(T/B)(P), 4RG(T/B)(P), 2RVT(P) and 4RVT(P) are shown 

in Fig. 4.18. 

The electrochemical behavior of aluminum surface is affected by the 

presence of the passive oxide layer and the oxide layer/aluminum interface. 

The interface between the intermetallic particles/the eutectic silicon phase 

and the aluminum matrix influences the electrochemical response as well. 
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Fig. 4.17. EIS spectra of the samples 2RGB, 4RGB after (a) 1, (b) 6, (c) 12 and (d) 24 hours of 

immersion in the diluted Harrison solution. 

 

  

Fig. 4.18. Equivalent circuits for the studied alloys after (a) short time and (b) longer time of 

immersion in the diluted Harrison solution. 

 

Although all these constituents are present, their time constants strongly 

overlap or one dominates. Therefore, only one phase angle maximum in the 

diagram can be observed for all of them. 
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The oxide layer is represented by a parallel circuit containing a resistor due 

to ionic conduction in the oxide, and a capacitor due to its dielectric 

properties [203]. The circuit in Fig. 4.18 (a) with one time constant has been 

used for the first 6 hours of immersion, for almost all the samples. While 

the circuit in Fig. 4.18 (b) has been used for the later hours of immersion 

when a second time constant was visible in the EIS spectrum. In the circuits 

depicted in Fig. 4.18 (a) and (b), Rel represents the resistance of the 

electrolyte. 

Qdl (or Cdl) and Rct stand for capacitive behavior of the electrical double 

layer at the interface of the surface and the solution and for the resistance 

against the charge transfer (or polarization resistance), respectively. 

The second time constant at longer immersion time shows the oxidation of 

aluminum and can represent the oxide layer (for the ground surface of the 

thin wall and the thick plate samples). It can also stand for the corrosion 

products formed due to the localized corrosion attack in case of the thin 

wall samples in as-cast condition. Rcp stands for the resistance behavior of 

oxide layer (or the corrosion products). Ccp is related to capacitive behavior 

of the oxide layer (or the corrosion products). 

The fitting results of the two resistances (Rct and Rcp) for the thin wall 

samples, ground and in as-cast condition, and the ground thick plate 

samples are presented in Fig. 4.19, Fig. 4.20 and Fig. 4.21, respectively. 

 

  

Fig. 4.19. Fitted EIS parameters of the as-cast thin wall samples: (a) Rct and (b) Rcp. 
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Fig. 4.20. Fitted EIS parameters of the ground thin wall samples: (a) Rct and (b) Rcp. 

 

  

Fig. 4.21. Fitted EIS parameters of the ground thick plate (bulk) samples: (a) Rct and (b) Rcp. 

 

Values of Rct of the thin wall samples in as-cast condition (Fig. 4.19 (a)) 

decrease with the immersion time for all the samples, which indicates an 

increase of the activity and a higher corrosion rate as localized attacks [204]. 

It should be noted that this decrease is immediate for the samples taken 

from near the gate, while for the samples taken from near the vent it starts 

after 5-6 hours of immersion. These values are higher for the samples taken 

from the region near the vent, in comparison to the samples taken from the 

region near the gate. 

Regarding the effect of silicon content, the samples with a lower amount of 

silicon show slightly higher Rct values at the very first hours of immersion. 
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The values of Rcp (Fig. 4.19 (b)), that for these samples represent the 

resistance of corrosion products in the pits, are very low and slightly 

decrease for all the samples due to the corrosion attacks. 

Regarding the ground thin wall samples, Rct values are generally one order 

of magnitude higher compared to the thin wall samples in as-cast condition. 

These values increase during the immersion time for all the samples (Fig. 

4.20 (a)). This can be due to the growth of a protective and stable oxide layer 

on the ground surfaces. The values of Rct for different samples, with regard 

to the position, and with different amounts of silicon are close to each other. 

In the case of these ground samples, values of Rcp represent the presence of 

a passive oxide layer. They remain almost constant for all of the samples 

and show a similar trend. 

In case of the ground thick plate (bulk) samples, reported in Fig. 4.21, the 

behavior of 2RGB and 4RGB samples are very similar. After some initial 

fluctuation, values of Rct remain almost constant for the two samples from 

12 to 24 hours of immersion, but never reach the high resistance showed 

by the ground thin wall samples. Rcp values increase from the first hour of 

immersion for the sample 4.5 RGB. 

SEM micrograph and the map analysis of a selected corroded surface are 

shown in Fig. 4.22. 

As it is clearly visible in Fig. 4.22, corrosion is mainly localized in all the 

samples, and takes place especially in the eutectic region, at the interface of 

the eutectic silicon phase and aluminum and at the interface of aluminum 

grains and iron-rich intermetallic particles. These results are in accordance 

with the results of other researchers about the corrosion of Al-Si alloys in 

similar solutions [4, 57]. 
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Fig. 4.22. (a) SEM micrograph and elemental 

map analysis of corroded surface of sample 2.5 

RGT (b) Al, (c) Si, (d) Fe and (e) O. 
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4.2.3. Effect of casting technology and NaCl concentration 

The results of 24 hours OCP monitoring for the samples 4RT, 4RB and 4LT 

in 0.01, 0.05, 0.1 and 0.6 M NaCl solutions are presented in Fig. 4.23. For 

the sample 2RB the monitoring has been done only in 0.6 M NaCl solution.  

In all the solutions and for all the samples, some fluctuations in the OCP 

values from the beginning of immersion until 4-5 hours can be observed. 

After these fluctuations, the OCP values increase and show relative stability 

until the end of the test. 

The initial fluctuations can be related to the (metastable) localized 

corrosion activities [4]. 

 

  

  

Fig. 4.23. OCP values of the samples 4RT,4RB, 4LT (and 2RB) versus time immersed in (a) 

0.01, (b) 0.05, (c) 0.1 and (d) 0.6 M NaCl solution. 
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The sample 4RT shows the lowest OCP values in all concentrations. 

According to Fig. 4.3, this sample contains a higher fraction of the eutectic 

phase and α2-Al particles, which makes it more (electrochemically) active. 

Since there are more possible sites for the galvanic coupling on the surface 

of this sample. 

In 0.01 and 0.05 M NaCl solutions, the sample 4RB shows nobler OCP 

values compared to the samples 4RT and 4LT. While in 0.1 M NaCl solution 

the sample 4LT possesses higher OCP values and in 0.6 M NaCl solution all 

the samples, including the sample 2RB, present comparable OCP values. 

It seems that in the less concentrated solutions (0.01 and 0.05 M), the 

sample with a higher fraction of α1-Al particles (4RB) has the noblest 

corrosion potential. 

Bode presentations of EIS spectra of the samples 4RT, 4RB and 4LT during 

24 hours of immersion in the different NaCl solutions are presented in Fig. 

4.24 and Fig. 4.25. For the sample 2RB, the EIS test was performed only in 

0.6 M NaCl solution (Fig. 4.25 (b), (d) and (f)). 

In 0.01 and 0.05 M NaCl solutions (Fig. 4.24), EIS responses of the three 

samples show minimum changes during 24 hours. The two samples 4RT 

and 4LT present similar impedance values, while the sample 4RB possesses 

relatively higher impedance values at the low frequency range, which can 

be attributed to higher corrosion resistance. According to the phase spectra 

in these two solutions, one time constant at the medium frequency range 

and one mass-transport-related constant or one time constant at the low 

frequency range are recorded for all the samples. However, due to the lack 

of experimental points and the occasional scattering of data at the low 

frequency range, it is difficult to distinguish if the last element is certainly 

a Warburg element or a RC constant. 

The first time constant can be related to the charge transfer resistance (or 

the polarization resistance) and the capacitive behavior of the electrical 

double layer at the metal/electrolyte interface. The element(s) at the low 

frequency range is related to the localized corrosion phenomena [4]. If this 

element at the low frequency range is a Warburg element, it can be related 

to the diffusion of corrosion reactants through the corrosion products. 
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While if it is an RC constant it may present the behavior of IM particles/the 

eutectic silicon. 

 

  

  

  

Fig. 4.24. EIS spectra of the samples 4RT, 4RB and 4LT after 6, 12 and 24 hours of immersion 

in (a), (c) and (e) 0.01 and (b), (d) and (f) 0.05 M NaCl solution (solid lines are the fitted data). 
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Fig. 4.25. EIS spectra of the samples 4RT, 4RB, 4LT and 2RB after 6, 12 and 24 hours of 

immersion in (a), (c) and (e) 0.1 and (b), (d) and (f) 0.6 M NaCl solution (solid lines are the 

fitted data). 

 

The sample 4RT shows the highest degree of data scattering (noise) at the 

low frequency range (in both 0.01 and 0.05 M) indicating more localized 
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corrosion activity on the surface. This noise is associated with the constant 

change of the active surface area [4]. 

The difference in total impedance values of various samples is not observed 

in the more concentrated solutions (0.1 and 0.6 M). 

According to Fig. 4.25 (a), (c) and (e), values of total impedance for the three 

samples (4RT, 4RB and 4LT) during 24 hours of immersion in 0.1 M NaCl 

solution are similar and stable. 

In 0.6 M NaCl solution, a slight decrease in the values of total impedance of 

the samples 4RT and 4RB can be observed. While these values are relatively 

stable for the samples 2RB and 4LT. 

The EIS spectra of samples in 0.1 M NaCl solution are characterized by one 

time constant at the medium frequency range and one Warburg tail/RC 

constant at the low frequency range. This behavior is similar to those in the 

less concentrated solutions (Fig. 4.24). 

According to Fig. 4.25 and Fig. 4.24, the scattering of data (noise) at the low 

frequency range for all samples increases by NaCl concentration. 

According to these results, there is no significant difference between the 

corrosion mechanism of conventional HPDC and Rheo-HPDC Al-Si alloys. 

However, in the less concentrated solutions (0.01 and 0.05 M), the semi-

solid sample from the thick plate (4RB) with a higher percentage of α1-Al 

particles and a lower fraction of the eutectic phase show higher impedance 

values at the low frequency range. 

According to the OCP (Fig. 4.23) and the EIS results (Fig. 4.24 and Fig. 

4.25), the corrosion process of (Rheo)-HPDC Al-Si alloys possibly involves 

three steps: 

 

(i) The metastable localized corrosion (due to micro galvanic coupling) from 

the beginning of immersion until ca. 4-5 hours, during which the OCP 

values fluctuate (Fig. 4.23) and the EIS response is noisy at the low 

frequency range (the EIS spectra are not presented here). Duration of this 

step seems to be unaffected by the concentration of NaCl. 

(ii) Stable localized corrosion and extensive corrosion through the eutectic 

region. There is the possibility of an incubation period before this step. 
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(iii) At this step, the active corrosion sites are probably covered by the 

corrosion products and due to the presence of this diffusion barrier for 

corrosion reactants, other corrosion sites will possibly activate. 

 

The equivalent circuit used to fit the EIS responses of the conventional and 

Rheo-HPDC Al-Si alloys (in 0.01, 0.05 and 0.1 M NaCl solutions) was 

suggested by Arrabal et al. [4] and is depicted in Fig. 4.26. 

In this circuit, Rct and Cdl correspond to the charge transfer resistance of the 

surface and the capacitive behavior of the electrical double layer at the 

aluminum/electrolyte interface. CPEpit and Rpit are respectively the constant 

phase element and the resistance related to the localized corrosion areas 

(pits). Wpit is a finite length Warburg diffusion component. 

 

 

Fig. 4.26. Equivalent circuit for the EIS response of the Al-Si alloys in 0.01, 0.05 and 0.1 M 

NaCl solutions. 

 

As the EIS responses in 0.6 M NaCl solution are highly noisy especially at 

the low frequency range, the fitting was carried out for the EIS responses 

in the other three solutions. A summary of the results is presented in Table. 

4.4. 

It is worth mentioning that the high degree of data scattering at the low 

frequency range introduces a significant error in calculating the values of 

Rpit. 

The values of Rct of all the samples, in all the solutions, increase by the 

immersion time, which can be attributed to the accumulation of corrosion 

products blocking the surface. 

 



 

58 

Table. 4.4. Summary of results derived from fitting the EIS responses of the Al-Si alloys in 

0.01, 0.05 and 0.1 M NaCl solutions. 

Parameter Rct 

(kΩ.cm2) 

Rel std 

erorr (%) 

Rpit 

(kΩ.cm2) 

Rel std 

erorr (%) 
2* 

4RT (0.01 M)      

6 h 3.9 17.7 20.9 1.4 1.1×10-4 

12 h 4.9 20.3 13.9 2.1 2.7×10-4 

24 h 4.0 17.6 8.8 9.4 2.9×10-4 

4RB (0.01 M)      

6 h 20.5 4.3 57.3 4.2 1.1×10-4 
12 h 30.0 3.1 56.8 5.7 5.9×10-5 

24 h 45.0 2.4 62.5 12.1 6.2×10-5 

4LT (0.01 M)      

6 h 6.1 1.5 42.2 38.9 1.5×10-4 

12 h 6.3 1.5 105.1 90.3 2.7×10-4 

24 h 7.2 1.6 85.2 67.9 3.0×10-4 

4RT (0.05 M)      

6 h 1.2 62.6 8.2 9.9 5.8×10-4 

12 h 5.4 5.6 2.1 20.6 3.1×10-4 

24 h 5.9 2.1 1.1 17.7 1.8×10-4 

4RB (0.05 M)      

6 h 10.4 3.8 10.9 15.4 2.6×10-4 

12 h 14.9 2.1 1.6 83.9 2.4×10-4 

24 h 16.2 1.8 2.0 151 1.9×10-4 

4LT (0.05 M)      

6 h 7.4 3.3 3.7 14.4 1.8×10-4 

12 h 7.9 0.9 0.5 54.2 1.7×10-4 

24 h 7.5 1.4 0.3 99.4 3.6×10-4 

4RT (0.1 M)      

6 h 2.7 23.9 10.2 7.6 6.3×10-4 

12 h 3.8 13.1 6.2 11.5 6.9×10-4 

24 h 5.3 1.2 0.5 18.6 1.7×10-4 

4RB (0.1 M)      

6 h 6.7 4.8 7.8 5.0 1.7×10-4 

12 h 8.3 5.0 2.0 37.8 2.7×10-4 

24 h 9.2 1.4 0.7 47.1 1.9×10-4 

4LT (0.1 M)      

6 h 9.9 0.9 0.5 27.8 2.4×10-4 

12 h 9.1 2.0 0.7 178 7.8×10-4 

24 h 9.8 1.9 0.2 141 6.1×10-4 

*Chi-squared: the sum of the squares of the residuals. 
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In 0.01 and 0.05 M solutions, these values are considerably higher for the 

sample 4RB compared to the other two samples. However, they are more 

comparable in 0.1 M solution. 

Due to the significant difference between the active area related to Rct and 

Rpit, the direct comparison of their values is not reasonable. 

Rpit decreases by the immersion time which can be attributed to the fact that 

more localized sites are being actively corroded. 

Comparing the Rpit values of the Rheo-HPDC (4RT and 4RB) and the 

conventional HPDC (4LT) samples shows that these values are higher for 

the semi-solid samples, which can be due to the lower number of the 

localized corrosion sites. 

Fig. 4.27 depicts surface morphology of the sample 2RB after 12 (Fig. 4.27 

(a)) and 24 hours (Fig. 4.27 (b), (c), (d) and (e)) of immersion in 0.6 M NaCl 

solution. 

According to Fig. 4.27 (a), after 12 hours of immersion, the localized 

corrosion attacks (as trenching) in the eutectic regions (containing the iron-

rich IM particles) can be observed. At this stage, no accumulation of 

corrosion product was detected on these active sites or any other place on 

the alloy’s surface. However, after a longer immersion time (24 hours), the 

presence of a significant amount of corrosion products on the surface is 

noticeable. 

Fig. 4.27 (b) depicts the later stage of deposition of corrosion products on a 

eutectic area which has been through trenching. Although the corrosion 

products initially dissolve in the solution, some of them deposit in longer 

immersion times. This may be due to the alkaline pH over the cathodic 

iron-rich IM particles/eutectic silicon that can reach as high as 9.5 [205] and 

it can dissolve any hydrated aluminum oxide product [23]. 

The results of EDXS analysis on two spots on the corrosion products in this 

figure are presented in Table. 4.5. In both spots the presence of chloride is 

detected. A low amount of magnesium is noticed in spot 2 which can be 

related to the selective dissolution of this element from an IM particle 

during the corrosion process. 
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The severe corrosion observed after 24 hours of immersion is probably due 

to the presence of the eutectic phase network all over the surface (Fig. 4.3 

(a), (b) and Fig. 4.6). 

 

  

  

 

Fig. 4.27. SEM-SE image of the sample 2RB 

after (a) 12 and (b), (c), (d) and (e) 24 hours 

of immersion in 0.6 M NaCl solution. 

 

 

In the case of other alloys such as AA2024, this type of corrosion event (so-

called “co-operative corrosion”) is attributed to the clustering of IM 

particles [206]. The typical co-operative corrosion sites create corrosion 

rings (e.g. Fig. 4.27 (c), (d) and (e)). 
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Table. 4.5. Results of EDXS analysis of the selected areas in Fig. 4.27 

Area of 

analysis 

Al 
(wt%) 

Si  
(wt%) 

Mg 

(wt%) 

O 
(wt%) 

Cl 
(wt%) 

(b)-1 41.2 0.4 - 55.4 3.0 

(b)-2 57.9 4.8 0.8 35.4 1.1 

(c)-1 43.8 0.13 - 35.1 21 

(c)-2 42.5 0.4 - 51.7 5.4 

(d) 37.6 0.2 - 52.9 9.2 

(e)-1 41.2 0.3 - 48.7 9.9 

(e)-2 43.4 0.4 - 55.9 0.3 

 

The morphology of corrosion products in the active rings on the surface of 

the alloy 2R (after 24 hours of immersion) shows two types: 

(i) A domed cracked layer, which seems to be the first layer of the corrosion 

product (Fig. 4.27 (c) and (e)) 

(ii) A fine porous layer which apparently is placed on top of the domed layer 

(Fig. 4.27 (c), (d) and (e)).  

According to Hughes et al. [206], domes of the corrosion products indicate 

the sites of H2 evolution (Fig. 4.27 (c) and (e)). The cracked morphology of 

these corrosion products can be the result of dehydration of a gel [206]. 

The difference between the morphology of domes and fine corrosion 

products can be due to the fact that they have been formed under different 

solution conditions such as compositional or pH differences. 

The EDXS results (Table. 4.5) indicate that both types of corrosion products 

contain chloride. While a low amount of silicon (and in one case 

magnesium) was detected in the composition of corrosion products, iron 

was always absent. Silicon oxide is soluble in the alkaline environment 

[207] caused by the intense localized cathodic activities. 

It should be mentioned that the partial presence of some nodular oxide 

particles was observed in some places on the surface. 

The alkaline pH due to the intense cathodic activity inside the corrosion 

rings results in the formation of a gel-like layer of corrosion products within 

them. Later on, this gel layer can be a diffusion barrier for the corrosion 

reactants. The anodic dissolution of the eutectic aluminum within the ring 

balances the mentioned cathodic activity.  
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One might think that the high pH value over the corrosion rings inhibits 

the precipitation of the other type of corrosion products (the fine porous 

layer). While the pH drops around the periphery of these active corrosion 

sites leading to the deposition of porous corrosion products. 

With further growth, this porous corrosion layer will cover the gel layer 

(Fig. 4.27 (d) and (e)). However, the size of corrosion rings is more than 50 

µm and Hughes et al. [206] mentioned that the maximum distance from a 

cathodic IM particle for the pH to drop (below 9) is 25 µm. Therefore, in a 

similar case, they have considered the possible effect of convection currents 

caused by H2 evolution on the dispersion of anolyte solution into the bulk 

solution above the corrosion ring. 

Although in the case of Al-Si alloy, the cathodic site is a eutectic region. 

Therefore, the mentioned distance (and subsequently the size of corrosion 

ring) can be more. The proposed growth pattern of corrosion products on 

the surface of Al-Si alloy is schematically depicted in Fig. 4.28. 

 

 

Fig. 4.28. The proposed growth pattern for corrosion products on Rheo-HPDC Al-Si alloys. 

 

The SEM images of corroded surfaces of the samples 4RT, 4RB and 4LT after 

24 hours of immersion in 0.6 M NaCl solution are presented in Fig. 4.29. 

Similar corrosion features to those of the sample 2RB including trenching 

around the eutectic silicon/iron-rich IM particles and severe corrosion rings 

are observed for these three samples. 
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Fig. 4.29. SEM-BS image of the sample (a) and (b) 4RT, (c) and (d) 4RB and (e) and (f) 4LT 

after 24 hours of immersion in 0.6 M NaCl solution. 

 

Fig. 4.29 (d) and (f) present the circumferential pits (as trenches) around 

two eutectic areas containing IM particles on the surface of the samples 4RT 

and 4LT. The EDXS analysis on the indicated spots in Fig. 4.29 (d) and (f)-

spot 2 confirms the fact that these are eutectic regions (See Table. 4.6). 

According to these results, the concentration of alloying elements (Fe, Mg 

and Cu) in the eutectic area/on the IM particles (Fig. 4.29 (d) and (f)-spots 

1 and 2) is significant. 
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Table. 4.6. Results of EDXS analysis of the selected areas in Fig. 4.29 

Area of 

analysis 

Al 
(wt%) 

Si  
(wt%) 

Fe 
(wt%) 

Mg 

(wt%) 

Cu 
(wt%) 

O 
(wt%) 

Cl 
(wt%) 

Na 
(wt%) 

(b)-1 30.9 0.45 - - - 45.6 23.0 - 

(b)-2 28.1 0.5 - - - 39.3 26 6.2 

(c)-1 69.0 1.2 - 0.5 - 25.8 3.3 0.11 

(c)-2 35.2 0.43 - - - 54.7 9.3 0.47 

(d) 27.6 16.8 7.1 1.2 4.0 21.1 6.3 15.9 

(e)-1 36.7 0.2 - - - 48.7 14.4 - 

(e)-2 38.7 1.7 - - - 43.3 15.8 0.6 

(f)-1 45.5 31.6 4.2 3.5 2.8 10 0.14 2.4 

(f)-2 52.5 24.8 1.7 1.9 - 15.9 0.18 2.9 

 

No meaningful difference among the corrosion morphologies and 

compositions (in 0.6 M NaCl solution) were found for the samples of 

different alloys processed by the conventional HPDC and Rheo-HPDC 

techniques.  

Fig. 4.30 compares the trenching sites on the surface of the samples 4RT 

and 4LT after 24 hours of immersion in 0.01 and 0.05 M NaCl solutions. For 

the semi-solid alloy, the pitting attack starts preferentially at the interface 

of α2-Al particles with the eutectic phase (the liquid portion of the slurry). 

While α1-Al particles seem to be more protected from the corrosion. 

However, some of these primary particles are corroded at their borders as 

well. This selective corrosion behavior is obviously absent in the 

conventional HPDC alloy. 

Fig. 4.31 presents some examples of the corrosion rings on the surface of the 

samples 4RT and 4LT after 24 hours exposure to 0.01 and 0.05 M NaCl 

solutions. As it can be seen in this figure, in the less concentrated solutions 

the extent of stable corrosion rings is lower in comparison to those in 0.6 M 

NaCl solution. Fig. 4.31 (a) and (c) display the fact that a big corrosion ring 

might be the result of the combination of several active sites, which will be 

combined when the sample is immersed in a more concentrated solution 

(e.g. Fig. 4.31 (b) and (d)). 
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Fig. 4.30. SEM-BS image of trenching on surface of the sample (a) and (b) 4RT and (c) and (d) 

4LT after 24 hours of immersion in 0.01 and 0.05 M NaCl solution, respectively. 

 

At the center of a corrosion ring (Fig. 4.31 (b)) part of the gel layer is 

removed and the dissolution of the eutectic aluminum is evident. Fig. 4.32 

provides SEM image at a higher magnification (of the same sample exposed 

to 0.01 M NaCl) to show the anodic dissolution of aluminum which occurs 

in the corrosion ring. 

The presence of some porous corrosion products deposited far from the ring 

(or active sites) on the alloy matrix is observed in Fig. 4.31 (c) and (d). 
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Fig. 4.31. SEM-BS image of co-operative corrosion on the sample (a) and (b) 4RT and (c) and 

(d) 4LT after 24 hours of immersion in 0.01 and 0.05 M NaCl solution, respectively. 

 

As it was mentioned before, these products have probably been dragged 

away from the active corrosion site due to either a lower pH on the matrix 

or the convection currents by H2 evolution. 

On the surface of all samples (both the conventional HPDC and Rheo-

HPDC materials and taken from different positions), some casting defects 

were present. 
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Fig. 4.32. SEM-BS image of a corrosion ring center on surface of the sample 4RT after 24 

hours of immersion in 0.01 M NaCl solution. 

 

It should be reminded that the OCP measurements (Fig. 4.23) and the EIS 

tests (Fig. 4.24 and Fig. 4.25) have been repeated at least three times for each 

sample to avoid the effect of inhomogeneity on the final judgment about 

the corrosion behavior. 

While immersing in the NaCl solutions, these defects usually acted as the 

center of corrosion rings as shown in Fig. 4.33. It can be observed that the 

porous corrosion products are mostly deposited out of these flaws. 

The results of anodic polarization tests for the samples 4RT, 4RB, 4LT and 

2RB in 0.6 M NaCl solution are presented in Fig. 4.34. 

Values of corrosion potentials decrease as following: 4LT>2RB>4RT=4RB. 

For the Rheo-HPDC samples (2RB, 4RT and 4RB), the anodic polarization 

responses are characterized by a passive region, an active region, a re-

passivation region and another active region. 

According to these result, in a highly concentrated NaCl solution, the 

difference of corrosion behavior of the semi-solid samples taken from 

different positions in the cavity is negligible, which is in agreement with 

the EIS results (Fig. 4.25 (b), (d) and (f)). Therefore, the two samples of 4R 

alloy (4RT and 4RB) present similar behavior. However, their passive layer 

seems to be more stable and more resistant to pitting corrosion in 

comparison to the sample of 2R alloy (2RB). This is in accordance with the 

results reported by Rehim et al. [26, 27]. 
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Fig. 4.33. (a) The appearance of two castings defects on the sample 4RT after 24 hours of 

immersion in 0.05 M NaCl solution and (b) the defect at higher magnification. 

 

 

Fig. 4.34. Polarization curves of Al-Si samples in 0.6 M NaCl solution. 

 

The incorporation of silicon oxide to the passive layer and its positive effect 

can be suggested. However, this needs further investigation, which is out 

of this thesis scope. Likewise, Pech-Canul et al. [208] have shown that for 

Al-12% Si, the presence of silicon oxide in the passive layer makes it more 

resistant to the pitting corrosion. Thanks to its electronic properties, silicon 

oxide has shown the ability to retard the adsorption of chloride ions. It can 

also block the entry sites and restrict the transport of chloride ions through 

the passive film [208]. 

The sample 2RB has a slightly higher pitting potential compared to the 

samples 4RT and 4RB. The sample 4LT shows pitting corrosion from the 



 

69 

OCP and no passive region is observed for this sample. The pitting potential 

decreased as following: 4LT>2RB>4RB>4RT. 

Comparing the conventional HPDC and Rheo-HPDC materials, the semi-

solid alloys seem to have a more resistant passive layer. However, the HPDC 

alloy showed more positive pitting potential. The reason behind this 

behavior is unclear to us. 
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4.3. Conclusions 

Generally, the microstructure of Al-Si alloys contains α-Al particles, the 

eutectic phase and intermetallic particles. The semi-solid alloys include two 

types of α-Al particles: the primary α1 and the secondary α2-Al particles. 

It was shown that the semi-solid samples taken from different positions and 

different parts with various thicknesses differ in the amount of α1 and α2-

Al particles. These samples also show a transverse macrosegregation. α1-Al 

particles which are the solid fraction of the slurry, tend to aggregate at the 

center of the samples while the surface is richer in α2-Al particles. 

Longitudinal segregation induces the area near to the gate to have a higher 

fraction of α1-Al particles and the one near to the vent a higher fraction of 

α2-Al particles and the eutectic phase. 

In the diluted Harrison solution, Rheo-HPDC Al-Si alloys are prone to the 

localized corrosion especially in the eutectic region and at the interface of 

iron-rich IM particles and the aluminum matrix. Segregation of phases due 

to the semi-solid process influences the corrosion behavior.  

A big change in the corrosion resistance was shown by grinding the semi-

solid samples. This is due to the presence of more intermetallic particles as 

well as more surface defects in as-cast surface condition. In as-cast surface 

condition, the samples with a higher amount of α2-Al particles and a finer 

microstructure (taken from the region near the vent) show slightly higher 

corrosion resistance. 

Both ground thin wall and thick plate samples possess a better corrosion 

resistance compared to the thin wall samples in as-cast condition. This 

improvement is due to the better surface condition. Nevertheless, the 

relatively thinner samples show a higher corrosion resistance compared to 

the thicker samples.  

Surfaces of the rheocast component present a purely liquid microstructure 

due to the segregation, which makes them more resistant to corrosion when 

ground and therefore without the surface defects. 
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The corrosion resistance of the polished conventional HPDC and Rheo-

HPDC Al-Si alloys was examined and compared in NaCl solutions of 

different concentrations. 

In 0.01 and 0.05 M NaCl solutions, the semi-solid sample with a lower 

fraction of the liquid phase (4RB) possessed the noblest OCP values and the 

one with a higher fraction of the liquid phase (4RT) showed the lowest 

OCP. 

Considering both the OCP and EIS results, in 0.1 and 0.6 M NaCl solutions, 

the corrosion responses of all samples were similar. 

According to the EIS spectra in different NaCl solutions, the corrosion 

mechanism of the conventional and Rheo-HPDC alloys seemed similar. 

In these solutions, both HPDC and Rheo-HPDC materials showed two 

major corrosion features including trenching around the eutectic regions 

(with IM particles) and severe corrosion rings. 

At the center of corrosion rings, a gel-like layer of corrosion products was 

detected. It was observed that the rings are surrounded and in some cases 

covered by a fine porous corrosion product layer. 

The casting defects on the surface of the alloys usually acted as active 

centers for the corrosion rings. 

Polarization tests revealed the positive effect of silicon in stabilizing the 

passive layer in Rheo-HPDC alloys. In comparison to the conventional 

HPDC alloys, the semi-solid alloys presented a more resistant passive layer 

in 0.6 M NaCl solution. 
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 Cerium based conversion 

coatings 

  

This chapter presents the study on the deposition and the electrochemical 

properties of cerium-based conversion coatings (CeCC) on the conventional 

HPDC and Rheo-HPDC Al-Si alloys. The main objectives of this study are 

optimization of the process parameters, unraveling the deposition 

mechanism and characterization of the corrosion properties. The results 

presented in this chapter were partially published and presented in papers 

I, II, V and VI, respectively. 

 

5.1. Materials and methods 

5.1.1. Substrate preparation 

Samples of the alloys 2R(L) and 4R(L) (Table. 4.1) were used for this study. 

Samples were cut into pieces of 1cm × 1cm and ground using SiC abrasive 

papers of P1200 and P4000. They were then rinsed and ultrasonically 

cleaned in acetone for 10 minutes. The subsequent alkaline activation step 

included etching in 40 g/l NaOH solution for 15 seconds. Between each 

step, samples were rinsed with deionized water and then dried.  

Samples were immersed in each conversion solution right after the final 

pretreatment step. After the immersion time was reached, the samples were 

dried and kept in a desiccator for further microstructural and 

electrochemical analyses. 
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5.1.2. Solution preparation and treatment conditions 

The conversion solutions were prepared using hydrated cerium nitrate 

(Ce(NO3)3.6H2O), sodium chloride (NaCl), hydrogen peroxide (H2O2) and 

deionized water. 

Conditions of the conversion process are presented in Table. 5.1 and Table. 

5.2. 

Solutions were aged for at least 30 minutes prior to the coating process for 

cerium species to reach the equilibrium. To investigate the effect of each 

parameter (e.g. time and concentration), that parameter was varied while 

the others were kept constant. For example, constant Ce(NO3)3 

concertation of 0.05 M was used to study the effect of NaCl concentration 

and addition of H2O2. 

The effect of H2O2 addition was studied both in the presence and the 

absence of NaCl. 

 

Table. 5.1. Details of the conversion process parameters (on the HPDC alloys) 

 

 

 

 

 

Investigated 

parameter 

Substrate Ce(NO3)3.6H2O 

(M) 

NaCl (M) H2O2 (M) Immersion 

time (min) 

Concentration 

of Ce(NO3)3 

2L 0.01*, 0.05**, 

0.1*** 

0 0  1080 (18 

h) 
*pH= 4.98, **pH= 4.48, ***pH= 3.93 

Concentration 

of NaCl 

2L, 4L 0.05 0.01, 

0.05, 0.1 

0 1080 (18 

h) 

Addition of 

H2O2/immersion 

time 

2L, 4L 0.05 0 0.02 20, 60  

pH=3.1      

Addition of 

H2O2 and NaCl 

/immersion time 

2L 0.05 0.05 0.02 20, 60 

pH=3.2      



 

74 

Table. 5.2. Details of the conversion process parameters (on the Rheo-HPDC alloys) 

 

5.1.3. Layer characterization 

Microstructural features of the cerium-based conversion coatings were 

examined by SEM, under high vacuum conditions with 20 kV beam energy. 

EDXS was exploited to measure the composition of the conversion layers 

and to collect the elemental maps. FIB-SEM was used for cross-sectioning 

and analysis of the treated surfaces. The FIB milling conditions were as 

follows: 30 kV, 5 nA for the rough milling and 1 nA for the final polishing. 

In this case, the beam energy of 15 kV was employed. For EDXS analysis 

254 frames mapping and 50 µs dwell time were utilized. 

The chemical state of the conversion treated samples were analyzed using 

XPS. Acquisitions were composed by wide scans on a binding energy range 

of 1250 – -5 eV using a 160 eV pass energy. High-resolution core line spectra 

were performed by setting the analyzer pass energy at 20 eV and the energy 

step at 0.05 eV. When necessary, charge compensation was utilized on the 

samples with scarce conductivity. Compensation was optimized by 

maximizing the peak intensity and minimizing the peak full width at half 

maximum (FWHM) of the main core line peaks. C 1s from contaminants at 

285 eV was selected as a reference for energy scale alignment. The final 

energy resolution was ~ 0.35 eV. The analysis of the XPS spectra was 

performed using a home-made software based on the R platform. Care was 

taken when selecting the appropriate background subtraction and Gaussian 

components for peak fitting. 

Substrate Ce(NO3)3.6H2O (M) NaCl (M) H2O2 (M) Immersion 

time (h) 

2R, 4R 0.01, 0.05, 0.1 0 0  1, 3, 6, 18, 

24 

2R, 4R 0.05 0.01, 0.05, 0.1 0 18 

2R 0.05 0 0.02 0.3 (20 m),1 

4R 0.05 0 0.01, 0.02 0.3 (20 m),1 

2R 0.05 0.05 0.02 0.3 (20 m),1 

4R 0.05 0.01, 0.05 0.02 0.3 (20 m),1 
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5.1.4. Electrochemical analysis 

The electrochemical behavior and the corrosion resistance of CeCC treated 

Al-Si alloys were examined in a 0.05 M NaCl solution by potentiodynamic 

polarization and EIS tests.  

A traditional three-electrode cell was exploited including the sample as the 

working electrode (with the exposure area of 1cm2), a platinum electrode 

as the counter electrode and a silver/silver chloride electrode (Ag/AgCl (3 

M KCl)) reference electrode (Fig. 3.1). In the polarization test, the sweep 

rate of 0.166 mV/s and the initial delay of 10 minutes were set. The cathodic 

and anodic branches were collected separately, starting from the OCP. The 

anodic and cathodic polarizations were stopped after the maximum current 

densities of 9×10-4 A/cm2 and 4×10-5 A/cm2 were reached, respectively. In 

the EIS tests, frequency ranged from 100 kHz to 10 mHz with 36 points and 

the amplitude of the sinusoidal potential signal was 10 mV. To guarantee 

the reliability of the data, the electrochemical tests were repeated at least 

three times. Moreover, to compare the results, all the electrochemical tests 

were also conducted on the bare alloys. 
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5.2. Results and discussion 

5.2.1. Microstructural features 

Fig. 5.1 shows the primary conversion coatings deposited from the solutions 

of different Ce(NO3)3 concentrations on the 2R alloy. 

According to the images in Fig. 5.1, cerium hydroxide/oxide deposition 

(white islands in the backscattered SEM images) is or has been started 

locally. It can be observed that the amount of cerium-based precipitates is 

higher on the eutectic region or the iron-rich IM particles inside them. The 

deposition of the conversion layer increases with the concentration of 

Ce(NO3)3. It is noticeable that the background matrix of the conversion 

coating is less visible in case of the samples treated using the solutions of 

0.01 and 0.05 M Ce(NO3)3, while for the sample immersed in the solution 

of 0.1 M Ce(NO3)3, the presence of a background matrix is easily detectable, 

especially due to its cracked microstructure. 

According to the literature [65, 76], this means that the deposition of 

cerium hydroxide/oxide layer starts from the cathodic sites but it grows 

further to cover the entire surface [91]. In Fig. 5.1 (b), the SEM image from 

a cerium-based nucleus at higher magnification shows this lateral growth. 

Higher Ce(NO3)3 concentration provides more cerium ions required for the 

precipitation since their numbers are reduced due to the formation of stable 

cerium nitrate complexes such as Ce(NO3)52– and Ce(NO3)63– [107]. These 

stable complexes result from the oxygen-donor ligand and cerium cation 

interactions [209]. 

In these series of treated substrates, no significant difference can be 

observed on the degree of cerium deposition over α1 and α2-Al particles. As 

expected, not all of the eutectic regions are covered by the CeCC and 

therefore not all of them were cathodically activated. 

The effect of the addition of chloride ions and/or hydrogen peroxide on the 

morphology of the CeCC layers on the 2R alloy is presented in the SEM 

images of Fig. 5.2. 
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Fig. 5.1. SEM-BS image of the 2R alloy 

treated using the solution of (a) 0.01 M 

Ce(NO3)3, (b) 0.05 M Ce(NO3)3, and (c) 0.1 

M Ce(NO3)3 for 18 hours. 

 

 

Considering Fig. 5.2 (a), with 0.1 M NaCl in the solution a higher amount 

of cerium depositions is observed. This coating shows some differences in 

comparison to the coating deposited from the same solution without NaCl 

(Fig. 5.1 (b)). In the presence of NaCl, the primary α-Al particles (α1-Al) 

show less coverage of CeCC (or a thinner layer) on their surfaces compared 

to α2-Al particles or compared to the samples treated using the solutions 

without NaCl. SEM image of this coating at higher magnification and the 

results of EDXS analysis confirm this phenomenon (Fig. 5.3). 

Chloride ions in the conversion solution have an accelerating effect on the 

precipitation of cerium hydroxide/oxide layer.  

They can break the native aluminum oxide layer on the alloy surface and 

accelerate and activate the corrosion reactions (anodic and cathodic) on the 

micro-galvanic couples, formed in the eutectic regions [210]. 
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Fig. 5.2. SEM-BS image of the 2R alloy 

treated using the solution of (a) 0.05 M 

Ce(NO3)3 and 0.1 M NaCl for 18 hours, (b) 

0.05 M Ce(NO3)3 and 0.02 M H2O2 for 1 

hour, and (c) 0.05 M Ce(NO3)3, 0.05 M NaCl 

and 0.02 M H2O2 for 1 hour. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3. SEM-BS image and results of EDXS analysis of the 2R alloy treated using the 

solution of 0.05 M Ce(NO3)3 and 0.1 M NaCl for 18 hours. 

 

In fact, they are selectively adsorbed on the crystal lattice of the aluminum 

oxide film and make complexation with Al3+ hydrate ions. This reaction 

leads to surface activation, an unstable film, and formation of local defects 

[117]. Which result in a higher pH and therefore more cerium hydroxide 

deposition [100, 211]. Nitrate ions are not able to break down the aluminum 
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oxide layer and they also passivate the surface of aluminum alloys by 

incorporating into the oxide [87, 212, 213]. Therefore, a faster deposition is 

expected in the presence of chloride ions compared to the plain cerium 

nitrate solution. 

Moreover, the activating effect of chloride ions highlights the difference 

between the two different α-Al particles. α1-Al particles are less covered 

compared to α2-Al particles, resulting in a heterogeneous deposition of the 

conversion layer due to the different levels of cathodic activity. The results 

of WDS analysis of these grains show that they differ in the silicon content 

in the solid solution of aluminum: α2-Al grains contain higher silicon in 

comparison to α1-Al ones (Fig. 4.8). The higher level of silicon in α2-Al 

phase contributes to increasing its potential toward more cathodic values 

[4]. Moreover, the size of the grains makes α2-Al grains closer and more 

interacting with the eutectic silicon phase and the iron-rich IM particles 

and therefore easier to be covered. 

The presence of chloride ions in the conversion solution can also affect the 

valence state of cerium. 

The equilibrium potential of the oxidation reaction of Ce (III) to Ce (IV) is 

sensitive to the anions present in the solution: 

 

Ce3++2H2O  Ce(OH)22++2H++e-     Eq. 5.1 

 

The chloride ions decrease the equilibrium potential by 400 mV, allowing 

the oxidation reaction to take place more easily [209]. 

Hydrogen peroxide can be added to the conversion solution to act as an 

oxidizing agent and therefore to have a more homogenous deposit. The 

presence of hydrogen peroxide, either alone or together with chloride ions 

increases the deposition rate and the thickness of the conversion layer, 

resulting in the formation of a conversion layer with cracked-mud structure 

(Fig. 5.2 (b) and (c)). This feature is due to the stresses induced in the coating 

during the drying step [78]. By adding hydrogen peroxide, the entire surface 

is covered by the conversion layer. However, some heterogeneities are still 
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visible on the coating surface in which α1-Al particles are covered by a 

thinner deposit. 

In the deposition of cerium-based conversion layer, hydrogen peroxide acts 

as a complexing agent, an oxidant, a crystallization inhibitor, and a source 

of OH- ions [116]. Reduction of hydrogen peroxide on the cathodic areas 

provides a source of hydroxyl ions. Hydrogen peroxide also oxidizes Ce3+ 

ions to Ce4+ [108, 116]: 

 

2Ce3+ +H2O2+2OH-  2Ce(OH)22+     Eq. 5.2 

 

The literature reports that these conditions lead to the formation of a 

cerium hydroxide/oxide coating containing mainly Ce (IV) species [108, 

116]. 

Fig. 5.4 summarizes surface morphologies of the cerium-based conversion 

coatings on the 2L alloy, deposited from the different conversion solutions. 

These images depict the effect of the addition of NaCl and H2O2 on the 

morphology of the conversion coatings. Similar features to those of CeCC 

on the semi-solid alloy can be observed on the conventional HPDC alloy. 

According to Fig. 5.4, on all of the surfaces, some relatively large pits are 

visible. According to the appearance of the samples after the alkaline 

activation step, this is partially due to the alkaline cleaning which removes 

a number of IM particles [82, 91]. 

However, localized attack on the surface seems to occur also during the 

formation of cerium-based conversion layers. For the sample treated using 

the plain solution which only contained Ce(NO3)3 (Fig. 5.4 (a)), localized 

cerium hydroxide/oxide deposition is detectable as white islands in the 

backscattered SEM image. 

 



 

81 

  

 

Fig. 5.4. SEM-BS image of the 2L alloy 

treated using the solution of (a) 0.05 M 

Ce(NO3)3 (18 hours of immersion), (b) 0.05 

M Ce(NO3)3 and 0.05 M NaCl (18 hours of 

immersion), (c) 0.05 M Ce(NO3)3 and 0.02 

M H2O2 (1 hour of immersion). 

 

 

Both of the eutectic silicon phase and β-AlFeSi particles, in the alloy 

microstructure, are cathodic with respect to the α-Al phase [113]. 

Therefore, as mentioned before, they are proper sites for the cathodic 

reactions (e.g. oxygen reduction) and the local increase of pH which leads 

to the deposition of the conversion coating. It is then reasonable to expect 

the presence of a deposited layer with a higher thickness on these phases 

[109]. It should be noted that the coating growth starts from the cathodic 

sites, but it continues to cover the whole surface [93]. This fact is depicted 

in the elemental map of Ce related to this sample which is shown in Fig. 5.5 

(e). In the case of the sample in Fig. 5.4 (a), the exact sites of localized 

deposition are not quite clear to be either the eutectic silicon phase or iron-

rich IM particles. 

The situation gets clearer by adding 0.05 M NaCl to the conversion solution 

(Fig. 5.4 (b)). According to Fig. 5.4 (b) and the EDXS analysis, in this 

condition, deposition of the conversion layer is still mainly localized. 
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Fig. 5.5. (a) SEM-BS image of the 2L alloy treated using the solution of 0.05 M Ce(NO3)3 for 

18 hours and the elemental map of (b) Al, (c) Si, (d) Fe, (e) Ce, and (f) O. 

 

However, a bigger fraction of the cathodic sites is covered by the cerium-

based layer. In this case, it seems that the coating has started to cover the 

whole surface. According to Fig. 5.4 (b), more pits are visible on the surface 

which can be attributed to the corrosion and breakdown of the aluminum 

oxide layer in the presence of chloride ions [117]: 

 

Al3++4Cl- → AlCl4-      Eq. 5.3 

 

It is worth mentioning that, AlCl-4 is easily hydrolyzed according to the 

following reaction. The remained chloride ions continue to react with the 

aluminum surface: 

 

AlCl4-+2H2O → Al(OH)2Cl+2H++3Cl-    Eq. 5.4 

 

The breakdown of the oxide layer takes place especially at the interface of 

α-Al phase and the eutectic silicon and/or iron-rich IM particles [210]. This 

phenomenon can be controversial, since it may also result in the formation 
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of subsurface crevices [87]. However, the formation of subsurface crevices 

usually happens with a combination of NaCl and H2O2 in the solution [74]. 

Results of the EDXS analysis in the eutectic region which contains some 

iron-rich IM particles are presented in Fig. 5.4 (b). Presence of cerium on 

the eutectic region (point number 1) is evident. Point number 2 is an iron-

rich IM particle on which the analysis does not show any cerium content. 

It seems that the deposition has started from a eutectic area containing iron-

rich IM particles. 

By adding H2O2 to the solution, the coating morphology changes and it 

forms a continuous layer with a mud-crack structure in some regions, 

covering all the surface (Fig. 5.4 (c)). 

Results of XPS analysis of the 2R alloy treated using three different solutions 

(including the solution of 0.05 M Ce(NO3)3, the solution of 0.05 M Ce(NO3)3 

and 0.1 M NaCl, and the solution of 0.05 M Ce(NO3)3 and 0.02 M H2O2) are 

illustrated in Fig. 5.6 (a), (b) and (c), respectively. 

In each of the XPS spectrum, a peak of carbon is also noticeable. This peak 

is attributed to the accumulation of contaminants on the surface due to 

exposure to air, which has also been observed and reported before by other 

researchers [95]. It can also be due to the die releasing agent which is 

entrapped in the very first solidification layer of the aluminum alloy surface 

during casting. This was proved by XPS analysis of the bare aluminum 

alloys in which carbon peak was present in all the specimens (The results 

are not reported here). 

The analyzed cerium-based conversion coatings presented a mixture of Ce 

(III) and Ce (IV) compounds. The interpretation of the Ce 3d core line was 

made a long time ago by Burroughs et al. [214]. In this case, the more recent 

work of Romeo et al. [215] can be also referred. Ce (IV) and Ce (III) in their 

ground state possess a 4f0 and 4f1 orbital, respectively. 

When an X photon creates a hole in the 3d level a rearrangement of the 

cerium electronic structure in the valence band occurs. In particular, the 4f 

orbital is pulled away from the Fermi into the valence band to screen the 

3d hole. This in the presence of Ce (IV) or Ce (III) oxides or hydroxides 
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leads to a strong hybridization of the cerium ground state 4f0 with the 2p 

oxygen orbital. 

 

    

   

   

Fig. 5.6. XPS analysis of the 2R alloy treated using the solution of (a), (d), (g) 0.05 M 

Ce(NO3)3 for 18 hours; (b), (e), (h) 0.05 M Ce(NO3)3 and 0.1 M NaCl for 18 hours; (c), (f), (i) 

0.05 M Ce(NO3)3 and 0.02 M H2O2 for 1 hour. (a), (b), (c) survey spectra; (d), (e), (f) Ce 3d 

core line, (g), (h), (i) O 1s core line. 

 

Concerning the analysis, the Ce 3d core line appears as doublets in the XPS 

spectra due to the spin orbit splitting. The energy of the photo-emitted 3d 

electron will depend on the coupling between the initial 3d and 4f 

hybridized orbital. The result of this coupling is that in the case of Ce (IV) 

the 3d5/2 level will show three components while the same orbital in Ce (III) 
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will be composed of two features. Then the description of the Ce 3d core 

line in presence of both the Ce (III) and Ce (IV) will need a total of 10 fitting 

components. 

Here the component assignment and nomenclature is done in agreement 

with the work of Burroughs et al. [214]: v, v’’ and v’’’ are associated with Ce 

(IV). The first two derived from a mixture of (5d 6s)0 4f2 O 2p4 and (5s 6d)' 

4f1 O 2p5 orbitals, while v’’’ is associated to (5d 6s)0 4f0 O 2p6 [215]. Features 

derived from Ce (III) are indicated with v0 and v’ and are generated by 

mixing (5d 6s)0 4f2 O2p4 and (5d 6s)0 4f1 O2p5 orbitals. 

A list of correspondent components is presented for the 3d3/2 using the letter 

u and the same indexes. u and v components are separated by the spin orbit 

splitting energy which for cerium is ~18.3 eV. A summary of results for the 

coatings deposited from the different conversion solutions is presented in 

Table. 5.3. 

The ratio of Ce (III)/Ce (IV) (in forms of oxide and/or hydroxide) is 0.86 for 

the conversion layer from the plain solution (with only 0.05 M Ce(NO3)3), 

0.79 for the layer obtained from the solution with chloride ions, and 0.55 

for the coating deposited from the solution containing hydrogen peroxide. 

As expected, the presence of chloride ions and hydrogen peroxide increases 

the fraction of Ce (IV) species in the coatings. 

Hydrogen peroxide affects by oxidizing Ce3+ while chloride ions by 

decreasing the equilibrium potential of the oxidation reaction of Ce3+ to 

Ce4+. Ce (III) species are shown to be concentrated in the inner layer of the 

conversion coating, while Ce (IV) species are mostly located in the outer 

layer of the coating [95, 109]. 

Considering oxygen peaks (high resolution peaks in Fig. 5.6 (g), (h) and (i)), 

the peaks centered at 531.49 eV, 532.14 eV, and 530.62 eV are ascribable to 

aluminum oxide (Al2O3) [109]. While the shoulders at 529.23 eV, 530.29 

eV, 529.67 eV, 530.49 eV, 529.37 eV, and 530.62 eV can be attributed to the 

presence of CeO2 and Ce2O3, respectively. Aluminum oxide (Al2O3) 

percentages vary from 16 % in the conversion coating from the plain 

solution to 16.5 % for the layer deposited from the solution with chloride 
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ions and to 4 % for the coating deposited from the solution containing 

hydrogen peroxide. 

 

Table. 5.3. Summary of results derived from XPS spectra of the cerium-based conversion 

layers on the 2R alloy 

Conversion 

solution 

 Ce2O3 CeO2 Ce2O3 CeO2 CeO2 

 Ce3d5/2 

BE 

V0 V V’ V” V”’ 

0.05 M 

Ce(NO3)3 

 880.6 882.0 885.3 888.1 897.4 

 Ce3d3/2 

BE 

U0 U U’ U” U”’ 

  899.0 900.7 903.8 906.8 916.1 

 Ce3d5/2 

BE 

V0 V V’ V” V”’ 

0.05 M 

Ce(NO3)3, 

0.1 M NaCl 

 880.2   882.1   885.3 888.0 897.7 

 Ce3d3/2 

BE 

U0 U U’ U” U”’ 

  898.0     900.9 903.9 906.8 916.2 

 Ce3d5/2 

BE 

V0 V V’ V” V”’ 

0.05 M 

Ce(NO3)3, 

0.02 M H2O2 
 

 879.7  882.6  886.1 888.9 895.9 

 Ce3d3/2 

BE 

U0 U U’ U” U”’ 

  898.2 901.1 
 

904.4 
 

907.3 916.5 

 

The presence of hydrogen peroxide in the conversion solution also changes 

the oxidation state of aluminum, in which the sample treated using the 

solution of 0.05 M Ce(NO3)3 and 0.02 M H2O2 shows a significant difference 

in O 1s binding energy compared to the other two samples. In addition, in 

the oxygen peak in Fig. 5.6 (i), there is a component at the low binding 

energy whose essence is unclear to us. 

Results of XPS analysis of samples of the 2L alloy treated using the solution 

of 0.05 M Ce(NO3)3 and the solution of 0.05 M Ce(NO3)3 and 0.02 M H2O2 
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are illustrated in Fig. 5.7. The results are similar to those on the 2R alloy. 

Based on these results, the Ce (III)/Ce (IV) ratio is 1.1 and 0.75 for the 

conversion coatings from the plain and hydrogen peroxide-containing 

conversion solutions, respectively. As expected, the addition of H2O2 to the 

conversion solution changes the valence state of cerium in the coating in 

favor of Ce (IV). 

5.2.2. Effect of Si content 

The conversion layers deposited on the 4R alloy from the solutions 

containing chloride ions (Fig. 5.8 (a)), hydrogen peroxide (Fig. 5.8 (b)), and 

chloride ions together with hydrogen peroxide (Fig. 5.8 (c)) have similar 

characteristics to those on the 2R alloy. The heterogeneity related to the 

thinner deposition over α1-Al particles is detectable especially in the 

conversion coating deposited from the solution of 0.05 M Ce(NO3)3 and 0.1 

M NaCl (Fig. 5.8 (a)). 

The addition of hydrogen peroxide leads to the formation of a thick cracked 

coating all over the surface (Fig. 5.8 (b) and (c)). This coating is also 

heterogeneous in some parts as it can be seen in Fig. 5.8 (b). 

Surface morphology of the cerium-based layer deposited from a 

combination of cerium ions, chloride ions, and hydrogen peroxide, contains 

cerium-rich nodules over the cracked background matrix. 

Fig. 5.9 presents the coatings deposited from the same solution of those of 

Fig. 5.4 (a) and (b) (with the same and higher concentrations of NaCl) on 

the 4L alloy. 

For the sample immersed in the solution containing only Ce(NO3)3, local 

deposition of the cerium compounds is similar to that on the alloy with a 

lower silicon content (the alloy 2L, Fig. 5.4). However, in this case, bigger 

and more deposition can be seen on the surface. 
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Fig. 5.7. XPS analysis of the 2L alloy treated using the solution of (a), (c), (e) 0.05 M Ce(NO3)3 

for 18 hours; (b), (d), (f) 0.05 M Ce(NO3)3 and 0.02 M H2O2 for 1 hour. (a), (b) survey spectra; 

(c), (d) Ce 3d core line, (e), (f) O 1s core line. 
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Fig. 5.8. SEM-BS image of the 4R alloy 

treated using the solution of (a) 0.05 M 

Ce(NO3)3 and 0.1 M NaCl for 18 hours, (b) 

0.05 M Ce(NO3)3 and 0.02 M H2O2 for 1 

hour, and (c) 0.05 M Ce(NO3)3, 0.05 M NaCl 

and 0.02 M H2O2 for 1 hour. 

 

 

This is most probably attributed to the higher cathodic activity due to the 

presence of a bigger eutectic fraction. In the absence of chloride ions in the 

conversion solution, many of iron-rich IM particles remain uncovered (Fig. 

5.9 (a)). By adding NaCl, more of the iron-rich IM particles are passivated 

by the cerium conversion layer and the coating morphology becomes more 

homogenous (Fig. 5.9 (b)). By increasing the concentration of NaCl, the 

coating thickness increases even more and it forms a cracked 

microstructure (Fig. 5.9 (c)). 

Combining H2O2 and NaCl in the solution gives us a better insight into the 

preferential locations of cerium hydroxide/oxide deposition. Fig. 5.10 

presents the coating deposited on a sample of the 4L alloy, using the solution 

of 0.05 M Ce(NO3)3, 0.05 M NaCl and 0.02 M H2O2. According to these 

figures, precipitation of cerium-based layer starts from iron-rich IM 

particles. 
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Fig. 5.9. SEM-BS image of the 4L alloy 

treated using the solution of (a) 0.05 M 

Ce(NO3)3, (b) 0.05 M Ce(NO3)3 and 0.05 M 

NaCl and (c) 0.05 M Ce(NO3)3 and 0.1 M 

NaCl (18 hours of immersion). 

 

Fig. 5.10. SEM-BS image of the 4L alloy treated using the solution of 0.05 M Ce(NO3)3, 0.05 

M NaCl and 0.02 M H2O2 (1 hour of immersion) and the elemental map of (b) Al, (c) Si, (d) 

Fe, (e) Ce, (f) O. 
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5.2.3. Deposition mechanism 

Fig. 5.11 provides the cross-sectional view of the conversion coating on the 

2L alloy, treated using the solution of 0.05 M Ce(NO3)3 and 0.1 M NaCl. The 

elemental maps of Al, Si, Fe, Ce and O are also provided in this figure.  

Images in Fig. 5.11 show a localized deposition of cerium hydroxide/oxide, 

which apparently has started from an iron-rich IM particle. 

As also obvious from SEM images of the alloy surface (Fig. 5.4 (b)), IM 

particles are located inside the eutectic area, which is detectable from the 

Si map (Fig. 5.11 (c)) as well. Therefore, we can assume that iron-rich IM 

particles are the primary locations for the deposition of cerium compounds. 

This cross-sectional view also confirms the lateral growth of cerium 

hydroxide/oxide nucleus, which finally covers the entire surface (Fig. 5.11 

(a) and (e)). 

No subsurface crevices are visible at the interface of the conversion coating 

and the aluminum alloy substrate. It seems that NaCl concentration of 0.1 

M (in the conversion solution) is high enough to promote the conversion 

process and low enough not to cause any undesired pitting/crevice 

corrosion. 

It is worth mentioning that our investigations show that the coating 

thickness is very different over the surface. This can be due to the high 

surface roughness and the presence of the different microstructural 

components. The thickness reaches the maximum of 5-8 µm over the 

localized depositions and it falls to 1-2 µm near to them and to 50-200 nm 

far from these precipitations. The coating is not detectable in some points 

on the surface. 

Fig. 5.12 provides a cross-sectional SEM image of the conversion coating on 

the 2R alloy, immersed in the solution of 0.05 M Ce(NO3)3 for 18 hours. The 

elemental maps of Al, Si, Fe, Ce, and O are also provided in this figure. 

These images depict the presence of an iron-rich IM particle located inside 

the eutectic region, which is detectable through the elemental map of Si 

(Fig. 5.12 (c)). 
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It can be observed that the formation of cerium-based layer started from 

the iron-rich IM particle. In addition, a cavity is visible under the cerium-

based nucleus where the IM particle is located. The presence of this cavity 

is due to the corrosion process and is the result of the dissolution of 

aluminum phase in the eutectic region. It is worth mentioning that many 

cerium-based precipitates were checked and a cavity was always seen 

underneath each of them. According to the elemental map of O (Fig. 5.12 

(f)), there is also oxide inside the cavity. 

SEM image and the elemental maps from the cross-sectional view of a 

cerium-based nucleus on the 2R alloy treated in the solution of 0.05 M 

Ce(NO3)3 and 0.1 M NaCl for 18 hours are depicted in Fig. 5.13. 

 
 

  

 

Fig. 5.11. (a) SEM-BS image and (b), (c), (d), (e) 

and (f) the elemental map of the cross-sectional 

view of the 2L alloy treated using the solution 

of 0.05 M Ce(NO3)3 and 0.1 M NaCl for 18 

hours. 
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The interesting phenomenon captured in this image is the oxidation of the 

IM particle, which can be seen through the oxygen mapping in Fig. 5.13 (f). 

The oxide seems to fill the cavity that was formed in the previous step. 

In the presence of chloride ions in the conversion solution, anodic and 

cathodic reactions are promoted and accelerated. After dissolution of 

aluminum from the aluminum phase, another process that can occur is the 

selective dissolution of aluminum from the IM particle that makes it richer 

in iron and silicon [216]. 

Considering the OCP of this system (⁓ -0.6 V), pH of the solution (4.4), and 

according to Pourbaix diagram of iron [217], oxidation of iron is not 

thermodynamically possible. However, cathodic reactions increase the pH 

 

 

 

 

 

 

Fig. 5.12. (a) SEM-BS image and (b), (c), 

(d), (e) and (f) the elemental map of cross-

sectional view of the 2R alloy treated using 

the solution of 0.05 M Ce(NO3)3 for 18 

hours. 
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locally high enough for the possible formation of iron oxide, when the 

entire aluminum phase has been dissolved.  

Moreover, silicon does not seem to be participating in the oxidation process 

as no silicon is detected in the oxide. 

The extension of iron oxidation is visible in the SEM image and the EDXS 

results taken after removing the conversion layer as shown in Fig. 5.14. 

Upon oxidation of iron, the particle becomes more cathodic [216], 

therefore, more suitable for the cathodic reactions. 

The very first layer of the cerium-based nuclei seems to be richer in cerium 

compounds as it appears whiter in the backscattered image (Fig. 5.13 (a)). 

The rest of the coating can be assumed to be a mixture of cerium 

hydroxide/oxide and aluminum oxide. 

 

 

 

  

 

Fig. 5.13. (a) SEM-BS image and (b), (c), (d), 

(e) and (f) the elemental map of cross-

sectional view of the 2R alloy treated using 

the solution of 0.05 M Ce(NO3)3 and 0.1 M 

NaCl for 18 hours. 
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Fig. 5.14. (a) SEM-BS image of underneath a cerium-based nucleus (the sample treated using 

the solution of 0.05 M Ce(NO3)3 and 0.1 M NaCl for 18 hours), (b), (c), and (d) EDXS results 

from different points in the SEM image. 

 

Fig. 5.15 presents the proposed formation mechanism of the cerium-based 

conversion layer. The presence of iron-rich IM particles is the main reason 

for the deposition of the conversion layer on the Al-Si alloy. According to 

our results, the formation mechanism can include three steps:  

1. Dissolution of the aluminum phase next to an iron-rich IM particle until 

there is no connection between the IM particle and the aluminum matrix. 

The cathodic reactions are localized on the IM raising the pH and triggering 

the cerium hydroxide/oxide deposition. 

2. Selective dissolution of aluminum from the IM particle and then 

oxidation of the remained iron. The dissolution of aluminum from the iron-

rich IM particle can occur according to the following reaction [218]: 
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2Al+2OH-+6H2O → 2Al(OH)4-+3H2    Eq. 5.5 

 

The iron oxide fills the cavity that was formed due to the dissolution of 

aluminum in the previous step. Cerium deposition continues during this 

step. 

3. The growth of the existing cerium hydroxide/oxide nucleus and the start 

of lateral growth. 

 

 

Fig. 5.15. Formation mechanism of the cerium-based conversion coating. 

 

5.2.4. Electrochemical behavior (on Rheo-HPDC alloys) 

Fig. 5.16 depicts the results of EIS test on samples of the 2R alloy treated 

using different conversion solutions. It presents the impedance and phase 

angle spectra after 6 and 24 hours of immersion in 0.05 M NaCl solution. 

The impedance values for all the samples are quite stable for 24 hours. 

Regarding the effect of Ce(NO3)3 concentration (Fig. 5.16 (a) and (d)), all 

the conversion layers possess higher impedance values at low frequencies 

compared to the bare aluminum alloy. 
The low-frequency impedance modulus value, which is obtained at the 

frequency of 0.01 Hz (|Z|0.01 Hz) is an estimate of the total resistance of the 

system [67]. As it is obvious from Fig. 5.16 (a) and (d), these values are 

increased by more than one order of magnitude for the treated samples 
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compared to the bare aluminum alloy. This improvement is due to the 

presence of cerium-based conversion layer, which especially passivates the 

iron-rich IM particles located inside the eutectic regions. Passivating these 

phases hinders the micro-galvanic coupling and therefore the corrosion 

process. 

In general, in these set of results, the best corrosion performance is related 

to the conversion layer deposited from the solution of 0.05 M Ce(NO3)3. As 

the Ce(NO3)3 concentration increases so does the deposition extent and the 

thickness of the conversion layer. However, it seems that if the 

concentration of Ce(NO3)3 is too high (in this case 0.1 M) the deposited layer 

will develop cracks and therefore decrease its protection (Fig. 5.1(c)). 

The addition of different concentrations of NaCl to the conversion solution 

also produces coatings with higher impedance values in comparison to the 

bare aluminum substrate. 

However, according to the results shown in Fig. 5.16 (b) and (e), none of 

the conversion coatings deposited from NaCl containing solutions shows 

higher impedance values compared to those of the coating from the plain 

Ce(NO3)3 solution. 
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Fig. 5.16. EIS spectra of treated samples of the 2R alloy using the conversion solution of (a), 

(d) x M Ce(NO3)3 for 18 hours, (b), (e) 0.05 M Ce(NO3)3 and x M NaCl for 18 hours, (c), (f) 

0.05 M Ce(NO3)3, 0.02 M H2O2 for 20 minutes and 1 hour. 
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For comparison, the results related to the coating deposited from the 

conversion solution of 0.05 M Ce(NO3)3 (the optimum concentration) are 

presented in these graphs as well (Fig. 5.16 (b) and (e)). 

This can depict the detrimental effect of chloride ions, in the conversion 

solution, on the corrosion resistance of the aluminum substrate. In addition, 

a high concentration of NaCl (0.1 M) results in the deposition of a thicker 

conversion layer (Fig. 5.2 (a)) which suffers from the cracked morphology. 

According to these results, the optimum concentration of NaCl is 0.05 M.  

By comparing the results related to the two optimum coatings (deposited 

from the solution of 0.05 M Ce(NO3)3 with and without 0.05 M NaCl) it can 

be seen that the conversion layer deposited from NaCl containing solution 

shows higher impedance values compared to the one deposited from the 

plain conversion solution after 6 hours of EIS test (Fig. 5.16 (b)). However, 

at the end of the 24-hour test (Fig. 5.16 (e)), the coating obtained from the 

chloride free conversion solution possesses higher impedance values at the 

low frequencies. The relatively lower corrosion resistance of the conversion 

layers deposited using NaCl containing solutions can be a result of 

heterogeneous deposition, in which α1-Al particles are covered by a thinner 

conversion layer. 

Hydrogen peroxide was added to the conversion solution (alone or together 

with NaCl) to shorten the required time for the conversion process and to 

obtain homogenously deposited coatings ((Fig. 5.16 (c) and (f) and Fig. 

5.17). 

Regarding the coatings deposited from the mix solution (Fig. 5.17), only 20 

minutes of immersion is enough to achieve higher values of the total 

impedance, compared to the bare aluminum alloy, while 60 minutes of 

immersion deteriorates the corrosion properties. This is attributed to the 

fact that the combination of chloride ions and hydrogen peroxide can be 

very aggressive and cause subsurface crevices [100]. 

In addition, the coating deposited from this combination after longer 

immersion time is thicker and has a morphology full of cracks.  

The conversion solution of 0.05 M Ce(NO3)3 and 0.02 M H2O2 produces a 

coating with improved corrosion resistance after both 20 and 60 minutes 
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immersion (Fig. 5.16 (c) and (f)). This improvement is comparable to the 

conversion layer obtained from the solution of 0.05 M Ce(NO3)3, while the 

required process time has shortened from 18 hours to only 1 hour. 

However, it should be noted that the selectively deposited coating from the 

plain conversion solution (with the optimum concentration of Ce(NO3)3 

still shows higher corrosion resistance. 

 

  

Fig. 5.17. EIS spectra of treated samples of the 2R alloy using the conversion solutions of 0.05 

M Ce(NO3)3, 0.05 M NaCl and 0.02 M H2O2 for 20 minutes and 1 hour after (a) 6 and (b) 24 

hours of EIS test. 

 

By increasing the immersion time in the solution (with the optimum 

concentration of Ce(NO3)3), the total impedance values increase (Fig. 5.18). 

The highest impedance values are related to the coating deposited after 18 

hours. By increasing the immersion time thicker cerium-based depositions 

cover the cathodic sites and the aluminum matrix, inhibiting the corrosion 

process. However, the thick and cracked coating deposited after 24 hours 

of immersion allows the corrosive solution to permeate into the surface and 

results in more corrosion [219]. Therefore, the optimum immersion time to 

deposit the adequate CeCC is 18 hours. 
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Fig. 5.18. EIS spectra of treated samples of the 2R alloy using the solution of 0.05 M Ce(NO3)3 

for 1, 3, 6, 18 and 24 hours after (a) 6 and (b) 24 hours of EIS test. 

 

The results of EIS measurements related to the treated samples of the 4R 

alloy are shown in Fig. 5.19 and Fig. 5.20. These samples were treated with 

the same conversion solutions presented in Fig. 5.16 and Fig. 5.17. 

The samples were also treated using a solution with a lower concentration 

of sodium chloride mixed with hydrogen peroxide (0.05 M Ce(NO3)3, 0.01 

M NaCl and 0.02 M H2O2) and also a solution with a lower concentration 

of hydrogen peroxide (0.05 M Ce(NO3)3 and 0.01 M H2O2). 

First of all, the bare 4R alloy shows higher total impedance values compared 

to those of the 2R alloy. In fact, other researches on the corrosion behavior 

of Al-Si alloys have all indicated the positive effect of silicon on the 

corrosion resistance [24, 26, 196, 210, 220]. The higher corrosion resistance 

of the alloys with higher silicon content has been partly attributed to the 

incorporation of silicon atoms to the passive film, which repairs the film 

defects and renders it more stable [26, 201]. 

Regarding the treated samples using the plain Ce(NO3)3 solutions (Fig. 5.19 

(a) and (d)), all the samples show almost the same extent of improvement 

in the total impedance values compared to the bare aluminum alloy 

substrate. It seems that surface of the 4R alloy (with 4.5 wt.% Si) has enough 

active cathodic sites for the oxygen reduction to occur (leading to the pH 

increase and the deposition of cerium hydroxide/oxide layers), even when 

it is immersed in the low concentrated solutions of Ce(NO3)3 [221, 222]. 
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Fig. 5.19. EIS spectra of treated samples of the 4R alloy using the conversion solution of (a), 

(d) x M Ce(NO3)3, (b), (e) 0.05 M Ce(NO3)3 and x M NaCl for 18 hours, (c), (f) 0.05 M 

Ce(NO3)3, 0.02 (0.01) M H2O2 for 20 minutes and 1 hour. 

 

As it can be seen, the negative effect of high concentration of Ce(NO3)3 is 

negligible, unlike the similar 2R treated samples. A decrease in the values 
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of |Z| at the low and medium frequencies can be observed for the untreated 

sample after 24 hours of the EIS test. However, values of total impedance of 

the treated substrates remain considerably high even after 24 hours of 

immersion. 

 

  

Fig. 5.20. EIS spectra of treated samples of the 4R alloy using the conversion solutions of 0.05 

M Ce(NO3)3, 0.05 (0.01) M NaCl and 0.02 Ml H2O2 for 20 minutes and 1 hour after (a) 6 and 

(b) 24 hours of EIS test. 

 

By adding the proper concentration of chloride ions to the conversion 

solution, cerium-based layers with improved total impedance values are 

achieved. According to Fig. 5.19 (b) and (e), the highest total impedance 

values among the coatings obtained from chloride ions containing solutions 

belong to the coating deposited from the solution containing 0.01 M NaCl. 

This shows that the surface of Al-Si alloy with a higher silicon content 

needs lower concentrations of chloride ions for its cathodic sites to get 

activated. The values of total impedance of this coating are similar to the 

ones from NaCl free solution, especially after 24 hours of EIS test. In this 

case, the higher concentration of NaCl in the conversion solution (0.05 and 

0.1 M) results in poor corrosion resistance. 

Results regarding the 4R alloy samples treated using more oxidizing 

solutions (solutions containing hydrogen peroxide and the mix solutions) 

are presented in Fig. 5.19 (c) and (f) and Fig. 5.20. According to these curves, 

almost all the solutions are too aggressive for the samples of 4R alloy. They 
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produce thick and cracked conversion layers without a significant 

improvement in the corrosion resistance. 

In the mix solution (Fig. 5.20), sodium chloride concentration was reduced 

to the optimum concentration of 0.01 M and in the solution of Ce(NO3)3 

and H2O2, the concentration of hydrogen peroxide was reduced to 0.01 M. 

However, the only treated sample which showed improved corrosion 

resistance was the one immersed in the solution of 0.05 M Ce(NO3)3 and 

0.02 M H2O2 for 1 hour. All the other samples of these two sets showed 

weaker or equal corrosion resistance to that of the bare aluminum alloy.  

Fig. 5.21 depicts SEM image of the corroded surface of one of the mentioned 

set of conversion treated substrates. According to this image, the corrosive 

solution has permeated through the cracked coating resulting in intense 

corrosion. Here we can again conclude that the selectively deposited 

coatings from the plain conversion solutions possess higher corrosion 

resistance compared to that of the thick, cracked, and homogenously 

deposited coatings. 

 

 

 

 

 

 

 

 

 

Fig. 5.21. SEM-BS image of corroded surface of the treated 4R alloy using the conversion 

solution of 0.05 M Ce(NO3)3, 0.01 M NaCl and 0.02 M H2O2 for 1 hour. 

 

Results of the potentiodynamic polarization test in 0.05 M NaCl solution 

for samples of the 2R and 4R alloys treated under optimum conversion 

conditions are presented in Fig. 5.22. The results of the polarization test 

related to the bare 2R and 4R alloys are presented as well. The alloy with a 
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higher silicon content shows a nobler corrosion potential and lower current 

densities in both anodic and cathodic branches. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.22. Potentiodynamic polarization curves of CeCCs on 2R and 4R alloys in 0.05 M NaCl 

solution. 

 

In case of the treated samples of 2R alloy, both samples (treated using the 

plain 0.05 M Ce(NO3)3 solution and hydrogen peroxide containing solution) 

show nobler corrosion potential in comparison to the bare 2R aluminum 

alloy. In the anodic branches, the sample treated using the plain solution 

(0.05 M Ce(NO3)3) shows lower current density compared to those of the 

conversion layer from the solution of 0.05 M Ce(NO3)3 and 0.02 M H2O2 

and the bare 2R alloy. This is probably attributed to the cracked 

morphology of the conversion coating deposited from hydrogen peroxide 

containing solution that lets permeation of the corrosive solution to the 

surface resulting in the higher corrosion rates. Regarding the cathodic 

branches, both conversion layers show lower current densities compared to 

the untreated 2R aluminum alloy. This is attributed to the decreased oxygen 

reduction rate [67], which obviously shows the efficiency in passivating and 

blocking the cathodic sites. Similar results can be observed for the treated 

4R alloy. 
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5.2.5. Electrochemical behavior (on HPDC alloys) 

The effect of Ce(NO3)3 concentration on the corrosion resistance of treated 

samples of 2L alloy is presented in Fig. 5.23. This figure shows the EIS 

spectra for the coatings deposited from the conversion solutions with 

different concentrations of cerium nitrate, after 6, 12 and 24 hours of 

immersion in 0.05 M NaCl solution. All the treated samples possess higher 

impedance values compared to the untreated substrate. |Z|0.01 Hz values are 

increased by more than one order of magnitude for the conversion treated 

samples, compared to the bare aluminum alloy. 

In the absence of any accelerator (NaCl or H2O2), the impedance values 

increase by increasing the cerium nitrate concentration. The values of total 

impedance decrease through 24 hours of immersion in NaCl solution for 

both treated and the bare aluminum samples, indicating the progressive 

corrosion process. However, the corrosion resistance remains quite high for 

the conversion treated samples even after 24 hours. 

The effect of the addition of NaCl in different concentrations to the 

conversion solution on the electrochemical response of CeCC on both 2L 

and 4L alloys are depicted in Fig. 5.24 (a) and (b). 

For the conversion coatings on the 2L alloy, the highest |Z|0.01 Hz value is 

reached using the solution containing 0.1 M NaCl. This indicates the 

effective role of NaCl in activating the corrosion processes near the cathodic 

sites in the alloy microstructure, which led to the deposition of a thicker 

layer over these cathodic areas. 

However, for the 4L alloy (Fig. 5.24 (b)), due to the presence of more 

cathodic phases, the highest value of |Z|0.01 Hz can be achieved even in the 

absence of NaCl. 

By adding 0.05 M NaCl to the conversion solution, the results of the 

impedance value do not change and adding a higher amount of NaCl (0.1 

M) reduces the total impedance of the system. This is obviously due to more 

corrosion in the presence of NaCl in the conversion solution for the 4L 

alloy. 
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Fig. 5.23. EIS spectra of samples of the 2L alloy 

treated using the solutions of 0.01, 0.05 and 0.1 

M Ce(NO3)3 (18 hours of immersion) after (a) 6, 

(b) 12 and (c) 24 hours of EIS test. 

 

 

Regarding the effect of H2O2 in the conversion solution (Fig. 5.24 (c)), the 

conversion coating deposited from the solution of 0.02 M H2O2 with the 

immersion time of 1 hour shows improvement in total impedance values in 

comparison to the bare 2L alloy and to the coating deposited from the same 

solution with the immersion time of 20 minutes. 

According to these results, 20 minutes is not enough time to form an 

adequate coating. By combining NaCl and H2O2, the required immersion 

time to achieve the same impedance values of the coating obtained from the 

solution of 0.05 M Ce(NO3)3 and 0.1 M NaCl reduces from 18 hours to 20 

minutes. When using the solution containing both NaCl and H2O2, a longer 

immersion time reduces the corrosion resistance. Clearly, in this case, the 

solution is too aggressive and the formation of a thick cracked layer from 

this solution in longer immersion times results in the permeation of NaCl 

into the surface during the EIS test (Fig. 5.25). 
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Fig. 5.24. EIS spectra of samples of the (a) 2L and 

(b) 4L alloy treated using the solution of 0.05 M 

Ce(NO3)3 and 0.01, 0.05 and 0.1 M NaCl (18 

hours of immersion) after 24 hours of EIS test. 

(c) Bode plots of EIS spectra of samples of the 2L 

alloy treated using the solution of 0.05 M 

Ce(NO3)3 and 0.02 M H2O2 (and 0.05 M NaCl) 

(20 and 60 minutes of immersion) after 24 hours 

of EIS test. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.25. SEM-BS image of corroded CeCC on the 2L alloy deposited from the solution of 

0.05 M Ce(NO3)3, 0.05 M NaCl and 0.02 M H2O2 (1 hour of immersion). 

 

Treating samples of the 4L alloy using the mixed solution of Ce(NO3)3, NaCl 

and H2O2 with the immersion time of 20 and 60 minutes does not result in 
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the corrosion resistance improvement as it is obvious in the EIS results in 

Fig. 5.26.  

Obviously, this solution is too aggressive for samples of the 4L alloy. Since 

there are more eutectic regions on the alloy surface due to the higher silicon 

content, more active sites for the anodic and cathodic reactions are 

available. This produces thick and cracked conversion layers without a 

significant improvement in the corrosion resistance. 

Results of polarization tests on conversion treated samples of the 2L alloy, 

in 0.05 M NaCl solution are presented in Fig. 5.27. According to this figure, 

both anodic and cathodic branches are influenced by the presence of 

cerium-based conversion coatings on the alloy surface. Regarding the 

anodic branches, all the coatings show a decrease in the anodic current 

density, compared to the untreated sample. The best performances are 

related to the coatings deposited from the solutions of 0.05 M Ce(NO3)3 with 

and without 0.1 M NaCl. However, the coatings deposited from the 

solutions containing H2O2 show less improvement. 

 

  

Fig. 5.26. EIS spectra of samples of the 4L alloy treated using the solution of 0.05 M 

Ce(NO3)3, 0.05 M NaCl and 0.02 M H2O2 for 20 and 60 minutes after (a) 12 and (b) 24 hours 

of EIS test. 
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Fig. 5.27. Potentiodynamic polarization curves of the different conversion treated 2L samples 

in 0.05 M NaCl solution. 

 

This is probably attributed to the cracked morphology of coatings from 

hydrogen peroxide containing solutions, which lets permeation of the 

corrosive solution to the metal surface and results in the higher corrosion 

rates. Concerning the cathodic branches, the cathodic current density 

decreases for all the cerium-based conversion coatings in comparison to the 

bare aluminum alloy. This is attributed to the lower oxygen reduction rate 

[67], which shows that cathodic sites have been blocked by cerium 

oxide/hydroxide deposition. In alignment with the previous results, the 

coatings formed from H2O2-containing solutions present less improvement 

in the cathodic branches. For all the coatings except for the one deposited 

from the solution of 0.05 M Ce(NO3)3, 0.05 M NaCl and 0.02 M H2O2, two 

reduction peaks are detectable, which can be attributed to the two steps in 

oxygen reduction [67] (Eq. 2.2 and Eq. 2.3). 

Considering the results from both EIS and polarization tests, it can be 

concluded that the coatings from the conversion solutions without H2O2 

possess a higher corrosion resistance. This can be attributed not only to the 

almost crack-less structure of these coatings but also to the higher amount 

of Ce (III) in these coatings, which oxidizes to Ce (IV) and acts as an anti-

corrosion mechanism. 
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5.3. Discussion (comparison between the conventional HPDC 
and Rheo-HPDC Al-Si alloys)  

Based on the results presented in sections 5.2.4 and 5.2.5, the cerium 

conversion treatment on the conventional and Rheo-HPDC Al-Si alloys is 

similar with a few differences. 

Rheo-HPDC Al-Si alloys display different degrees of cerium deposition 

over α1 and α2-Al particles, especially when NaCl is present in the 

conversion solution. Since this is a semi-solid microstructural effect, it is 

not observed in the conventional HPDC alloys. 

By comparing the chemistry of the solutions used to deposit the optimum 

coatings, it seems that the semi-solid alloys possess more electrochemically 

active surfaces. For instance, the optimum concentration of Ce(NO3)3 is 0.05 

M for the alloy 2R and 0.1 M for the alloy 2L. The optimum concentration 

of NaCl (in a 0.05 M Ce(NO3)3 solution) is 0.05 M for the alloy 2R and 0.1 

for the alloy 2L. 

In addition, the selective dissolution of aluminum from the IM particles and 

the subsequent oxidation of the remained iron, which was explained in the 

deposition mechanism (Fig. 5.15), was only observed for the Rheo-HPDC 

alloys and not for the conventional HPDC ones. However, for both kind of 

alloys, IM particles were the initial nucleation sites for CeCC. 

The corrosion resistance of the conversion treated samples of both kinds of 

alloys seems comparable. 
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5.4. Conclusions 

Cerium based conversion coatings were successfully deposited on two 

conventional and Rheo-HPDC Al-Si alloys.  

The effect of different deposition parameters including the immersion time, 

Ce(NO3)3 and NaCl concentrations and H2O2 addition on the microstructure 

and the corrosion resistance of the coatings was examined. 

According to the results, the chemistry of the conversion solution changes 

the coating morphology from the locally and selectively deposited coating 

to a thick and cracked coating using the plain Ce(NO3)3 solution and NaCl 

and H2O2 containing solutions, respectively. 

The presence of NaCl, in the conversion solution, promotes micro-galvanic 

coupling and accelerates the corrosion reactions and therefore the coating 

precipitation. 

The coatings deposited from hydrogen peroxide free solutions possessed a 

higher amount of Ce (III) compared to the coatings deposited form the 

solutions with hydrogen peroxide, which showed a higher percentage of Ce 

(IV). 

The deposition of the conversion layer starts from iron-rich IM particles 

located inside the eutectic region. The formation mechanism of the coating 

includes dissolution of the aluminum matrix and deposition of cerium 

hydroxide/oxide layer. When the process is very fast and aggressive, even 

selective dissolution of aluminum from the iron-rich IM particles and 

oxidation of iron on the surface of these particles are observed.  

The aluminum alloy with the higher amount of silicon shows more active 

surface during the conversion process which reduces the required 

concentration of Ce(NO3)3 but also makes it difficult to work with more 

aggressive solutions.  

Finally, the conversion treatment significantly increases the corrosion 

resistance of the aluminum alloys in which the selectively deposited coating 

shows more improvement compared to the cracked, thick, and 

homogenously deposited coating. 
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 Polypyrrole coatings 

  

This chapter presents the experimental work and the results and discussion 

on electropolymerization and electrochemical characterization of 

polypyrrole coatings on pure aluminum (AA1050) and Rheo-HPDC Al-Si 

alloys for corrosion protection purpose. Due to the complexity of the 

electrodeposition process on aluminum alloys, the process was first carried 

out and optimized on pure aluminum substrates and then reproduced on 

the Rheo-HPDC Al-Si alloys. 

Some parts of the results presented in this chapter have been presented and 

are under submission in papers IV, VIII, IX, X and XI, respectively. 

6.1. Materials and methods 

6.1.1. Substrate preparation 

Samples of AA 1050, with minimum 99.5 % aluminum, and samples of the 

Rheo-HPDC Al-Si alloys (2R and 4R) were used. AA1050 was chosen as a 

simple electrode to optimize the electrodeposition process and to study the 

influence of process parameters, without the influence of the substrate.  

Samples were cut in squares of 2 cm × 2 cm from the main sheet of 1 mm 

thickness. In the case of the Rheo-HPDC Al-Si alloys, as it was mentioned 

in Chapter 4, the cast component was a full-size telecom cavity filter. Due 

to the inevitable presence of casting defects, samples were primarily chosen 

carefully to be defect-free to see the effect of alloy composition and the 

semi-solid microstructure. However later on samples with casting defects 

were studied to examine the interaction of polypyrrole coating with these 

defects. These samples were cut in squares of 2 cm × 2 cm from the main 

component. 

Prior to the electropolymerization, samples (both AA1050 and Al-Si alloys) 

were wet-abraded using SiC abrasive paper of P1200. Subsequently, they 
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were ultrasonically cleaned in acetone for 10 minutes and then rinsed with 

deionized water. As the final pretreatment step, each sample was etched for 

15 seconds in a solution of 40 g/l NaOH, at the room temperature. 

6.1.2. Electropolymerization 

Cyclic voltammetry (CV) was used to deposit polypyrrole coatings on the 

aluminum substrates, in a three-electrode 100 ml electrochemical cell (Fig. 

3.2). The applied potential ranged from 0 to 0.7, 0 to 0.8 and 0 to 0.9 V 

versus Ag/AgCl (3 M KCl) as the reference electrode, while a graphite rode 

was used as the counter electrode. The cell was placed on top of a magnetic 

stirrer that was set on 300 rpm (a magnetic round bar of 20 mm length and 

6 mm diameter was used). The scan rate was 10 mV/s and 20 scans were 

applied to form each coating. 

The main reagents in each electrolyte were the pyrrole monomer (Py), 

sodium dodecyl sulfate (SDS) and DHBDS (Tiron). Citric acid (C6H8O7) and 

sodium nitrate (NaNO3) were added to the main solution to investigate the 

effect of electrolyte and the presence of different anions on the 

electrodeposition, the electrochemical and anti-corrosive properties of the 

polypyrrole coating. The details of the electropolymerization process are 

summarized in Table. 6.1. 

6.1.3. Coating characterization 

Morphological features of the bare and polypyrrole coated samples were 

examined using SEM, FIB-SEM and EDXS. The FIB milling conditions were 

as follows: 30kV, 5nA for rough milling and 1 nA for final polishing. 

XPS analysis was performed to examine the composition of polypyrrole 

coatings. 
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Table. 6.1 Details of electrodeposition conditions 

Substrate/Coatin

g 

Voltage 

range 
Solution 

Al/X 0-0.9 V 0.1 M Py, 0.05 M DHBDS, 0.005 M SDS* 

Al/X-Cit 0-0.9 V 
0.1 M Py, 0.05 M DHBDS, 0.005 M SDS, 0.05 M 

C6H8O7** 

Al/X-Nit 0-0.9 V 
0.1 M Py, 0.05 M DHBDS, 0.005 M SDS, 0.05 M 

NaNO3*** 

2R/X 0-0.9 V 0.1 M Py, 0.05 M DHBDS, 0.005 M SDS 

4R/X 0-0.9 V 0.1 M Py, 0.05 M DHBDS, 0.005 M SDS 

2R/2X 0-0.9 V 0.1 M Py, 0.1 M DHBDS, 0.005 M SDS 

2R/X-Nit 0-0.9 V 
0.1 M Py, 0.05 M DHBDS, 0.005 M SDS, 0.05 M 

NaNO3 

4R/X-Nit 0-0.9 V 
0.1 M Py, 0.05 M DHBDS, 0.005 M SDS, 0.05 M 

NaNO3 

2R/X-2Nit 0-0.9 V 0.1 M Py, 0.05 M DHBDS, 0.005 M SDS, 0.1 M NaNO3 

2R/2X (0.7) 0-0.7 V 0.1 M Py, 0.1 M DHBDS, 0.005 M SDS 

2R/2X (0.8) 0-0.8 V 0.1 M Py, 0.1 M DHBDS, 0.005 M SDS 

2R/2X-Nit (0.7) 0-0.7 V 0.1 M Py, 0.1 M DHBDS, 0.005 M SDS, 0.05 M NaNO3 

2R/2X-Nit (0.8) 0-0.8 V 0.1 M Py, 0.1 M DHBDS, 0.005 M SDS, 0.05 M NaNO3 

*pH=5.84, **pH=2.47, ***pH=5.48 

 

These measurements consisted of the acquisition of a wide spectrum at a 

pass energy of 160 eV. Higher energy resolution was obtained by analyzing 

the core lines of interest at a pass energy of 20 eV, which led to an energy 

resolution of ~ 0.3 eV. The thick coatings needed charge compensation 

which was performed by adjusting the flood gun working conditions to 

minimize the peak FWHM (full width at half maximum) while maximizing 

its intensity. 

XPS analysis was carried out on the surface of each coating as well as at the 

polypyrrole/aluminum interface. To analyze the interface, coatings were 

sputtered using an Ar+ ion gun operated at 3800 V and 20 mA current that 

applied a raster of 3 mm × 3 mm. 

To reduce the sputtering time thinner coatings (deposited by applying six 

(X) and four (X-Cit and X-Nit) scans in the CV process) were used for this 

analysis. The coatings thicknesses were as follows: X: 1.2 ± 0.2 µm, X-Cit: 

2.6 ± 0.4 µm and X-Nit: 5.1 ± 0.6 µm. 
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Since sputtering is an energetic process and could induce a change in the 

chemical state of the elements, the obtained results were confirmed by 

repeating the same analysis on the surface of unsputtered thin coatings. In 

this case, coatings with a thickness lower than the XPS sampling depth were 

deposited by applying two scans in the CV process. 

The coatings thicknesses were measured using cross-sectional SEM images. 

At least five images were taken of each sample. The Java-based image 

processing program (ImageJ) was employed for the measurement. 

6.1.4. Electrochemical analysis 

The corrosion resistance and the electrochemical stability of polypyrrole 

coatings on AA1050 and Al-Si alloys were investigated in 0.1 and 0.6 M 

NaCl solutions by means of EIS and OCP monitoring for immersion times 

of 24 and 168 hours (7 days). In the EIS measurements, the frequency range 

was from 100 kHz to 10 mHz (36 points) and the amplitude of the sinusoidal 

potential signal was 10 mV. 

The redox properties of polypyrrole films were examined using CV in 0.1 

and 0.6 M NaCl solutions. In this case, the scanning range was between -1 

and 1 V and the sweep rate was 10 mV/s. 

All the electrochemical measurements were carried out in a traditional 

three-electrode cell (Fig. 3.1), containing the sample (with the exposure 

area of 1 cm2) as the working electrode, Ag/AgCl 3 M KCl reference 

electrode and a platinum counter electrode.  

After exposure to the NaCl solutions, surfaces of the coated and bare 

samples were examined by means of SEM, EDXS and FIB-SEM analysis.  

 

 

 



 

117 

6.2. Results and discussion I (Polypyrrole coatings on AA1050) 

6.2.1. Effect of solution chemistry 

CV curves (the first and last scans) related to the electropolymerization of 

the three different polypyrrole coatings (X, X-Cit and X-Nit) are depicted 

in Fig. 6.1. According to these curves, in the first scan, oxidation of pyrrole 

and the formation of polypyrrole film on the aluminum electrode start at a 

voltage between 0.62-0.66 V (vs Ag/AgCl). Similar oxidation voltages for 

pyrrole have been reported by other researchers [140, 176]. According to 

Fig. 6.1, the oxidation voltage is almost independent of pH of the 

electropolymerization solution (Table. 6.1). The current density increases 

sharply at this point and it reaches its highest value at the upper limit of the 

scanning range. For next CV scans, the inflection potential decreases to 

0.55-0.59 V demonstrating the easier formation of the polymeric film after 

the first cycle. 

For the X-Nit coating, during polymerization, the current density in the 

upper anodic region is higher than the other two coatings. During twenty 

scans, the changes in the current density for the three solutions are 

negligible. 

It is interesting to mention that the color of the electrolyte containing 

NaNO3 changes from colorless to dark blue at the end of the deposition 

process. This can be attributed to the presence of undeposited polymerized 

polypyrrole globules suspended in the solution. These colloid nanospheres 

are black and change the color of the solution [223]. The color change is not 

noticed in the other two solutions, as probably the amounts of the colloid 

nanospheres are less. 

To see the effect of the supporting electrolyte on the electrochemical 

behavior of aluminum substrate, two successive CV scans were performed 

in the same solutions without the pyrrole monomer (Fig. 6.2). 
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Fig. 6.1. CV curves of electropolymerization of polypyrrole coatings on AA1050 substrates 

from the solutions X, X-Cit and X-Nit (1st and 20th scans) (scanning rate = 10 mV/s). 

 

According to Fig. 6.2, following the first forward scan a decrease in the 

anodic current density can be observed, which is probably due to the 

passivation of the electrode. Afterward, a wide passive region is recorded. 

The initial decrease in the current could be due to the fact that the voltage 

range is behind the active/passive potential for the substrate. According to 

this graph, the values of current densities are substantially lower in 

comparison to the condition when the monomer is present in the solution. 

 

 

Fig. 6.2. Two successive scans in the solutions X, X-Cit and X-Nit without the pyrrole 

monomer (scanning rate = 10 mV/s). 
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As it is obvious, the oxidation of pyrrole has a higher contribution to the 

increase in the current density, observed in Fig. 6.1 in the high anodic 

region, compared to the oxidation/dissolution of the aluminum substrate. 

Fig. 6.2 shows that the solutions containing C6H8O7 and NaNO3 yield lower 

current densities in both forward and reverse scans. During the second scan, 

a significant decrease in the current density is observed for these two 

solutions compared to the X solution. 

In fact, citric acid is a corrosion inhibitor for aluminum as citrate anions are 

able to be adsorbed on the surface and make different complexes with Al3+ 

cations [224]. The formation of these surface compounds can inhibit the 

dissolution of aluminum without preventing the electropolymerization 

process. Nitrate anions, on the other hand, form resistive transitory 

compounds such as Al(NO3)3, which contribute to the inhibition of the 

anodic dissolution of aluminum electrode [213]. 

Surface morphologies of polypyrrole coatings are shown in Fig. 6.3. Three 

coatings show the so-called cauliflower morphology, which is the 

characteristic morphology of a coating that grows from initial globules on 

the surface, forming island and later on grows laterally to cover the surface. 

All the coatings are homogenous and no specific difference in the size or 

the shape of polypyrrole globules can be observed. 

As Nam et al. [223] showed, the morphology of a polypyrrole film is 

dependent on the reactivity of pyrrole radical cations which is comparable 

in the three electropolymerization solutions we used in this work. Coatings 

display a compact structure. 

Cross-sectional images in Fig. 6.4 exhibit the presence of dense, 

homogenous coatings.  

The thickness of the three coatings was measured as follows: X, 7.1 ± 0.7 

µm; X-Cit, 10.4 ± 1.0 µm and X-Nit, 11.9 ± 1.1 µm. This trend is in agreement 

with the observations extracted from the polypyrrole formation CV curves 

in Fig. 6.1. 
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Fig. 6.3. SEM-SE image of surface 

morphology of the coating (a) X, (b) X-Cit 

and (c) X-Nit. 

 

 

XPS analysis was employed to study surface chemical composition of the 

three polypyrrole coatings and also the composition state of 

polypyrrole/aluminum interface. Fig. 6.5 depicts the high-resolution XPS 

spectra (C 1s, S 2p and N 1s) for the three coatings. 

The three coatings present similar spectra. As an example, the details of 

peak assignment for the X coating are summarized in Table. 6.2. 

The C 1s peak was fitted using six different Gaussian components to account 

for the aromatic ring and the CN bond of pyrrole, the CHx bonds and the 

different carbon-oxygen bonds formed during the electropolymerization 

process. 
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Fig. 6.4. Cross-sectional FIB-SEM 

image of the coating (a) X, (b) X-

Cit and (c) X-Nit. 

 

 

Similarly, the N 1s peak is described by nitrogen in an aromatic ring similar 

to pyridine. Nitrogen in the pyrrole ring can be in neutral, ionized form and 

the NO3 bond. This last component is present in all three coatings, although 

very weak, which indicates that its presence in the coating is not necessarily 

related to the presence of NaNO3 in one solution. 

Finally, the S 2p core line in the three coatings is mainly located at the low 

binding energies. The two deconvoluted peaks at ~ 169 eV are assigned to 

NaSO4. A small variation in the intensity of the S 2p core lines appears at 

~164 eV, which can be assigned to the 1/2 – 3/2 spin orbit components of 

sulfur in Na2SO4. 
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Fig. 6.5. High-resolution XPS spectra of 

polypyrrole coatings (a) C 1s, (b) N 1s and (c) 

S 2p. 

 

 

The XPS results suggest incorporation of DHBDS (Tiron) and SDS into the 

polymer. However, no strong proof was found for the incorporation of 

citrate and nitrate anions into the X-Cit and X-Nit coatings, respectively. 

The difference between the X-Nit coating and the other two coatings 

becomes more evident when analyzing the polypyrrole/aluminum 

interface. Fig. 6.6 compares the Al 2p core lines after sputtering the 

polypyrrole coatings. 
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Table. 6.2. Details of XPS analysis for the X coating 

Signal Binding energy (eV) Assignment 

C 1s 285.050  
 284.24 aromatic ring 
 285.12 CHx 
 285.94 -CN- 
 286.70 C-OH 
 287.78 -C=O, -O-C-O- 
 289.14 -O-(C=O) 

O 1s 532.150  

 530.98 SO3 

 532.01 C=O 
 533.59 C-OH 

 535.36 H2O 

N 1s 399.950  
 398.03 -CN as in pyridine 
 399.94 -CNH of pyrrole 
 401.16 -CNH+ 
 402.52 Not assigned 
 408.00 -NO3  

S 2p 168.600  
 168.45 Na2SO4-3/2 
 169.76 Na2SO4-1/2 
 171.46 Na+SO3-1/2 

Na 1s 1071.700  
 1071.70 NaSO4 
 1073.24 Na(OH) 

 

The spectra are noisy since as soon as the Al 2p peak appeared sputtering 

was switched off to preserve the interface and its chemistry. Therefore, the 

aluminum substrate is partially masked by the residual polypyrrole coating. 

The aluminum spectrum was described utilizing two Gaussian components. 

The prominent shoulder at the high binding energy corresponds to the 

aluminum oxide (Alox), while the sharper peak at lower energy corresponds 

to the crystalline bulk aluminum (Al0). 

As it appears from Fig. 6.6, the intensity of the non-oxidized metallic peak 

on the X and X-Cit substrates is higher with respect to the oxidized one, 

while the two components are similar in the case of the X-Nit substrate. 

Table. 6.3 summarizes the contribution of the Al0 and Alox components (in 

percent) for the different coatings. 
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Based on these results, the ratio of the aluminum oxide to the metallic 

aluminum is higher at polypyrrole/substrate interface of the X-Nit sample 

compared to the other two samples. 

 

 

Fig. 6.6. Aluminum core line at the interface of polypyrrole/aluminum. 

 

Table. 6.3 contribution of the metallic and oxidized components to the total spectral power 

of the Al 2p spectrum 

Sputtered coatings Al0 (%) Alox (%) 

X 27.9 72.1 

X-Cit 26.7 73.3 

X-Nit 14.5 85.5 

 

This suggests the passivating effect of nitrate anions on the aluminum 

surface during the electropolymerization process. While according to Fig. 

6.2, both nitrate and citrate anions should provide this effect, based on the 

XPS results nitrate anions are passivating the substrate more efficiently. 

One could argue that sputtering may modify the oxidation state of 

aluminum. However, these results were confirmed by the XPS spectra 

acquired on the unsputtered thin films where the modulation of the 

oxidized and bulk aluminum intensities shows similar behavior in the three 

samples. 
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In order to understand the oxidation reactions at the aluminum/electrolyte 

interface during the electropolymerization, an XPS survey was carried out 

on samples listed in Table. 6.4. Samples were treated in the listed solutions 

for two CV scans in the voltage range of 0-0.9 V by the scanning rate of 10 

mV/s. The bare sample was pretreated as described in the experimental 

section. 

 

Table. 6.4. Details of electrodeposition conditions for XPS survey of the oxidation reactions 

(CV (2 scans): voltage range = 0-0.9 V, scanning rate = 10 mV/s) 

Sample’s name Electrolyte 

Al - 

AlPy 0.1 M Py 

AlPyTi 0.1 M Py, 0.05 M DHBDS 

AlPyS 0.1 M Py, 0.005 M SDS 

AlTiS 0.05 M DHBDS, 0.005 M SDS 

AlPyTiS (X) 0.1 M Py, 0.05 M DHBDS, 0.005 M SDS 

AlNPy 0.1 M Py, 0.05 M NaNO3 

AlNPyTi 0.1 M Py, 0.05 M NaNO3, 0.05 M DHBDS 

AlNPyS 0.1 M Py, 0.05 M NaNO3, 0.005 M SDS 

AlNTiS 0.05 M DHBDS, 0.005 M SDS, 0.05 M NaNO3 

AlNPyTiS (X-Nit) 
0.1 M Py, 0.05 M DHBDS, 0.005 M SDS, 0.05 M 

NaNO3 

AlCiTiS 0.05 M DHBDS, 0.005 M SDS, 0.05 M C6H8O7 

AlCiPyTiS (X-Cit) 
0.1 M Py, 0.05 M DHBDS, 0.005 M SDS, 0.05 M 

C6H8O7 

 

The CV curves related to the samples treated in the electrolytes with and 

without NaNO3 (AlNPy, AlNPyTi, AlNPyS, AlPyTi and AlPyS) are 

presented in Fig. 6.7. 

In an electrolyte containing only the pyrrole monomer and NaNO3 (Fig. 6.7 

(a), grey and black curves), the current density decreases from the first to 

the second scan. As the decrease in the current due to passivation of the 

electrode dominates the increase of current due to the polymerization. 

Addition of DHBDS (Tiron) or SDS facilitates the electropolymerization of 

polypyrrole on the aluminum substrate and significantly increases the 

current density (Fig. 6.7 (a), green and blue curves). 
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In the absence of NaNO3 (Fig. 6.7 (b)), no passivation is observed and the 

current density increases from the first to the second scan. According to 

Fig. 6.7 (b), the effect of SDS on catalyzing the electropolymerization 

process is not comparable to that of DHBDS (blue curves). While the 

mixture of NaNO3 and SDS has a comparable effect on increasing the 

current density to that of DHBDS (Fig. 6.7 (a), green curves). 

The results related to the ratio of aluminum oxide to the metallic form for 

the different samples of Table. 6.4 is presented in Fig. 6.8. 

 

  

Fig. 6.7. CV curves of the aluminum samples treated in the solutions (a) with NaNO3 and (b) 

without NaNO3 (scanning rate = 10 mV/s). 

 

The presence of passivating anions increases the Al2O3/Al ratio on the 

substrate. However, based on the graph shown in Fig. 6.8 (b), in the absence 

of other chemical reagents in the solution, including the Py monomer, 

DHBDS and SDS, nitrate and citrate anions do not show a significant 

difference in their passivating effect on the aluminum substrate. This 

behavior is expected from the CV curves depicted in Fig. 6.2. 

By separately adding the different chemicals, it seems that the Py monomer 

is the key chemical component which leads to more oxidation of the 

aluminum electrode. 
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Fig. 6.8. Al2O3/Al ratio for samples treated in electrolytes (a) without the passivating anions 

(b) with passivating anions (nitrate and citrate). 

 

Addition of DHBDS to both kind of electrolytes (with and without the 

passivating anions), decreases the oxidation of aluminum. While in this 

sense, SDS seems to have a negligible effect. The X-Nit solution leads to the 

highest level of oxidation. 

6.2.2. Effect of NaCl concentration 

The redox responses of the three different polypyrrole coatings (X, X-Cit 

and X-Nit) were investigated in 0.1 M NaCl solution. These coatings were 

subjected to potential cycling between -1 and 1 V (vs Ag/AgCl (3 M KCl)) 

at a scanning rate of 10 mV/s for five successive scans (Fig. 6.9). The cyclic 

voltammograms are quite similar to those reported in the literature [225]. 

According to Fig. 6.9, all the coatings are electrochemically active and were 

not overoxidized during the electropolymerization step. One oxidation and 

one reduction peak can be seen in the related curves in this figure. The 

oxidation peak is around 0.05-0.15 V and it can be related to the oxidation 

of polypyrrole. 

The X-Nit coating yields the most positive oxidation voltage. All the 

coatings reveal a negative shift in the oxidation peak from the first to the 

fifth cycle. 
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Fig. 6.9. CV curves of the polypyrrole coating 

(a) X, (b) X-Cit and (c) X-Nit in 0.1 M NaCl 

solution (scanning rate = 10 mV/s). 

 

 

Oxidation peaks of the coatings X and X-Cit are similar, while the coating 

X-Nit shows slightly higher currents. 

The reduction peak is around -0.8 - -0.9 V and it can be related to the 

reduction of the polypyrrole film. The potential of this peak is very similar 

for all three coatings. A positive shift in this reduction peak from the first 

to the last scan can be observed. Evidently, the coatings lose their redox 

capability as the test proceeds from the first to the last scan. This can be 

easily observed by checking the values of current densities that decrease by 

increasing the number of voltammetric cycles. This shows the main 

drawback of polypyrrole coatings which is irreversible degradation under 

anodic potentials [225]. 

Values of current density are maximum for the coating X-Nit among the 

three coatings, which can be related to the presence of more material, as 

this coating has the highest thickness. 
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EIS responses of the three coatings were measured to investigate the 

electrochemical degradation of the coatings and to monitor their 

electrochemical interaction with the aluminum substrate. 

Two concentrations of 0.1 and 0.6 M NaCl were chosen to investigate the 

effect of chloride ion concentration on the coatings’ behavior and stability.  

OCP was also monitored during immersion in both NaCl solutions (Fig. 

6.10). The coated samples were kept immersed in the more concentrated 

solution for longer times (up to 7 days) to assess the failure time (Fig. 6.10 

(c)). 

Bode presentations of EIS spectra for the bare and coated aluminum samples 

during 24 hours of immersion in 0.1 and 0.6 M NaCl solutions are depicted 

in Fig. 6.11 and Fig. 6.12, respectively. 

The OCP value of a polypyrrole coated aluminum sample is an average of 

the electrochemical reactions taking place in the system, including the 

reduction of the polypyrrole film and the corrosion of aluminum. Due to 

the large potential difference between these reactions, OCP monitoring 

provides information about the dominant electrochemical process [226]. At 

a high OCP value, the potential is dominated by the polypyrrole reduction, 

while at the low OCP values the corrosive dissolution of aluminium 

prevails. Therefore, a noble OCP is indicative of a protected substrate, while 

an active potential indicates that the substrate is actively corroding. 

According to Fig. 6.10, OCP values of all coated samples in both solutions 

are considerably nobler in comparison to the bare sample. The average 

difference is around 0.8 V, which is quite significant. OCP values recorded 

in 0.1 M NaCl solution (Fig. 6.10 (a)) are comparable for the three 

polypyrrole coatings up to 10 hours of immersion. However, at the longer 

times, OCP decreases for the X and X-Cit coatings, while it remains quite 

stable for the X-Nit coating. 
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Fig. 6.10. OCP values of polypyrrole coated and 

bare AA1050 samples versus time immersed in (a) 

0.1, (b) and (c) 0.6 M NaCl solution (Due to 

overlapping of standard deviation bars, to make it 

more clear for the reader, the bars are shown only 

in the negative direction). 

 

 

It can also be seen that the OCP values for the X-Nit coating show smaller 

standard deviation indicating better reproducibility of the measurements 

performed on this coating. 

The difference between OCP values of the three polypyrrole coatings is 

more distinct in 0.6 M NaCl solution. As it can be observed from Fig. 6.10 

(b), OCP initially decreases linearly for the X coating, suddenly dropping 

after 8 hours and remaining constant up to 18 hours, when again drops and 

continues to decrease. 
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Fig. 6.11. EIS spectra of the polypyrrole coated and bare AA1050 after (a) 1, (b) 6, (c) 12 and 

(d) 24 hours of immersion in 0.1 M NaCl solution. 

 

The two sudden drops indicate the breakdown of the coating with partial 

repair after the first breakdown and continuous deterioration after the 

second breakdown. 

The X-Cit coating appears to be more stable, starting to deteriorate after ca. 

18 hours of immersion. As evidenced in Fig. 6.10 (c), the final failure for 

these two coatings occurs after 18 hours (coating X) and 48 hours (coating 

X-Cit). 

The coating X-Nit, however, retains its OCP value constant for 120 hours 

(5 days), after which it first breaks down and partially re-heals, and then 

again breaks down to yield the OCP similar to that of the unprotected 

surface after 7 days of immersion. 
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Fig. 6.12. EIS spectra of the polypyrrole coated and bare AA1050 after (a) 1, (b) 6, (c) 12 and 

(d) 24 hours of immersion in 0.6 M NaCl solution (solid lines are the fitted data). 

 

Considering the results in Fig. 6.10, the protective performance of the 

coatings can be ranked as follows: X-Nit >> X-Cit > X. 

Regarding the EIS results (Fig. 6.11), for the bare aluminum substrate in 0.1 

M NaCl solution, one time constant at the medium frequency range and a 

hint of a Warburg tail at the low frequency range, after ca. 12 hours of 

immersion, are recorded.  

The coating X starts with one time constant (RC constant) at the medium 

and one Warburg tail at the low frequency ranges, both descending and 

shifting toward higher frequencies in the phase spectra over the immersion 

time. The mass-transport-related constant (Warburg element) is converted 

to a separate RC constant at the end of 24 hours.  
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For the X-Nit coating, in addition to the Warburg element/time constant at 

the low and one RC constant at the medium frequency ranges, an extra time 

constant at the high frequency range is present from the first hour of 

immersion. The EIS response of this coating does not change much over the 

immersion time.  

The EIS spectra of the coating X-Cit is different in comparison to those of 

the other two coatings. The behavior of this coating is characterized by only 

one time constant. For this coating, the total impedance values are similar 

to those of the bare sample. However, the total impedance values of the 

other two polypyrrole coatings are lower compared to aluminum. These 

results do not stand for worse corrosion performances of the polymer 

coatings but represent the (semi) conductive nature of the polypyrrole film. 

Other researchers have reported similar results [143, 227]. Based on these 

observations, the conductivity of the three polypyrrole coatings in 0.1 M 

NaCl solution can be ranked as follow: X-Nit > X > X-Cit. 

Initially, impedance responses of the three polypyrrole coatings in 0.6 M 

NaCl solution depict the presence of two time constants, at the high and 

medium frequencies. A mass-transport-related constant appears at the low 

frequency range and converts to a time constant at longer times (Fig. 6.12). 

The EIS response of the bare aluminum is similar in both solutions. 

The coating X is the first coating to fail in this solution as evidenced by the 

results in Fig. 6.10 (b). Unlike the phase spectra of this coating recorded in 

0.1 M NaCl solution (Fig. 6.11), the first phase angle maximum recorded at 

the high frequencies is quite obvious from the first hour (Fig. 6.12 (a)). The 

coating breaks down after 10 hours of immersion and its total impedance 

drops abruptly, which is in agreement with the OCP behavior in Fig. 6.10 

(b). 

The EIS spectra after the coating breakdown are first characterized by one 

time constant and one Warburg response (12 hours) and then only by one-

time constant (24 hours). Clearly, as the corrosive solution reaches the 

surface, the EIS spectra alter from presenting the coating behavior to 

showing the substrate response. 



 

134 

The EIS spectrum of the X-Nit coating commences with a response 

characterized by two time constants. However, after ca. 6 hours of 

immersion, a Warburg tail starts appearing, which further develops into a 

separate time constant thus yielding a spectrum that is characterized by 

three time constants after 24 hours of immersion (Fig. 6.12 (c)). This 

behavior is similar to that of the same coating in 0.1 M NaCl (Fig. 6.11 (c)). 

Unlike in 0.1 M NaCl solution, from the first immersion hour the X-Cit 

coating presents the first phase angle maximum at the high frequency range 

together with the second one at the medium frequency. The development 

of EIS response of this coating in 0.6 M NaCl solution is similar to that of 

the X-Nit coating. However, the conversion of Warburg tail to a separate 

time constant is slower. 

The difference of total impedance responses of the three polypyrrole 

coatings is less significant in the more concentrated NaCl solution while it 

increases over time (after ca. 12 hours). However, the three coatings keep 

the same trend in conductivity at both NaCl concentrations. 

To interpret the EIS results (performed in 0.6 M NaCl solution), these 

impedance responses were modeled using an equivalent electrical circuit 

(Fig. 6.13) and the fitting parameters were analyzed as a function of time.  

 

 

Fig. 6.13. Equivalent circuit to fit the EIS responses of the polypyrrole coatings. 

 

The corresponding circuits employed to fit the EIS responses of 

polypyrrole/metal systems (aluminum and steel) are commonly based on 

the interpretation of a time constant (RC constant) at medium/high and a 

Warburg tail at low frequency ranges [152, 155, 156, 228]. Which are 

typically attributed to the coating (pore) resistance, charge transfer 
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resistance of the redox reaction of the polymer and diffusional process 

through the film, respectively [156, 229, 230]. Some have also considered 

the contribution of passive oxide layer [152, 230, 231].  

The equivalent circuit (Fig. 6.13) was selected by comparing the present EIS 

spectra with the EIS spectra of polypyrrole coated platinum substrate (Fig. 

I/appendix). However, interpretation of the EIS results is complicated and 

different explanations might be valid. 

The time constant at the high frequency range can probably be attributed 

to the (localized) galvanic interaction of polypyrrole film and the aluminum 

substrate. A resistance (Rga) and a constant phase element (CPEga) represent 

this contribution. The time constant at the medium frequency range can be 

related to the polypyrrole film that is modeled by a resistance (Rf) and 

another constant phase element (CPEf).  

As it was mentioned before, at the low frequency range there is an exchange 

process between a mass-transport-related constant (Warburg element) and 

a separate time constant (presented by CPEdl (none ideal double layer 

capacitance of the metal/solution interface) and Rct (charge transfer 

resistance). This transfer shows that as the solution penetrates into the 

coating the response at the low frequency range changes from a diffusion-

controlled to a charge-controlled behavior. 

Modeling the EIS results, with the lowest error values, was not possible in 

the absence of any of these two elements. Which can be due to the fact that 

even though from time to time the presence of one of them is dominated 

by the other they probably always contribute to the spectra.  

An alternative interpretation of the time constant at the low frequency 

range can be related to the reduction of oxygen at the 

polypyrrole/electrolyte interface [138]. 

Comparing the EIS spectra of the three coatings, the time constant related 

to the galvanic interaction is missing in the case of X and X-Cit coating, 

immersed in 0.1 M NaCl solution, however, it appears in 0.6 M NaCl 

solution. In addition, the Warburg element at the low frequency range is 

almost absent for the X-Cit coating at both chloride concentrations. Which 

may reflect a less extent of diffusion into this coating compared to the 
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coatings X and X-Nit. In addition, it seems that the galvanic interaction of 

polypyrrole coating and the aluminum substrate is affected not only by the 

presence of electrolyte (and possibly chloride concentration) at the 

polypyrrole/aluminum interface but also by the conductivity of the coating. 

The results of data fitting for 24-hour immersion test of the three 

polypyrrole coatings in 0.6 M NaCl solution are presented in Table. 6.5. In 

addition, the fitted spectra are presented as solid lines in Fig. 6.12.  

 

Table. 6.5. Summary of results derived from fitting the EIS responses of the polypyrrole 

coatings in 0.6 M NaCl solution 

Parameter Rga 

(Ω.cm2) 

Rf (Ω.cm2) Rct (Ω.cm2) W (S. 

Sec0.5.cm-2) 
2* 

Coating X      

1 h 40.53 488 7163 3.31×10-4 1.76×10-4 
6 h 53.69 1372 159 5.06×10-4 3.91×10-4 
12 h - 2457 224 2.71×10-2 2.66×10-4 
24 h - - - - - 

Coating X-Cit      

1 h 32.82 1938 28170 2.51×10-4 1.12×10-4 

6 h 57.12 18250 16040 1.81×10-4 1.33×10-4 
12 h 59.36 11190 4485 2.13×10-4 1.25×10-4 

24 h 62.95 7099 1832 1.8×10-4 1.16×10-4 

Coating X-Nit      

1 h 37.94 1957 1419 3.25×10-4 1.72×10-4 

6 h 46.2 29090 1254 2.46×10-3 1.13×10-4 

12 h 53.72 45760 725 5.70×10-3 1.11×10-4 

24 h 66.05 426 1047 3.94×10-4 9.74×10-5 
*Chi-squared: the sum of the squares of the residuals. 

 

For all of the coatings, values of Rga increase by the immersion time, which 

may imply that the galvanic interaction is slowed down/decreased due to 

the decrease in the coating conductivity. The film resistance (Rf) increases 

by the immersion time until its value drops (for the coatings X-Cit and X-

Nit). The increase in Rf can be related to the decreasing conductivity of the 

film due to polymer reduction [232, 233]. While its increase after 24 hours 

of immersion in the case of the X-Cit and X-Nit coatings can be related to 

the gradual exposure of the metal surface to NaCl solution disturbing the 

trend and making the equivalent circuit unreliable. 
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The coating X breaks after 10 hours which alters the behavior and of course 

the equivalent circuit (not shown here). Due to huge scattering of the 

spectra, fitting has not been performed for this sample after 24 hours. 

The charge transfer resistance decreases through the immersion time which 

shows easier charge transfer, hence faster corrosion and eventually failure. 

If the charge transfer resistance is considered for the oxygen reduction its 

decrease by the immersion time shows a faster reaction on the polymer 

surface. 

The longer protection provided by the coating X-Nit in the more 

concentrated solution may be attributed to the better quality of the 

polypyrrole/aluminum interface due to the passivating effect of nitrate ions, 

which leads to a better galvanic interaction (anodic protection). The higher 

conductivity of X-Nit coating compared to the X and X-Cit coatings may 

affect the (anodic) protection as well [138]. The lower conductivity of X-

Cit coating can be due to the overoxidation of polymer in citric acid solution 

[234]. 

To clarify the electrochemical behavior, we examined the coating surfaces 

and their cross-sectional view after the immersion tests in NaCl solutions. 

These observations provide a better insight regarding the electrochemical 

reactions at the polypyrrole/aluminum interface and facilitate 

understanding of the protection effect. The related images are presented in 

Fig. 6.14, Fig. 6.15, Fig. 6.16 and Fig. 6.17. 

Fig. 6.14 depict the surfaces of the three polypyrrole coatings after 24 hours 

of immersion in 0.1 M NaCl solution. On all of the surfaces, the presence of 

some blisters is evident. The size of these blisters varies in the same order 

as the performances of the coatings (with respect to the OCP results in 6.10 

(a)). Therefore, the coating X-Nit exhibits the smallest and the coating X 

the biggest blisters. 

Cross-sectioning these blisters using FIB elucidates corrosion/oxidation 

reactions occurring at the polypyrrole/aluminum interface. SEM (BS) 

images of the polypyrrole/aluminum interfaces inside the blisters after 1-

day immersion in 0.1 M NaCl solution are shown in Fig. 6.15. With some 

variations, the presence of three distinct layers including the aluminum 
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substrate, an oxide layer and the polypyrrole film is noticeable at all cross-

sections. This observation shows the inevitable galvanic interaction of 

polypyrrole coating with the aluminum substrate [162]. Which can keep 

the surface passivated but locally causes serve oxidation and forms blisters. 

The polypyrrole/aluminum interface outside the blister was unchanged. 

 

  

 

Fig. 6.14. SEM-SE image of the coating (a) 

X, (b) X-Cit and (c) X-Nit after 24 hours of 

immersion in 0.1 M NaCl solution. 

 

 

The X-Nit coating was examined after 24 and 168 hours of immersion (after 

failure) in 0.6 M NaCl solution (Fig. 6.16). SEM image of the corroded 

aluminum substrate after 168 hours of exposure to 0.6 M NaCl solution is 

provided for comparison. The bare substrate is severely corroded and 

heavily covered by porous corrosion products in the absence of any 

protective coating (Fig. 6.16 (c)).  

The blisters have significantly spread on the coating surface after 24 hours 

(Fig. 6.16 (a)) and finally caused failure after 5 days. 

A FIB-SEM image taken after cross-sectioning a blister, shown in Fig. 6.16 

(a), displays the presence of a dense aluminum oxide layer at the interface 

of the polypyrrole coating with the aluminum substrate (Fig. 6.17 (a)). The 
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composition of these three layers (the polymer coating, the aluminum oxide 

layer and the aluminum substrate) is confirmed using EDXS and map 

analysis of carbon, oxygen and aluminum (Fig. 6.17 (b)). For this analysis, 

the sample has been rotated to the optimum measurement position of the 

instrument. 

 

  

 

Fig. 6.15. Cross-sectional FIB-SEM (BS) 

image of the coating (a) X, (b) X-Cit and (c) 

X-Nit after 24 hours of immersion in 0.1 M 

NaCl solution. 
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Fig. 6.16. SEM-SE image of the X-Nit 

coating after (a) 24 and (b) 168 hours of 

immersion in 0.6 M NaCl solution and (c) 

of the bare aluminum substrate after 168 

hours of immersion in 0.6 M NaCl solution. 

 

 

  

Fig. 6.17. (a) Cross-sectional FIB-SEM (BS) image of the X-Nit coating after 24 hours of 

immersion in 0.6 M NaCl solution (b) results of map analysis of this cross-section. 
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Formation of blister at both chloride concentrations for all the coatings is 

inevitable, however, their formation is significantly limited on the X-Nit 

coating in 0.1 M NaCl solution compared to the other two coatings. In this 

solution, the chloride ions are present at the interface, but the X-Nit coating 

keeps the surface passivated and protected. 

In other words, the addition of NaNO3 to the electropolymerization 

solution results in the formation of the coating with a reduced number of 

blisters (after immersion) and longer protection provided in more 

concentrated NaCl solutions. 

6.2.3. Conclusions I 

Polypyrrole coatings were successfully electropolymerized on substrates of 

AA1050 using cyclic voltammetry. Different electropolymerization 

solutions containing Py, SDS, DHBDS, C6H8O7 and NaNO3 were used. 

Solutions containing citrate or nitrate anions led to thicker coatings. The 

coatings’ morphologies were unaffected by the solution chemistry. The 

presence of nitrate anions led to the passivation of the aluminum electrode 

during the electropolymerization step and to the deposition of a more 

conductive/electrochemically active polymer layer. These facts resulted in 

better and longer corrosion protection in 0.1 and 0.6 M NaCl solutions. 

However, the difference among the corrosion protection properties of the 

three polypyrrole coatings was more obvious in 0.6 M NaCl solution. In the 

presence of chloride ions, all coatings suffered from the formation of blisters 

as a result of severe (localized) galvanic interaction of polypyrrole coating 

with aluminum. This may question the application of polypyrrole coating 

in concentrated NaCl solutions.  However, it is shown the protection 

efficiency can be improved by altering the solution chemistry which affects 

the polymer/metal interface and the conductivity of the coating. Therefore, 
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the application of polypyrrole in corrosion protection is not totally ruled 

out but needs specific considerations. 

Based on the results of this section, the solution X and X-Nit were selected 

to be used for the electropolymerization of polypyrrole coatings on Rheo-

HPDC Al-Si alloys. 
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6.3. Results and discussion II (Polypyrrole coatings on Al-Si 
alloys) 

6.3.1. Effect of solution chemistry 

Fig. 6.18 (a) presents the effect of increasing the concentration of DHBDS 

(the electron transfer mediator) and addition and increasing the 

concentration of NaNO3 on electrodeposition. Both of these chemicals have 

an increasing effect on the deposition current density. However, their 

action mechanism is quite different. 

 

  

Fig. 6.18. CV curves (1st and 20th scans) of electropolymerization of the polypyrrole coating 

on Al-Si substrate (2R) at (a) 0-0.9 V and (b) 0-0.7 and 0-0.8 V (scanning rate=10 mV/s). 

 

In all the solutions, changes in the values of current density during twenty 

scans are negligible. The oxidation voltage of pyrrole (indicated in the 

graphs) is fairly similar in different solutions. 

As it was explained in section 6.2, the mechanism through which the nitrate 

(NO3-) anions increase the growth of polypyrrole film is passivation of the 

aluminum electrode. As in their presence, the dissolution of the substrate is 

alleviated, therefore, thicker coating will be electrodeposited on the surface 

[141, 175, 213, 235]. 

The mechanism of catalytic action of DHBDS (Tiron) is schematically 

presented in Fig. 6.19. According to this figure, since DHBDS provides extra 



 

144 

electrons for the oxidation reaction, it can be utilized to decrease the 

required over-potential for the electrodeposition of the coating [157, 173, 

236]. 

 

 

Fig. 6.19. Schematic presentation of the catalytic effect of DHBDS (Tiron) on the 

electropolymerization of polypyrrole. 

 

The increase in the curve’s slope in case of the solution 2X in comparison 

to the solution X (Fig. 6.18 (a)), confirms this catalytic mechanism. In other 

words, by doubling the concentration of DHBDS the growth rate of 

polypyrrole is increased. The same change is not seen in the case of the 

solution X-2Nit compared to the solution X-Nit. 

SEM images of the substrate surfaces underneath the coatings 2X and X-

2Nit are presented in Fig. 6.20. In the case of the coating 2X (Fig. 6.20 (a)), 

the surface underneath the coating is not much different compared to the 

untreated sample (Fig. 6.20 (c)). However partial anodic dissolution of the 

surface is obvious, especially at the interface of aluminum with the eutectic 

silicon phase and/or iron-rich intermetallic particles, making these two 

phases appear more prominent in Fig. 6.20 (a). 



 

145 

According to Fig. 6.20 (b), the substrate underneath the coating X-2Nit has 

been oxidized. As it can be observed the oxidation is not homogenous and 

some areas are covered by a thicker oxide layer. The results of EDXS 

analysis related to one of these areas (shown in a box in Fig. 6.20 (b)), is 

provided in  

Table. 6.6. 

 

  

 

Fig. 6.20. SEM-BS image of the substrate 

underneath the coating (a) 2X and (b) X-2Nit 

and (c) the untreated substrate (2R). 

 

 

Table. 6.6. Result of EDXS analysis on oxidized area shown in Fig. 6.20(b) 

Element 
Mass 

percentage 

O 59.6 

Al 29.3 

Fe 0.2 

Si 0.5 

N 3.4 
C 6.3 
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Fig. 6.21 illustrates the granular cauliflower morphology of the coatings X, 

X-Nit and X-2Nit on the 2R alloy.  

Anion doping as an essential process in the electropolymerization of 

polypyrrole has a significant influence on the polymer morphology [237]. 

 

 

Considering the solutions we have used two organic anions, dodecyl sulfate 

(DS-) and DHBDS2-, and one inorganic anion (NO3-) can be doped into the 

polypyrrole coating. 

Based on Fig. 6.21 (b) and (c), introducing NO3- into the coating increases 

its grain size and inhomogeneity. According to Singh et al. [238], the 

presence of inorganic doping anions such as NO3- can alter the growth 

behavior of polypyrrole coating from a laminar-type (in the presence of 

organic doping anions) to a fractal-type. Indeed, the presence of a rougher 

surface (hills and downs) (Fig. 6.21 (b) and (c)) indicates a more complicated 

3D growth pattern. 

To reduce the anodic dissolution of the substrate, electropolymerization of 

polypyrrole coating (2X) was performed at the smaller voltage ranges, by 

  

 

Fig. 6.21. SEM-SE image of surface 

morphology of the coating (a) X, (b) X-Nit 

and (c) X-2Nit (all electrodeposited at a 

voltage range of 0-0.9 V on the alloy 2R). 
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decreasing the upper voltage limit from 0.9 to 0.8 and 0.7 V. 0.05 M NaNO3 

was added to the solution as well. Fig. 6.18 (b) presents the CV curves for 

these samples. 

The effect of upper voltage shows itself in the considerably decreased 

current densities for the samples treated in the smaller voltage ranges 

compared to those previously shown in Fig. 6.18 (a). However, as expected, 

the oxidation voltage of pyrrole during the first scan and the next ones are 

quite alike for all the samples. The lower current density is firstly due to 

the lower overpotential and therefore lower driving force for the 

electropolymerization. In addition, lower anodic dissolution of the 

aluminum substrate is expected in this condition. 

In the 2X solution, the growth rate is higher at the smaller potential range, 

while in the 2X-Nit solution the growth rate is similar at both potential 

ranges. This is due to the fact that the anodic dissolution of the substrate 

has a more prominent effect in a solution without any passivating anion. 

Surface morphologies of the related coatings in Fig. 6.18 are presented in 

Fig. 6.22. According to this figure, the upper voltage limit has no noticeable 

influence on the growth pattern and therefore the morphology. However, 

it slightly increases the size of the polypyrrole globules, as seen and reported 

by other researchers before [143]. 

 

 

Fig. 6.22. SEM-SE image of surface morphology of the polypyrrole coatings electrodeposited 

at the different voltage ranges and from the two solutions 2X and 2X-Nit (on the alloy 2R). 

 

Measured thicknesses of the different polypyrrole coatings are summarized 

in Fig. 6.23. As it is expected from the CV curves (Fig. 6.18), the thickness 
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of the polypyrrole film increases by increasing the concentration of 

DHBDS, addition and increasing the concentration of NaNO3 and 

increasing the upper limit of the voltage range. 

 

 

Fig. 6.23. Thickness of the different polypyrrole coatings on the 2R alloy. 

6.3.2. Effect of silicon content 

Fig. 6.24 compares the first and the last CV scans in two different solutions 

(with and without NaNO3) for the alloys and pure aluminum. 

Following the first forward scan, for all the samples the current density 

increases at the voltage of ca. 0.66 V. This increase coincides with the 

formation of a black polypyrrole film on the surface indicating that this is 

the oxidation voltage of the pyrrole monomer. Oxidation of the polymer 

film occurs almost at the same voltage on the three different substrates. No 

major cathodic peak can be observed for any of the samples and values of 

current density remain unchanged during the twenty scans. The polymer 

oxidation voltage decreases to ca. 0.55 V after the first scan. 

However, negative current densities are recorded for all of the coatings at 

the voltage range between 0-0.2 V, during both forward and reverse scans. 

This implies that the coatings are being reduced to some level.  
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Fig. 6.24. CV curves of electropolymerization of polypyrrole coating on the Al-Si alloys and 

AA1050 in the solution (a) X, (b) X-Nit (scanning rate = 10 mV/s). 

 

However absolute values of the negative current densities are as low as 

0.03-0.3 mA/cm2. 

The electrodeposition is faster on the alloy samples compared to the pure 

aluminum, which is evident by significantly higher current densities and 

curve slopes.  

Similar to the results presented in sections 6.2.1 and 6.3.1, the addition of 

NaNO3 increases the deposition current density for all the samples.  

Before further discussion about the effect of NaNO3, the different behavior 

of Al-Si alloys and pure aluminum will be argued. 

Fig. 6.25 presents the SEM images and the results of mapping analysis of the 

alloy 2R treated for a single cycle in the two solutions, X and X-Nit. After 

the treatment samples were partially covered by a thin polypyrrole film. 

According to the results presented in chapter 4, the microstructure of Rheo-

HPDC Al-Si alloys includes α-aluminum particles in two different sizes 

(primary α1-Al and secondary α2-Al), Al-Si eutectic dual phase region, and 

iron-rich intermetallic particles (β-AlFeSi) located inside the eutectic 

phase. 

Based on the elemental maps in Fig. 6.25 and considering the size of 

particles, the uncovered areas in both samples are primary α1-Al particles. 

Following the elemental map analysis of silicon and iron, the adjacent areas 
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are shown to be α2-Al particles and the eutectic phase containing iron-rich 

intermetallic particles. 

 

 

 

Fig. 6.25. SEM-SE image and map analysis of surface morphology of the coating (a) X and (b) 

X-Nit on the alloy 2R after one CV scan. 

 

Based on these results and the fact that alloy samples present higher current 

densities and steeper curves during the electrodeposition (compared to the 

pure aluminum) (Fig. 6.24), the catalytic effect of the eutectic silicon phase 

and/or iron-rich intermetallic particles on the electropolymerization of 

polypyrrole coatings can be suggested. 

These results are similar to those reported by Martins et al. [143] about the 

effect of intermetallic compounds (such as Mg3Si6Al8 or Mg2Si) in AA6061 

on promoting the electropolymerization of polypyrrole. 

Oxidation/dissolution of the eutectic silicon phase and intermetallic 

particles is less probable compared to the aluminum phase. Therefore, these 

phases can be the preferential electrodeposition sites. 
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To compare the passivating effect of NO3- anions on different Al-Si samples, 

two CV scans in each of the two electrolytes, without the pyrrole monomer, 

were applied. The results are presented in Fig. 6.26.  

 

  

Fig. 6.26. CV curve in the solution (a) X and (b) X-Nit without the pyrrole monomer on the 

alloys 2R and 4R. 

 

For the alloy 2R, the first scan in both X and X-Nit solutions starts with 

decreasing the current density and continues with a wide passive range. 

The values of current density are lower when the sample is treated in the 

X-Nit solution which shows a lower rate of anodic dissolution. The second 

scan displays significantly lower current densities in both cases, indicating 

that the anodic dissolution is reduced due to the presence of a passive 

aluminum oxide layer. 

The same trends can be observed for the alloy 4R. Starting from the first 

scan, current densities in both solutions are considerably higher for the 

alloy 4R in comparison to the alloy 2R. Previous studies on these alloys 

(presented in chapter 5) have revealed that the alloy with the higher 

amount of silicon possesses a surface that is more electrochemically active. 

This fact justifies the higher values of current density.  

The lower anodic dissolution of the alloy 2R compared to the alloy 4R yields 

to the higher deposition current density during the electropolymerization 

process (in the absence of passivating anions) (Fig. 6.24 (a)). 
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Fig. 6.27 compares the thickness of the coatings X and X-Nit on the alloys 

2R and 4R and on the pure aluminum. As it is expected from the CV curves 

in Fig. 6.24, the coating X-Nit, on both alloys, possesses higher thickness. 

 

 

Fig. 6.27. Thickness of the polypyrrole coatings on different aluminum substrates. 

 

Fig. 6.28 compares surface morphology of the coatings X and X-Nit on the 

alloy 4R and the pure aluminum substrates. The cauliflower morphology 

can be seen for all the coatings. Similar to the results depicted in Fig. 6.21, 

the coating X-Nit on the alloy 4R shows coarser, rougher and less 

homogenous morphology compared to the X coating. This difference in the 

morphology is less significant and can be ignored for the coatings on the 

pure aluminum substrates (Fig. 6.28 (c) and (d)). 

This phenomenon can suggest that the electrochemical activity of surface 

and its oxidation/passivation behavior promote or impede the effect of NO3- 

anions. 

The chemical composition of the two polypyrrole coatings, X and X-Nit, 

electrodeposited on the alloy 2R, examined by XPS, is presented in Fig. 6.29. 
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Fig. 6.28. SEM-SE image of surface morphology of the coating X on (a) alloy 4R and (c) 

AA1050 and the coating X-Nit on (b) alloy 4R and (d) AA1050. 

 

This figure depicts the high-resolution spectra of carbon, nitrogen and 

sulfur. The two coatings seem similar in composition, however, a small 

variation in the nitrogen peak (Fig. 6.29 (b)), in terms of intensity, at the 

high binding energy can be observed for the coating X-Nit, which may be 

related to the incorporation of NO3- anions. 

The component at the low binding energy can be assigned to C=NH, while 

the components at ~ 401 and ~ 402 eV can be assigned to C-N+ and C=N+, 

respectively [239, 240].  

It should be reminded that, unlike the alloy samples, the results of XPS 

analysis on the polypyrrole coating on the pure aluminum showed no 

strong proof for the incorporation of nitrate anions (Fig. 6.5). 
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Fig. 6.29. High-resolution XPS spectra of the 

polypyrrole coatings on the alloy 2R (a) C 1s, 

(b) N 1s and (c) S 2p. 

 

 

This can be attributed to the higher thickness of the coating on the alloy 

substrate compared to that on the pure aluminum. Similar results have been 

reported by Idla et al. [241] on the effect of thickness on the anion 

incorporation. 

While examining the surface morphology of the polypyrrole coatings on 

Al-Si alloys, some abnormalities/defects were found on some of the samples. 

Fig. 6.30 (a) displays one of them. The cross-sectional view (Fig. 6.30 (b)) 

suggests that these abnormalities are due to the presence of casting defects 

on the substrates. 

Fig. 6.31 (a) depicts the SEM image of a casting defect on the bare Al-Si 

substrate. Due to the presence of the eutectic silicon phase and/or iron-rich 

intermetallic particles, the casting defect starts to get covered by the 

polypyrrole deposition from the first scan, as it is shown in Fig. 6.31 (b). 
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Fig. 6.30. (a) SEM-SE image of the defected coating X (on 2R alloy) and (b) cross-sectional 

SEM-FIB (BS) of a defect. 

 

  

Fig. 6.31. SEM-BS of the alloy 2R with a casting defect (a) before and (b) after the first CV 

scan. 
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6.3.3. Electrochemical examination and protection/failure mechanism (part 
I) 

OCP values of the polypyrrole coated and bare samples of the 2R and 4R 

alloys during 24 hours of immersion in 0.6 M NaCl solution are depicted in 

Fig. 6.32. 

The polypyrrole coated samples of both alloys present nobler potential 

values in comparison to the bare substrates. The two different coatings, X 

and X-Nit, show different degrees of stability on the two alloys. For the 

coating X, when electrodeposited on the alloy 4R, OCP values decrease 

during 24 hours leading to a partial breakdown after ca. 12 hours. 

This coating displays more stable values of OCP on the alloy 2R. Which can 

be attributed to the fact that the alloy with lower silicon percentage is less 

prone to localized corrosion due to less available spots for the possible 

galvanic coupling [220]. 

The coating X-Nit, on both alloys, presents nobler and more stable OCP 

values. In addition, this coating shows lower values of standard deviation 

in comparison to the coating X, indicating better reproducibility of the 

measurements. 

 

  

Fig. 6.32. OCP values of the bare and polypyrrole coated samples of (a) 2R and (b) 4R alloy 

versus time, immersed for 24 hours in 0.6 M NaCl solution. 
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Bode presentations of EIS spectra of the bare and polypyrrole coated (X and 

X-Nit) samples of 2R and 4R alloys during 24 hours of immersion in 0.6 M 

NaCl solution are depicted in Fig. 6.33 and Fig. 6.34, respectively. 

According to these figures, the total impedance values of the two 

polypyrrole coatings are lower compared to the Al-Si alloys, which, as 

stated before, is normal for this kind of coatings.  

It should be mentioned that the EIS spectra presented in Fig. 6.33 and Fig. 

6.34 are related to the defect-free coatings. The samples have been selected 

by double checking the substrates before the electropolymerization. In 

other words, the following discussion is on the corrosion protection effect 

of polypyrrole coatings on Rheo-HPDC Al-Si alloys in the absence of any 

casting defects. 

The EIS responses related to the coating X (on the alloy 2R) are 

characterized by two time constants at the high and the medium frequency 

ranges, together with a Warburg response at the low frequency range, 

converting to a separate time constant during 24 hours (Fig. 6.33). For the 

coating X-Nit (on the alloy 2R) a similar response is recorded. 

EIS spectra of the coating X (on the alloy 4R) start with the two time 

constants at the high and medium and a hint of Warburg element at the 

low frequency ranges (Fig. 6.34). The Warburg tail gets more distinct after 

6 hours of immersion. The coating partially breaks down after 24 hours of 

immersion. At this time, the RC constant at the medium frequency range is 

significantly depressed in the EIS spectrum. The coating X-Nit presents 

similar EIS responses on both alloys. 

To examine the protection effect of this coating in the long term, its 

electrochemical behavior in 0.6 M NaCl solution was monitored for 7 days 

(168 hours). The results are presented in Fig. 6.35 and Fig. 6.36. 
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Fig. 6.33. EIS spectra of the bare and polypyrrole coated 2R samples after (a) 1, (b) 6, (c) 12 

and (d) 24 hours of immersion in 0.6 M NaCl solution (solid lines are the fitted data). 
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Fig. 6.34. EIS spectra of the bare and polypyrrole coated 4R samples after (a) 1, (b) 6, (c) 12 

and (d) 24 hours of immersion in 0.6 M NaCl solution (solid lines are the fitted data). 

 

  

Fig. 6.35. OCP values of the bare and polypyrrole coated samples of (a) 2R and (b) 4R alloy 

versus time, immersed for 168 hours in 0.6 M NaCl solution. 
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Fig. 6.36. EIS spectra of the coating X-Nit on the alloy (a) 2R and (b) 4R after 168 hours of 

immersion in 0.6 M NaCl solution (solid lines are the fitted data). 

 

According to Fig. 6.35, despite the decreasing trend in the OCP values, the 

coating X-Nit is able to keep the surface potential of both the alloys quite 

noble for at least 7 days. The potential values are comparable for both alloys. 

However, the EIS responses of this coating on the alloys 2R and 4R during 

7 days of immersion are different (Fig. 6.36). 

On the alloy 2R (Fig. 6.36 (a)), from the second to the seventh day, the EIS 

response presents three time constants at the high, medium and low 

frequency range and one Warburg element. The RC constants at the 

medium and high frequency ranges are close and overlapping. 

On the alloy 4R (Fig. 6.36 (b)), the coating displays the time constants for 

seven days of immersion. The second time constant (at the medium range) 

depresses through time. 

The impedance responses were fitted using the equivalent electrical circuits 

(Fig. 6.37 ) and the fitting parameters were analyzed as a function of time.  
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Fig. 6.37. Equivalent circuits to fit the EIS 

responses of the polypyrrole coatings. 

 

 

The first Voigt element including CPEga and Rga is considered for the 

galvanic interaction at the polypyrrole/aluminum interface. This 

contribution is observed as a phase angle maximum at the high frequency 

range.  

The second Voigt element (CPEf and Rf) is related to the coating 

characteristics, probably the reduction properties, appearing as a phase 

angle maximum at the medium frequency range. 

The mass-transport-related constant (Warburg element) converting to a 

time constant (CPEdl (none ideal double layer capacitance of the 

metal/solution interface) and Rct (charge transfer resistance)) shows the 

change from a diffusion-controlled to a charge-controlled behavior. 

As it was mentioned before the last time constant can be also related to the 

oxygen reduction on the polypyrrole surface. 

For a better fitting, the Warburg element is replaced with a constant phase 

element (CPE). CPE describes a non-ideal capacitive behavior due to 

different factors such as surface roughness and heterogeneities, electrode 

porosity, the variation of the coating composition, slow adsorption 

reactions or a non-uniform potential and current distribution. The 

impedance of a CPE is given by the following equation: 

 

ZCPE  Q1( j)n with -1 ≤ n ≤1     Eq. 6.1 
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In this equation Q is the CPE constant (Ω-1cm-2sn), j is the imaginary 

number j = (-1)0.5, ω is the angular frequency (ω=2πf, f being the frequency) 

and n is a dimensionless constant in the range of -1 ≤ n ≤1. 

An ideal capacitor behavior yields n=1, a resistor yields n=0 and an inductor 

yields n=-1, while n=0.5 represents the response of mass-transport 

processes. 

A summary of the fitting results is presented in Table. 6.7. 

Based on the results presented in Table. 6.7, the coating X shows 

comparable results on both alloys. 

Rga is the resistance of the galvanic coupling between the substrate and the 

polymer film, promoted by the reduction of polypyrrole film [138, 233]: 

 

[PPym+(mA-)] → PPy0 + A-     Eq. 6.2 

 

For all coatings, Rga increases with the immersion time as probably the 

galvanic interaction is slowed down/decreased with time. 

If we consider that Rf is related to the reduction of the polypyrrole (Eq. 6.2), 

its decrease during the test shows faster reaction. The reduction of the 

polypyrrole film is accompanied by the release of the dopant anions (e.g. 

NO3- and DS-) while its re-oxidation is accompanied by the uptake of anions 

such as chloride to maintain the polymer electroneutrality [242]. If we 

consider that Rf is related to the coating resistance, its decrease displays 

easier ion mobility through the coating with the immersion time. The entry 

of electrolyte during the immersion can also decrease the coating resistance 

[242]. 

Rct, the charge transfer resistance at the aluminum/electrolyte interface. Its 

values do not follow a distinct trend for all the samples. 

According to the EIS results, the galvanic interaction of the polypyrrole 

film and aluminum substrate is inevitable, passivating the surface and 

keeping the potential noble. However, irreversible and fast consumption of 

the charge stored in the conductive polymer limits the protection provided. 
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A significant decrease in the values of Rf after ca. 2 days of immersion for 

the coatings shows this drawback. 

 

Table. 6.7. Summary of results derived from fitting the EIS responses of the polypyrrole 

coatings in 0.6 M NaCl solution 

Parameter Rga 

(Ω.cm2) 

Rf (Ω.cm2) Rct (Ω.cm2) n (in Q 

asW) 
2* 

2R-X      

1 h 7.4 2320 - 0.55 4.74×10-4 
6 h 7.5 528 118800 - 3.05×10-4 
12 h 10.3 340 34480 - 1.28×10-4 
24 h 12.8 269 16390 - 1.2×10-4 

2R-X-Nit      

1 h 7.1 3075 - 0.60 5.92×10-4 

6 h 9.7 637 - 0.71 1.67×10-4 
12 h 10.6 318.5 - 0.71 4.19×10-5 

24 h 14.7 175.6 - 0.69 1.04×10-4 
2 days 14.2 13.3 112 0.78 1.55×10-4 
3 days 15.5 16.2 452 0.67 6.80×10-5 
4 days 18.8 15.7 446 0.67 8.44×10-5 
5 days 20.9 17.3 271 0.61 4.89×10-5 
6 days 25.5 18.5 224 0.53 3.85×10-5 
7days 51.6 - 392 0.60 3.15×10-4 

4R-X      

1 h 3.5 31.48 - 0.83 1.19×10-4 

6 h 11.2 361 - 0.60 2.24×10-4 

12 h 11.04 441 - 0.59 3.62×10-4 

24 h 95.4 20.8 - 0.57 1.24×10-4 

4R-X-Nit      

1 h 6.03 624 - 0.38 3.17×10-4 

6 h 6.3 2168 - 0.65 5.89×10-4 

12 h 9.06 1614 - 0.68 3.83×10-4 

24 h 11.2 889 - 0.66 1.44×10-4 

2 days 12.4 507 - 0.62 8.49×10-5 

3 days 11.5 500 - 0.59 2.13×10-4 

4 days 10.5 - 669 0.56 1.21×10-4 

5 days 12.1 - 2292 0.73 8.65×10-5 

6 days 21.03 - 3424 0.71 5.31×10-5 

7days 21.2 - 252 0.52 1.86×10-4 
*Chi-squared: the sum of the squares of the residuals. 

 

Based on the n values in Table. 6.7, assigning a physical meaning to the last 

CPE is impossible, while its presence is necessary for the fitting quality. 

Fig. 6.38 depicts surfaces of the polypyrrole coatings, X and X-Nit on the 

alloys 2R and 4R, after 24-hour immersion test in 0.6 M NaCl solution. Fig. 
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6.39 presents the surface of the coating X-Nit on the alloys 2R and 4R after 

7 days (168 hours) of exposure to the NaCl solution. 

According to Fig. 6.38, on all the coatings, the presence of some blisters is 

evident. The coating X on the alloy 4R (Fig. 6.38 (c)) is failed at some points, 

on which the porous powdery corrosion products can be observed (shown 

in the boxes). The blisters spread during 7 days of exposure to 0.6 M NaCl 

solution (Fig. 6.39).  

The cross-sectional FIB-SEM image of a blister on the coating X (on the 

alloy 2R) after 24 hours of immersion in 0.6 M NaCl solution is shown in 

Fig. 6.40. 

 

  

  

Fig. 6.38. SEM-SE image of surface morphology of the coating X on the alloy (a) 2R and (c) 

4R and the coating X-Nit on alloy (b) 2R and (d) 4R after 24 hours of immersion in 0.6 M 

NaCl solution. 

 

A relatively dense aluminum oxide layer is present at the polypyrrole/Al-Si 

interface. No visible pitting or localized attack (at the aluminum/eutectic 
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silicon/intermetallic interfaces) is observed at this interface or toward the 

substrate. Therefore, the oxide can be considered as protective, however, 

it’s fast ceaseless growth leads to degradation (complete reduction) of the 

polymer and breakdown of the coating. 

 

  

Fig. 6.39. SEM (SE) image of surface morphology of the coating X-Nit on the alloy (a) 2R and 

(b) 4R after 168 hours of immersion in 0.6 M NaCl solution. 

 

 

Fig. 6.40. Cross-sectional FIB-SEM of a blister on the coating X on the alloy 2R after 24 hours 

exposure to 0.6 M NaCl solution. 

 

The polypyrrole coating is able to relatively decrease the corrosion rate of 

the Al-Si alloys. The galvanic interaction at the polypyrrole/aluminum 

interface passivates the surface. However, in the presence of chloride ions, 

the polypyrrole coatings are prone to the formation of blisters as a result of 

drastic localized galvanic interaction with aluminum. Based on OCP values 

and EIS results, the X-Nit coating seems to be the coating with a higher 
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corrosion protection efficiency. Therefore, by changing the solution 

chemistry which influences the polymer/metal interface and the 

conductivity of the coating the protection efficiency can be improved. 

These results are in agreement with the earlier results on the protection 

effect of the same coatings on pure aluminum. 

The X-Nit coating presents an improved performance on the 4R alloy. 

According to the EIS results (Table. 6.7), the degradation of the coating is 

slower and smaller and fewer number of blisters (Fig. 6.39 (b)) are observed 

after long-term immersion. This can be attributed to the easier formation 

of the coating due to higher silicon content. Which can suggest that the 

polypyrrole coating may work better on the alloys with higher silicon 

content. 

6.3.4. Effect of casting defects 

Fig. 6.41 depicts the surface and the cross-sectional view of the X coating 

with one (relatively) big casting related defect after 24 hours of immersion 

in 0.6 M NaCl solution, which has led to its failure. As it is obvious from 

Fig. 6.41, the casting defect has been fully covered by the polypyrrole 

coating. However, probably due to the imperfect interface adhesion and 

subsequently the inferior electrical contact between the polymer film and 

the substrate in this area, the coating is not able to passivate the defect. In 

this condition an accelerated corrosion attack results in the formation of 

porous corrosion products. These corrosion products can be seen especially 

on top of the defect. Considering the size of the defects, these results can be 

in agreement with those of Rohwerder et al. [133], which state that the 

polypyrrole coating is not able to passivate the relatively large defects. In 

this condition, the breakdown of the whole coating will occur due to the 

fast reduction. 
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Fig. 6.41. (FIB)-SEM image of the coating X with casting related defect failed during the 24-

hour immersion test in 0.6 M NaCl. 

6.3.5. Electrochemical examination and protection/failure mechanism (part 
II) 

As an example, the redox responses of the two polypyrrole coatings 

electrodeposited from the solutions with extreme chemistries (2X and X-

2Nit) on the alloy 2R, at the potential range of 0-0.9 V, were evaluated and 

compared in 0.6 M NaCl solution. The related results are presented in Fig. 

6.42.  

The coatings are electrochemically active and while scanning from -1 to 1 

V one anodic and one cathodic peak are recorded for both of them. The 

oxidation peaks are quite similar for both of the coatings (around 0.19 V). 

While the reduction voltage is more positive for the coating 2X (-0.43 V) 

compared to the coating X-2Nit (-0.63 V). In general, the electrochemical 

activities of the two coatings are comparable. 

OCP was recorded for these two coatings and the coatings 

electropolymerized at different potential ranges (Fig. 6.18 (b)), during 24 

hours of immersion in 0.6 M NaCl solution. The results are presented in Fig. 

6.43 (a) and (b). 
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Fig. 6.42. Redox behavior of the coatings 2X and X-2Nit (deposited on the alloy 2R) in 0.6 M 

NaCl (scanning range = 10 mV). 

 

  

 

Fig. 6.43. OCP values of the polypyrrole coated 

and bare samples of the 2R alloy versus time 

immersed in 0.6 M NaCl solution for 24 hours (a) 

the coatings deposited from different solutions 

(CV voltage range: 0-0.9 V), (b) the coatings 

deposited from different solutions and voltage 

ranges and (c) for 168 hours. 

 

 

According to Fig. 6.43 (a), OCP values of the two coatings, 2X and X-2Nit 

are considerably nobler compared to the bare substrate and these coatings 
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are able to keep the surface potential noble for at least 24 hours. The 

corrosion protection effect of these two coatings seems comparable.  

The results presented in section 6.3.3 showed that addition of NaNO3 to the 

solution X improves the corrosion protection performance of the 

polypyrrole coating. Nitrate anions affect the polymer/metal interface (by 

passivating the electrode) and the conductivity of the coating (increasing it) 

resulting in an improved protection efficiency. The present results show 

that doubling the concentration of DHBDS has almost the same effect (at 

least for 24 hours of immersion). While increasing the concentration of 

NaNO3 does not result in a coating with significantly improved corrosion 

protection. 

Most of the coatings electrodeposited at the smaller potential ranges (0-0.7 

and 0-0.8 V) are not able to protect the surface for 24 hours and fail before 

the end of the test (Fig. 6.43 (b)). In this set of coatings, the only coating 

with a comparable corrosion protection effect to those of the 2X and X-2Nit 

coatings is the coating 2X-Nit (0.8). 

According to these results and based on the results of thickness 

measurement (Fig. 6.23), the minimum thickness for the polypyrrole 

coating to be protective is around 9-10 µm. 

Fig. 6.43 (c) shows the protection effect of the three coatings, 2X, X-2Nit 

and 2X-Nit (0.8), in long-term (168 hours). The surface potential of the first 

two coatings is considerably noble even after 7 days of immersion. The EIS 

spectra of these two coating after 1, 6, 12, 24 and 168 hours of immersion 

are shown in Fig. 6.44. 

During the first 6 hours of immersion, the EIS spectrum of the coating 2X 

is characterized by three time constant at the high, medium and low 

frequency ranges. The RC constant at the medium frequency range fades 

after 6 hours and the electrochemical response turns into showing two time 

constants from 12 to 168 hours of immersion. The coating X-2Nit presents 

the three time constants for 24 hours. The RC constant at the medium 

frequency range is absent after 168 hours. For both coatings, the phase angle 

maximum at the high frequency has increased at the end of the test (Fig. 

6.44 (e)).  
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Comparing the EIS spectra in Fig. 6.44, from the beginning of the test for 

the coating 2X the second time constant is not distinct (and later on is 

absent), while the same is not seen for the coating X-2Nit. Earlier this time 

constant was attributed to the coating properties and Rf was attributed to 

the reduction of the polymer. This can suggest a lower rate of reduction for 

the coating doped with a higher concentration of DHBDS, a voluminous 

anion with lower mobility. Evidenced by the presence of the time constant 

at the high frequency range, the anodic protection mechanism is effective 

for both coatings. However, due to the lower redox activity of the 2X 

coating (during the immersion test) its protection performance can be 

influenced. 

Fig. 6.45 depicts the coatings, 2X and X-2Nit, after 24 and 168 hours of 

immersion test. After 24 hours (Fig. 6.45 (a) and (b)), the presence of some 

blisters is evident on of both coatings. These blisters are considerably bigger 

on the X-2Nit coating compared to the 2X coating. 

After 168 hours, these blisters spread. As it is obvious from Fig. 6.45 (c) and 

(d), the coating X-2Nit is cracked on top of a blister, while the coating 2X 

is still quite adhesive to the substrate. 

This coating (X-2Nit) was totally peeled off and the substrate underneath 

was examined by SEM (Fig. 6.45 (e) and (f)). A considerable fraction of the 

surface is protected from any corrosion (including the localized corrosion 

(e.g. pitting and trenching), showing the barrier properties of the coating, 

while some thick oxide layers are present underneath a few blisters, which 

indicate the localized corrosion of the substrate as a result of drastic galvanic 

interaction at polypyrrole/aluminum interface. The ceaseless growth of 

these oxide layers leads to the formation of blisters and eventually failure. 

The exposed surface of the bare Al-Si alloy after 24 and 168 hours is 

presented in Fig. 6.45 (g) and (h) for comparison. In the absence of any 

coating, the surface suffers from localized corrosion attacks at the interface 

of the aluminum matrix with the eutectic silicon and intermetallic particles 

(Fig. 6.45 (g)). It is heavily covered by the porous corrosion products at the 

end of the 168-hour immersion test (Fig. 6.45 (h)). 
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Fig. 6.44. EIS spectra of the polypyrrole coated 

and bare samples of the 2R alloy after (a) 1, (b) 

6, (c) 12, (d) 24 and (e) 168 hours of immersion 

in 0.6 M NaCl solution. 
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Fig. 6.45. SEM-SE(BS) image of the polypyrrole coating (a) and (c) 2X; (b) and (d) X-2Nit 

after 24 and 168 hours of immersion in 0.6 M NaCl solution, respectively; (e) and (f) 

substrate underneath the coating X-2Nit (after 168 hours); (g) and (h) the bare substrate (the 

alloy 2R) after 24 and 168 hours of immersion in 0.6 M NaCl solution, respectively. 
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According to the present results, the coating 2X offers a longer/more 

efficient corrosion protection effect in comparison to the coating X-2Nit. 

This improvement in protection effect is a result of reduced/controlled 

redox activity (during the immersion test), which decreases the severe 

localized galvanic interaction at the polypyrrole/aluminum interface. 

Increasing the concentration of NaNO3 does not result in a coating with 

significantly improved corrosion protection properties. While doubling the 

concentration of DHBDS (Tiron) results in a polypyrrole coating with 

better corrosion protection properties. This can be related to the 

incorporation of large DHBDS anions into the polymer chain which also 

impedes the entrance of chloride ions. 

6.3.1. Conclusions II 

Electropolymerization of polypyrrole coatings was studied on two Al-Si 

alloys with 2.5 and 4.5 wt% silicon. It was shown that electrodeposition of 

the polymer film is promoted on the alloy surface compared to the pure 

aluminum, probably due to the presence of eutectic silicon phase or 

intermetallic particles. Therefore, the coatings on the alloys possess higher 

thicknesses. 

Increasing the concentration of NaNO3 and DHBDS increases the coating 

thickness. NaNO3 passivates the electrode during the electrodeposition, 

alleviating the anodic dissolution problem, while DHBDS has a catalytic 

effect. Introducing NO3- also increases the grain size and the inhomogeneity 

of the coating and probably alters the growth pattern from a laminar-type 

to a fractal-type. Increasing the upper voltage range increases the coating 

thickness and it slightly increases the grain size. 

Coated samples show nobler surface potential in 0.6 M NaCl solution 

compared to the bare sample. This noble potential can be attributed to the 

anodic protection provided by the polypyrrole reduction. However, the 

galvanic interaction at the polypyrrole/aluminum interface is locally severe 

resulting in the formation of blisters, fast reduction (degradation) of the 

polymer and finally failure. 
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The protection efficiency can be influenced by the electrolyte chemistry 

and substrate characteristics. In this sense, the presence of NaNO3 and a 

higher silicon content have positive effects on the coating performance. 

A higher concentration of DHBDS in the electrolyte results in the 

polypyrrole coating with improved protection efficiency. It seems that the 

incorporation of a higher fraction of voluminous anions controls the 

entrance of chloride ions and the redox activity of the coating during the 

immersion test, leading to the formation of fewer blisters. 

The polypyrrole coating provides relative corrosion protection for Al-Si 

alloys, however, its application needs consideration regarding blistering. 

Moreover, it is shown that the large casting related defects in the coatings 

can interfere with the protection effect either due to the inferior 

adhesion/connection with the conductive polymer or the fast reduction of 

the whole coating. 
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6.4. Discussion and conclusions (comparison between parts I 
and II) 

Electrodeposition of polypyrrole coatings on the pure aluminum (AA1050) 

and Rheo-HPDC Al-Si alloys for corrosion protection purposes was 

investigated in the sections 6.2 and 6.3, respectively. 

During the CV, the two types of electrodes present comparable behavior 

and the oxidation voltage of pyrrole is similar in both cases. However, the 

presence of eutectic silicon phase or intermetallic particles facilitates the 

electrodeposition process. Therefore, higher values of current density are 

recorded for the alloy samples in comparison to the pure aluminum. It was 

shown that the eutectic phase region is the primary location for the film 

deposition. 

The polypyrrole coatings are able to fairly reduce the corrosion rate of both 

pure aluminum and aluminum-silicon alloys in NaCl solution and the 

protection effect seems comparable on both of them. 

However, for the cast alloy samples, the presence of casting related defects 

in the coating results in the early failure, which was never observed for the 

coatings on pure aluminum substrates. 
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 Conclusions and future 

perspectives 

 

This thesis contributes to the development of the knowledge on 

electrochemical/corrosion behavior and surface treatments of rheo-high 

pressure die cast (Rheo-HPDC) aluminum-silicon alloys. The focus was on 

two newly designed low silicon content aluminum alloys. The samples were 

taken from the prototype of a real component used in telecom base stations 

connecting the acquired scientific knowledge to a real application.  

Due to the Rheo-HPDC process, the alloy develops a new microstructure 

which is heterogeneous along the component. This semi-solid process 

mainly shows its effect by the presence of different aluminum grains 

varying in the concentration of alloying elements and various macro-

segregations depending on the sample’s thickness and location with respect 

to the feeding gate (Section 4.2.1). 

Moreover, during the semi-solid casting process a surface liquid segregation 

layer is formed. By considering the surface condition in the real application, 

this thesis has tested the as-cast surfaces differently from most of the results 

in the literature (Section 4.2.2). 

In addition, the corrosion behavior of the semi-solid low silicon aluminum 

alloys was compared to that of the conventional HPDC alloys. 

It is shown that, regardless of the casting technology or the silicon content, 

all the Al-Si alloys mainly suffer from the localized corrosion attacks in the 

eutectic region due to the micro-galvanic coupling between the aluminum 

and the eutectic silicon or iron-rich intermetallic phases (Sections 4.2.2 and 

4.2.3). 

However, this corrosion behavior is also a function of the macrosegregation 

(especially the surface liquid segregation), surface condition and silicon 

content. 



 

177 

Irrespective of the chloride concentration, the corrosion mechanism and 

the growth pattern of corrosion products seem comparable for both the 

conventional and Rheo-HPDC alloys. However, for the semi-solid alloys 

the passive layer is more resistance to pitting. 

One approach to stop this type of corrosion is using cerium-based 

conversion coatings that selectively deposit on the cathodic phases. The 

approach that, despite its effectiveness, has been rarely studied on cast Al-

Si alloys. In this thesis, this treatment was studied on both types of Al-Si 

alloys. The study focused on understanding the deposition mechanism and 

it exploited FIB-SEM method for the examination. 

The iron-rich intermetallic particles were shown to be the primary 

deposition sites for both the conventional and Rheo-HPDC Al-Si alloys. 

However, it was observed that for the semi-solid alloys, under accelerated 

conditions, intermetallic particles play a more complex role in the 

deposition mechanism (Section 5.2.3). 

Different from the conventional HPDC alloy or other wrought aluminum-

silicon alloys, for the Rheo-HPDC Al-Si alloys it was proven that, probably 

due to the presence of more reactive sites, the iron-rich intermetallic 

particles can be oxidized during the cerium deposition. 

Besides the influence of the treatment parameters, the semi-solid 

microstructure and the silicon content can affect the deposition as well. 

In this research, the application of a conductive polymer coating 

(polypyrrole) for the corrosion protection of semi-solid Al-Si alloys was 

proposed and studied. 

This study focused on the effect of substrate composition and the solution 

chemistry, especially the presence of different passivating and doping 

anions (e.g. nitrate, citrate, etc.), on the electropolymerization 

(electrodeposition) of the polypyrrole coatings. 

It was shown that both factors can be mainly effective on the thickness of 

the coating. 

The results revealed that, regardless of the composition of the substrate 

(either pure Al or Al-Si), the polypyrrole coating can offer corrosion 
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protection depending on the condition under which it has been deposited 

(Sections 6.2.2, 6.3.3 and 6.3.5). 

This thesis contributes to understanding the controversial corrosion 

protection effect of conductive polymers based on not only OCP 

monitoring but also EIS analysis. The protection mechanism seems to be a 

combination of the barrier effect and the anodic protection induced by the 

reduction of the conductive polymer. It is shown that the severe localized 

galvanic coupling between the polypyrrole coating and the aluminum 

substrate is inevitable and leads to the coating failure due to the formation 

of blisters. However, the possible protection effect of the resulting oxide 

layer requires more investigations. 

By considering the effect of casting defects on the performance of the 

polypyrrole coating, this study tries to link theoretical science to a real 

application. 

In conclusion, the semi-solid casting process not only affects the 

microstructure and the corrosion properties of the Al-Si alloys but also 

partially influences certain surface treatments. 

Moreover, the effect of macrosegregation should be considered while using 

the Rheo-HPDC Al-Si components in the applications where they are 

exposed to corrosive environments. 

Based on the results presented in this thesis, the future development of this 

work could consider the following points in the corrosion studies and the 

proposed surface treatments: 

(i) More examination on the passive layer of the Rheo-HPDC Al-Si 

alloy and comparing it to that on the conventional HPDC alloy can 

reveal the reason behind its higher pitting resistance. Moreover, 

deeper analysis of the effect of silicon on the corrosion resistance 

of the passive layer can be useful as well. 

(ii) More investigation on the possible influence of Ce (III)/Ce (IV) 

ratio on the electrochemical properties of cerium-based conversion 

coatings on aluminum can be considered. 

(iii) The future work on polypyrrole coating on aluminum could 

consider a conversion pretreatment step to increase the protection 
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efficiency. Moreover, incorporation of corrosion inhibitor anions to 

the coating can be considered as a possible strategy to enhance the 

protection properties of the oxide layer induced by the reduction of 

polypyrrole. In addition, due to the complexity and limitation of EIS 

measurement, future studies need to use complementary 

techniques. 
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Appendix 

To eliminate the effect of aluminum interface and to distinguish the 

electrochemical behavior of the polymer coatings, the same polypyrrole 

films (X, X-Cit and X-Nit) were electropolymerized on the platinum 

substrates. These coating were further examined using EIS test in 0.6 M 

NaCl solution for 24 hours. The impedance responses of these coatings are 

summarized in Fig. I. 

 

  

  

Fig. I. EIS spectra of the polypyrrole coated platinum after (a) 1, (b) 6, (c) 12 and (d) 24 hours 

of immersion in 0.6 M NaCl solution. 
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All the three coatings lack the time constant at the high frequency range, 

which was attributed to the galvanic interaction at the 

polypyrrole/aluminum interface. 

The coating X-Cit presents a response characterized by one time constant 

at the medium and one Warburg tail at the low frequency ranges. During 

the first 6 hours of immersion, the other two coatings, X and X-Nit, present 

two time constants at the medium and the low frequency ranges. After 12 

hours, a hint of a Warburg response is observed for these two coatings. 
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