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INTRODUCTION 

 

 

In the last years, functional surfaces have received an increased attention due to 

human complex and diversified needs and in order to obtain materials with improved 

properties regardless the environment where they are used and to require a low production 

and maintenance costs. 

The aluminum oxide layers formed by anodic oxidation are used in numerous 

domains, being used as anticorrosive protection method and as method for building 

decoration and architecture, as method to improve the mechanical properties of aluminum and 

its alloys and as method to functionalization of aluminum and its alloys as templates to 

fabricate nanowires, nanotubes or nanoporous membranes. 

The thesis approach the development of nanoporous aluminum oxide layers by anodic 

oxidation and assess the influence of imposed parameters in anodic oxidation process on the 

morphological, structural and compositional characteristics. Also, the influence of imposed 

parameters in the electrochemical process on anticorrosive, mechanical and wetting properties 

of the obtained nanoporous aluminum oxide layers was analyzed. 

The PhD thesis entitled „Functional surfaces obtained by electrochemical methods 

and their characterization” can be structured in 3 parts: a theoretical part, an experimental 

research part and a part with the general conclusions, scientific contributions and future 

research directions, a total of 8 chapters, 100 figures and 22 tables. Partial conclusions and 

bibliographical references are exposed at the end of each chapter. 

In the chapter 1, entitled „Current trends on functional surfaces fabrication” it was 

conducted a bibliographic study which analyze the national and international research on 

functional surfaces and the study was focused on nanoporous aluminum oxide obtained by 

anodic oxidation method. Also, the results from scientific literature on the corrosion behavior 

of nanoporous aluminum oxide layers and the behavior under the mechanical factors are 

presented. At end of chapter 1 the research area, the aims and the experimental research 

program of PHD thesis are presented. 

The experimental methods used, the results obtained and their interpretation are 

exposed in chapter 2, 3, 4, 5 and 6. 

In chapter 2 entitled „Materials, methods and experimental techniques” are 

presented the materials used in experimental research, the methods used to prepare the 

substrate, the method used to grow nanoporous aluminum oxide layers and the methods and 

techniques used to characterize the nanoporous aluminum oxide layers properties. 

Chapter 3 with the title „Influence of electrochemical parameters imposed in anodic 

oxidation process on nanoporous aluminum oxide layers characteristics” present the 

influence of the parameters (potential, time, electrolyte stirring rate) imposed in the anodic 

oxidation process on morphological, structural, compositional, thickness, 2D profilometry and 

wetting characteristics of nanoporous aluminum oxide layers obtained in H2SO4 1 M in which 

was added 1 g/L Al2(SO4)3 x 18 H2O at room temperature. 
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Within the chapter 4, entitled „Influence of electrochemical parameters imposed in 

anodic oxidation process on anticorrosive properties of nanoporous aluminum oxide 

layers” a comparative study between nanoporous aluminum oxide layers and aluminum 

Al1050 corrosion resistance has been achieved. 

The anticorrosive properties of nanoporous aluminum oxide layers and aluminum 

Al1050 substrate were evaluated after immersion in 3.5% NaCl solution using 

electrochemical methods in DC and AC currents: open circuit potential, electrochemical 

impedance spectroscopy, potentiodynamic polarization and cyclic voltammetry. Also, the 

influence of parameters imposed in anodic oxidation process on the anticorrosive properties 

of the obtained nanoporous aluminum oxide layers was evaluated. 

In chapter 5 with the title „The effect of electrochemical parameters imposed in 

anodic oxidation process on mechanical properties of nanoporous aluminum oxide layers” 

it is described the wear behavior of nanoporous aluminum oxide layers obtained by anodic 

oxidation in comparison with the wear behavior of aluminum Al1050 substrate. Also, it was 

analyzed the influence of imposed parameters on wear properties of nanoporous aluminum 

oxide layers using in-situ (friction coefficient) and ex-situ (SEM of wear tracks, volume of 

mass loss, wear rate) methods. 

In chapter 6, entitled „The correlation between the electrochemical parameters 

imposed in anodic oxidation process with the wetting, corrosion and wear resistance 

properties of nanoporous aluminum oxide layers” are correlated the nanoporous aluminum 

oxide layers properties, highlighting the obtained layers that cumulate improved hydrophobic, 

anticorrosive and wear resistance properties, and also, the electrochemical parameters 

imposed in their fabrication processes. 

Chapter 7, entitled „General conclusions, Perspectives and Future research 

direction” present the general conclusions on the experimental results on functional surfaces 

obtained by anodic oxidation on aluminum Al1050 surface. 

Additionally, chapter 7 describes the future prospects for continuing the research on 

modification of aluminum Al1050 surface, research on tribocorrosive behavior of nanoporous 

aluminum oxide layers, research to evaluate the organic coatings adhesion on nanoporous 

aluminum oxide layers. 

In chapter 8, with the title „Own contributions and Scientific achievements in the 

research domain” are exposed the original contributions, the scientific achievements which 

reflect the author originality in thesis domain by published scientific articles and 

participations to national and international conferences are acknowledged. 
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CHAPTER 1. 
 

Current trends on functional surfaces fabrication 
 

 

 

1.1. Functional surfaces 
 

The developing of new materials or improving the properties of existing materials was 

always an interest for scientists. Since ancient times, peoples tried to improve material 

characteristics in order to increase their lifetime period or to be used in different domains. 

In order to develop functional surfaces, the researcher’s inspiration was the nature and 

they tried to discover and understand the basic principles of natural functional surfaces and to 

replicate them [1.1–1.5]. In order to develop functional materials and/or functional surfaces 

on classic materials, the research activities of scientists have been concentrating on 

preparation, characterization and developing of materials at a nanometric scale, under 100 nm. 

In the last decades, the research activities have been focused on developing 

nanomaterials and nanotechnologies and also in knowledge transfer from research laboratory 

to industry. The developing of nanotechnologies and functional surfaces have increased 

industrial productivity, efficient usage of materials and energetic resources and reduced the 

impact of industrial and transportation pollution on environment and human health [1.14]. 

 

 

1.2. Fabrication of functional surfaces on aluminum and its alloys 
 

Depending on the field of application, the modification of aluminum and its alloys 

surfaces could be done using different methods. The consolidation of aluminum alloys 

properties through surface enhancement develops a broader horizon of use.  

Depending on the functional surface formation approach, the fabrication methods 

could be classified in two categories: bottom up methods and top-down methods [1.15]. 

Also, depending on precursor nature that could be used in functional surfaces 

production, the fabrication methods could be divided in two categories (figure 1.1): 

fabrication methods of functional surfaces that use gaseous precursors and fabrication 

methods of functional surfaces that use liquid precursors [1.16]. 

 

 

1.3. Fabrication of functional surfaces by anodic oxidation 
 

The nanoporous aluminum oxide layers could be obtained by electrochemical etching 
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process of aluminum substrate (pure or alloyed), in a liquid environment (electrolyte), known 

as anodic oxidation process. 

The aluminum substrate used as working electrode (anode) is immersed into 

electrolyte, parallel to an electrode (cathode) made from the same material or an inert material 

in contact with the electrolyte (platinum, graphite, lead, stainless steel, etc.) and under 

electrical field action the positive species from electrolyte (H+) are moving to cathode that 

receives an electron and is converted to hydrogen gas, and the negative species are moving to 

the anode where the following reactions take place [1.22]: 

32
23 32 OAlOAl    (1.1) 

or 

  eHOAlOHAl 6332 32
3  (1.2) 

OHaqAlHOAl 2
3

32 3)(26    (1.3) 

that lead to the formation and dissolution almost instantaneous of aluminum oxide. 

Depending on the parameters involved in anodic oxidation process and especially the 

electrolyte nature, the morphology of aluminum oxide layers could be a barrier-type or a 

nanoporous-type (composed by an outer nanoporous film and inner barrier-type film). 

 

 
 

Figure 1.1. Fabrication methods of functional surfaces depending on precursors nature. 

Adaptation after [1.16] 

 

Under the electrical field, the negative anions migrate to the anode, where the 

aluminum is positive charged due to electron loss. On anode surface, the chemical reactions 

take place at metal-aluminum oxide interface and also at aluminum oxide-electrolyte interface 

[1.26]. 

At metal-aluminum oxide interface, the oxygen anions are moving to the aluminum 

substrate according to the reaction: 

  eOAlOAl 632 32
2  (1.4) 

and at the aluminum oxide-electrolyte interface, the aluminum cations react with the water 

molecules: 
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  HOAlOHAl 632 322
3  (1.5) 

If the aluminum oxide layer is a porous-type, the aluminum substrate dissolution takes 

place according to the reaction: 

  eAlAl 622 3  (1.6) 

On cathode surface, an evolution of gaseous hydrogen takes place: 

 
2366 HeH  (1.7) 

The overall reaction of anodic oxidation process is: 

2322 332 HOAlOHAl   (1.8) 

 

 

1.4. Classification of aluminum oxide layers obtained by anodic oxidation 
 

1.4.1. Barrier-type aluminum oxide layers 
 

The barrier-type aluminum oxide layers are obtained when the anodic oxidation 

process takes place into an electrolyte that have a low interaction with the aluminum oxide: 

tartaric acid, organic acid electrolytes, etc. The barrier-type aluminum oxide layers usually 

have a uniform thickness on the entire surface due to the high efficiency of the imposed 

current in anodic oxidation process, with a negligible loss of aluminum ions into electrolyte. 

The barrier-type aluminum oxide layers could be obtained by imposing of a constant 

potential or constant current during the anodic oxidation process (figure 1.2) [1.28].  Under 

galvanostatic conditions (constant current), the aluminum oxide layers grow in a constant 

electric field. In order to maintain the constant electric field, due to the increasing of electrical 

resistance of aluminum oxide layers, the voltage of electrochemical cell increase 

simultaneously with aluminum oxide thickness layers. 

Under potentiostatic conditions, the recorded current evolution present a decreasing 

trend, until a steady state at a low value is reached. The current low value is influenced by the 

defects of aluminum oxide layer, which allow the passing of current to aluminum substrate or 

is influenced by the slow dissolution of aluminum oxide layer into electrolyte [1.29, 1.30]. 

The thickness of aluminum oxide layer is influenced by the voltage value imposed in 

anodic oxidation process and can be expressed in terms of nanometers per volt. The barrier-

type layers of aluminum oxide present a grow rate of 1.2-1.4 nm/V [1.31]. 

 

1.4.2. Nanoporous-type aluminum oxide layers 
 

The nanoporous aluminum oxide layers are intense studied due to their unique 

properties that allow to be used in different domains, from nanotechnology-based domains to 

different industrial or medical domains. 

During the anodic oxidation processes that uses acid or basic electrolytes (that 
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dissolve the aluminum oxide such as sulphuric acid, oxalic acid, phosphoric acid, etc.), the 

nanoporous aluminum oxide layers are obtained. 

 

 
 

Figure 1.2. Schematic representation of potential and current evolution during the anodic oxidation 

process in (a) galvanostatic conditions and (b) potentiostatic conditions. Adapted after [1.28]. 

 

The nanoporous aluminum oxide layers have a complex structure, being composed by 

an outer porous structure with a high thickness at the electrolyte interface and a thin barrier-

type structure at metal interface. 

During the anodic oxidation processes a galvanostatic or potentiostatic regime could 

be used in order to obtain nanoporous aluminum oxide layers. The evolutions of potential-

time and current-time diagrams are schematic exposed in figure 1.3 [1.48]. 

In the case of constant potential usage in anodic oxidation process, it can be seen that 

the current decrease rapidly from a high value to the minimum one followed by an increasing 

trend until the steady state is attained. The potential diagrams recorded during the anodic 

process at a constant current present an initial grow until a maximum value is reached and 

afterward following a decreasing trend. 

During the anodic oxidation process, four stages of porous growth could be identified 

[1.48]: 

- in the first stage, a barrier-type aluminum oxide layer growth in aluminum surface and under 

the aggressive electrolyte action, at aluminum oxide-electrolyte crevice-like structures 

(cracks) appear. 

- in the second stage, due to electrolyte penetration through the cracks and resistance 

decreasing, the current flow to the aluminum substrate is allowed and aluminum ions are 

ejected to electrolyte. The cracks become nanopores once that the aluminum ions are ejected 

to the electrolyte. 

- in the third stage the nanopores are ordered until the current or potential reach a steady state. 

- in the fourth stage, the current or potential reach the steady state, the electric field action act 

on the barrier-type aluminum oxide layer from the pore bottom and the nanoporous aluminum 

oxide grow simultaneously with the anodic oxidation process duration [1.49]. 

The parameters imposed in anodic oxidation process and also the used electrolyte type 

influences the nanoporous aluminum oxide layer characteristics: diameter and pores density, 

layers thickness, etc. 
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Figure 1.3. Schematic representation of potential and current evolutions during anodic oxidation 

process in (a) galvanostatic conditions and (b) potentiostatic conditions in order to obtain nanoporous 

aluminum oxide layers. (c) growing steps of nanoporous aluminum oxide layers. 

Adaptation after [1.48]. 

 

M.S. Hunter and P. Fowle [1.58] have determined a constant growth rate for the 

barrier-type aluminum oxide layer from the bottom of the pores during the anodic oxidation 

process. The growth rate of barrier-type layer from the bottom pores depend on the imposed 

potential in anodic oxidation process and are different for each electrolyte: the growth rate of 

barrier-type substrate in 15% sulphuric acid is 1 nm/V, for 4% phosphoric acid is 1.19 nm/V 

and for 2% oxalic acid is 1.18 nm/V. 

In order to obtain ordered nanoporous aluminum oxide layers, different methods are 

used to order the nanopores: pretexturing, laser etching, nanoidentation with a mould, ion 

beam etching, but the most usual method is the anodic oxidation in two steps that involves 

reduced manufacturing costs. The accurate control of the imposed parameters in the anodic 

oxidation process lead to the fabrication of ordered nanoporous aluminum oxide layers. 

 

 

1.5. Corrosion properties evaluation of aluminum oxide layers 
 

Due to its position in reactivity scale, pure aluminum is a very reactive metal. A native 

aluminum oxide layer covers the aluminum after exposure to the air and offers an improved 

corrosion resistance. At room temperature, the thickness of native aluminum oxide is between 

2.5 and 10 nm [1.75]. Aluminum and its alloys could be used in different environments, 

without supplementary protection relying only on the protection offered by the native 

aluminum oxide 

According to Porboix diagram, the native aluminum oxide is stable and offer 

protection for the substrate as long as the electrolyte pH is between 4 and 8.5. In an acid 
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environment, with a pH lower that 4, aluminum is dissolved into aluminum ions and in a basic 

environment, with a pH grater than 8.5, aluminum is dissolved in aluminum oxide ions. In 

these situations, after the interaction with the environment (electrolyte), the aluminum 

corrosion takes place [1.29, 1.76]. 

Even if pure aluminum presents an improved corrosion resistance, the aluminum 

alloys, due to intermetallic particles formed on their surfaces could present local corrosion 

forms. The occurrence of local corrosion is caused by two factors: the electrolyte type, 

chemical and metallographic structure of material. 

Among all localized corrosion phenomenon, the pitting corrosion affects aluminum 

and its alloys, being the most common corrosion form. 

Pitting corrosion appears in heterogeneous area from aluminum and its alloys 

surfaces: grains boundaries, defects, inclusions and material dislocations. Pitting corrosion 

initially appears at aluminum oxide-electrolyte interface and after that it migrates through the 

aluminum oxide layer to the metallic substrate. 

In order to improve the corrosion resistance of aluminum and its alloys, different 

protection methods have been used: 

- conversion coatings; 

- organic coatings; 

- thin films obtained by atomic deposition; 

- anodic oxidation. 

 

1.5.1. Conversion coatings 
 

The conversion coatings are used as intermediate coatings between aluminum 

substrate and organic coatings or as anticorrosion coatings. 

 

1.5.2. Organic coatings 
 

Organic coatings offer anticorrosive properties both by forming an active protection 

barrier on metal surface and by releasing of pigments into electrolyte that act as inhibitor 

agents [1.89]. 

 

1.5.3. Thin films obtained by atomic deposition 
 

The fabrication of thin films by atomic deposition assumes the substrate exposure to 

different gaseous precursors in a sequential mode and for a controlled duration [1.91, 1.92]. 

The advantages of thin films fabrication by atomic deposition with anticorrosive properties 

are: rigorous control of thickness and films composition, low defects number, high 

reproducibility and films uniformity. 
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1.5.4. Anodic oxidation 
 

The anodic oxidation process involves the formation of an aluminum oxide layers at 

the metal-electrolyte interface, with variable thickness that offers improved properties to the 

substrate and especially an improved anticorrosive resistance. 

The corrosion assays have revealed an increased anticorrosion resistance of aluminum 

oxide layers, regardless of their structures: barrier-type or nanoporous-type aluminum oxide 

layers. Even if the nanoporous aluminum oxide layers are penetrated by the aggressive 

electrolyte, the barrier-type layer from the bottom of pores protects the aluminum substrate. 

 

 

1.6. Wear resistance evaluation of aluminum oxide layers 
 

Tribology is the sciences that study the wear phenomena between two or more 

surfaces in contact and in relative motion [1.16]. 

The tribological properties of functional surfaces are influenced by the surface nature 

and the surface roughness and also by following factors:  

- contact pressure and normal force; 

- sliding velocity of the surfaces; 

- environment conditions (temperature, humidity, etc.); 

- motion nature (continuous, periodic). 

The anodized aluminum and its alloys are used usually in aeronautics and transport 

that replaces the steel pieces that present a high weight and involve expensive costs. 

The nanoporous aluminum oxide layers are used in tribological applications because 

of their porous structure that could be used as nano-reservoirs for liquid lubricants or template 

for solid lubricants [1.101, 1.102]. 

H. Kim and his team [1.104] have investigated the wear behavior of nanoporous 

aluminum oxide layers obtained by anodic oxidation in sulphuric acid at 25 V, oxalic acid at 

40 V and phosphoric acid at 195 V using a bidirectional sliding movement with a 440C steel 

ball and applied 4 normal forces between 1 mN and 1 N. They observed that the formed 

nanopores diameter in aluminum oxide layer have an important roll on the mechanical 

properties of the obtained layers. The increasing of nanopores diameters cause a decreasing of 

layer wear resistances and an increasing of friction coefficient between steel ball and 

aluminum oxide layers. Also, the applied normal forces in wear tests cause a decreasing of 

friction coefficients because of the thin and smooth tribolayers that are formed on the 

aluminum oxide layers due to tribochemical reaction and the wear debris. 

The increasing of anodic oxidation duration in sulphuric acid lead to the increasing of 

porosity and decreasing of aluminum oxide layers thickness (due to dissolution under the 

electrical field). The nanoidentation values of nanoporous aluminum oxide layers present a 

reverse proportionality with the anodic oxidation process duration [1.110]. 
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1.7. Partial conclusions 
 

In the last decades, the research on functional surfaces domains have concern an 

increased number of scientists, and their studies to develop new functional surfaces with 

novel properties. 

The aluminum and its alloys have received an increased attention due to their intrinsic 

properties and due to the new properties that are offered by the functional surfaces and could 

be used in different domains: from transport to aeronautics, from medicine to energy 

production or communications. 

The functional surfaces on aluminum and its alloys could be fabricated using different 

methods, but the most usually method is anodic oxidation. 

Into the anodic oxidation process, external parameters are imposed during 

electrochemical process and their variations allow a rigorous control of morphological and 

functional structure of aluminum oxide layers grow on aluminum and its alloys surfaces. 

Other advantages of anodic oxidation process are the low cost of functional surface 

fabrication (equipments costs or electrolytes), fabrication of functional surfaces on irregular 

supports, increased adherence of functional surfaces to aluminum substrate, industrial 

applications of the anodic oxidation method and of functional surfaces obtained. 

The formation mechanism of aluminum oxide layers by anodic oxidation consist in 

electrolyte molecules dissociation and their transport under the electric field influence to the 

anode, where a reaction with the aluminum ions expulsed from the substrate take place and 

the aluminum oxide layer is formed on aluminum surface. The nanoporous aluminum oxide 

layers are formed in acid electrolytes which cause a partial dissolution of aluminum oxide and 

the nanoporous structure at the aluminum oxide-electrolyte interface is formed. 

The functional surfaces obtained by anodic oxidation improve the physico-chemical 

and mechanical properties of aluminum substrate. 

 

 

1.8. Aims and research directions 
 

- Conducting a bibliographic study on current national and international trends on functional 

surfaces developed by electrochemical methods on aluminum and its alloys. 

- The investigation of aluminum oxide layers forming mechanism on aluminum and its alloys 

by anodic oxidation process. 

- The optimization of applied parameters in order to obtain nanoporous aluminum oxide 

layers on 1050 aluminum alloy. 

- Fabrication of nanoporous aluminum oxide layers by anodic oxidation process on 1050 

aluminum alloy surface. 

- Morphological, compositional and structural characterization of nanoporous aluminum 

oxide layers. 

- Thickness measurements of nanoporous aluminum oxide layers using scanning electron 

microscopy. 

- Determination of 2D roughness profiles and wetting properties of nanoporous aluminum 
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oxide layers. 

- Evaluation of corrosion behavior of nanoporous aluminum oxide layers immersed in 3.5% 

NaCl solution, an aggressive environment that simulate the aggression of marine 

environment, using electrochemical methods such as: open circuit potential (OCP), 

electrochemical impedance spectroscopy (EIS), potentiodynamic polarization (PD) and cyclic 

voltammetry (CV). 

- Evalutaion of wear properties of nanoporous aluminum oxide layers by determination of 

friction coefficient and wear volume. 

- Wear tracks characterization using scanning electron microscopy and 2D roughness profiles. 

- Correlation of nanoporous aluminum oxide characteristics with the variation of imposed 

parameters in anodic oxidation process. 

- Results disseminations and the transfer of obtained knowledges to the industry. 

 

 

1.9. Experimental research program 
 

The experimental research program was conductes in the research laboratory of 

Competence Center Interface-Tribocorrosion and Electrochemical Systems (CC-ITES) and 

Research and Development Center for Thermoset Composites (CDCOMT) from „Dunărerea 

de Jos” University of Galați. 

 

In the Competence Center Interface-Tribocorrosion and Electrochemical Systems 

(CC-ITES) research laboratory the following stages of experimental were conducted: 

- Preparation of solutions used in electrochemical polishing, anodic oxidation and corrosion 

processes. 

-Al1050 samples preparation, which were used as support for nanoporous aluminum oxide 

growth, (cutting, cleaning, mechanical polishing, electrochemical polishing, resin isolation, 

etc). 

- Fabrication of nanoporous aluminum oxide layers varying the potential and anodic oxidation 

process duration and also the electrolyte stirring rate during the electrochemical process. 

- Corrosion behavior evaluation of nanoporous aluminum oxide layers using electrochemical 

methods such as: open circuit potential, electrochemical impedance spectroscopy, 

potentiodynamic polarization and cyclic voltammetry. 

- Evaluation of nanoporous aluminum oxide layer wetting properties using distilled water 

droplets. 

 

In the Research and Development Center for Thermoset Composites (CDCOMT) 

laboratory, the following experimental research stages were conducted: 

- Morphological, compositional and structural characterization of nanoporous aluminum 

oxide layers. 

- Evaluation of nanoporous aluminum oxide layers wear behavior using in-situ and ex-situ 

methods. 

- Determination of nanoporous aluminum oxide layers and wear tracks roughness profiles. 
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CHAPTER 2. 

 

Materials, methods and experimental techniques 
 

 

 

In chapter 2, the support materials, the methods used to prepare the 1050 aluminum 

substrate and the solutions, as well the experimental procedures used to obtain the nanoporous 

aluminum oxide layers are described. The methods and equipments used for nanoporous 

aluminum oxide layers in-situ and ex-situ characterization are presented, also. 

 

 

2.1 Materials 
 

2.1.1. Aluminum and its alloys 
 

Aluminum is the third most common chemical element, after oxygen and silicon in 

earth’s crust, but not in a pure form, usually as aluminum compounds such as bauxite [2.2]. 

Aluminum is abbreviated with the chemical symbol Al, has an atomic number equal with 13, 

that means it has on the outer layer 3 electrons and the valence equal with 3, which offer a 

high reactivity especially with the oxygen. 

The 1050 aluminum alloy known as commercial pure aluminum is included in the first 

family of aluminum alloys that mean it has a high purity equal with 99.5%. The 1050 

aluminum alloy is a soft and ductile material and the alloying elements or impurities are iron 

and silicon. Due to the impurities and the rolling process, the commercial pure aluminum 

gains an increased strength and usually is produced as aluminum sheets. The 1050 aluminum 

alloy become ductile after the thermal treatment and present a high corrosion resistance being 

the right choice for pipes fabrication, as packaging used in food or chemical industries, but it 

can be used for car panels fabrications where the elongation rate is an important factor in their 

utilization process. 

 

2.1.2. Aluminum oxide 
 

The aluminum oxide (alumina, Al2O3) is one of the simplest covalent oxides in 

comparison with other ceramic materials and show improved thermal, physical and chemical 

properties [2.7]. The aluminum oxide structure could be a crystalline one, a polycrystalline or 

amorphous one, depending on the fabrication method [2.8]. 

From the many fabrication methods of aluminum oxide layers (barrier-type or porous-

type), the anodic oxidation process fascinated the researchers due to high versatility, lower 
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equipment costs and physical, mechanical and anti-corrosive properties of obtained aluminum 

oxide layers. 

Depending on the involved parameters in the anodic oxidation process, two different 

types of aluminum oxide layers could be obtained: a barrier-type layer (figure 2.1) or a 

porous-type layer (figure 2.2) [2.18]. The barrier-type aluminum oxide layers are obtained due 

to the slow reactivity with the electrolyte during the anodic oxidation process [2.18]. The 

barrier-type aluminum oxide layers are obtained into electrolytes with a neutral or basic pH. 

Their important characteristics are: hardness, wear resistance and electrical isolator. Also, the 

barrier-type aluminum oxide layers show improved anti-corrosive properties because it acts as 

a barrier against aggressive ions and offer protection to the aluminum substrate [2.18]. 

 

 
 

Figure 2.1. Schematic representation of barrier-type aluminum oxide layers obtained by anodic 

oxidation. Adaptation after [2.18] 

 

The porous or nanoporous aluminum oxide layers have an outer porous structure and 

an inner stable barrier-type thin film [2.18, 2.22]. The porous aluminum oxide layers are 

obtained after the anodic oxidation of aluminum substrate in acid electrolytes (sulphuric acid 

[2.14, 2.17], oxalic acid [2.23], and phosphoric acid [2.24], etc.) that react with the aluminum 

oxide layer and cause a partial dissolution. 

 

 
 

Figure 2.2. Schematic representation of nanoporous aluminum oxide layers obtained by anodic 

oxidation. Adaptation after [2.18]. 
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Due to the unique properties, the nanoporous aluminum oxide layers are used in 

different industries, from the nanotechnology domains where are used for sensors fabrication 

or templates to obtain nanowires or nanotubes, etc. with various length [2.26, 2.27], until the 

anti-corrosive surfaces with a complex structure [2.28], from the wastewater treatment 

domain to the medical domain where are used as supports for cell grown in incubators [2.27, 

2.29]. 

 

 

2.2. Electrochemical methods for 1050 aluminum alloy surface modification 
 

2.2.1. 1050 aluminum alloy surface preparation 
 

The 1050 aluminum alloy (Al1050, 99.5%) it was used as substrate for nanoporous 

aluminum oxide grown using electrochemical methods. The 1050 aluminum alloy sheet was 

cut in pieces with 2 x 30 x 35 mm dimensions using a guillotine and after that the pieces were 

mechanical polished with abrasive paper, with different granulation, in order to remove the 

macroscopic defects and the native aluminum oxide film. 

The mechanical polished Al1050 samples were washed with distilled water and 

chemical cleaned by NaOH immersion, washed in water for 60 seconds, rinsed with distilled 

water for 30 seconds, dried in an oven under hot air and after that were stored in a desiccator. 

 

2.2.2. Electrochemical polishing of 1050 aluminum alloy 
 

The 1050 aluminum alloy samples were electrochemical polished in an electrolyte of 

15% Na2CO3 and 5% Na3PO4 in order to remove all the impurities remains on their surfaces 

after the mechanical polish process. The electrochemical cell used in the electrochemical 

polishing process was formed by 2 electrodes (an anode and a cathode). The 1050 aluminum 

alloy samples with active surface of 6.5 cm2 were used as anode and a 1050 aluminum alloy 

piece with an active surface of 7.54 cm2 was used as cathode. The both 1050 aluminum alloy 

samples were immersed into electrolyte, with parallel active surfaces and after that with 2 

electric grippers they were connected to an external high power source (TDK LAMBDA GEN 

300–8). 

The electrochemical polishing processes were done at a potential value of 2 V and a 

temperature of 80oC. After the electrochemical polishing process, the 1050 aluminum alloy 

samples were rinsed with distilled water, dry in oven under hot air and stored in a desiccator 

until the next process. 

 

2.2.3. Anodic oxidation of 1050 aluminum alloy 
 

The anodic oxidation process produces a nanoporous aluminum oxide layer on 1050 

aluminum alloy surface. The electrochemical polished 1050 aluminum alloy samples were 

subjected to anodic oxidation process, under a potentiostatic regime, in 1 M H2SO4 electrolyte 

in which was added 1 g/L Al2(SO4)3 x 18 H2O in order to simulate an aged electrolyte. The 
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involved parameters in the anodic oxidation process (potential, time and electrolyte stirring 

rate) were varied in order to observe their influence on morphological, compositional and 

structural characteristics and on physical, mechanical and chemical properties of nanoporous 

aluminum oxide layers obtained. 

 

 
 

Figure 2.5. Experimental set-up used in anodic oxidation processes 

 

The anodic oxidation processes were conducted in a classical electrochemical cell, 

presented in figure 2.5, where the electrochemical polished Al1050 sample, with an active 

surface of 4 cm2 was used as anode. As cathode a 1050 aluminum alloy sample was used with 

an active surface of 12 cm2. Both 1050 aluminum alloy samples were immersed into 200 mL 

electrolyte and using 2 electric grippers were connected to an external high power source 

(TDK LAMBDA GEN 300-8). 

In order to obtain nanoporous aluminum oxide layers with a uniform cellular structure, 

the imposed parameters in the anodic oxidation process were ranged accordingly: the 

potential was ranged between 1 and 25 V, the anodic oxidation process duration was ranged 

between 10 and 480 minutes and the electrolyte stirring rate was varied between 0 and 700 

rpm. 

 

 

2.3. Experimental techniques used for nanoporous aluminum oxide layers 

characterization 
 

The morphological, compositional and structural characterization of nanoporous 

aluminum oxide layers were done in the research laboratory of „Dunărea de Jos” University 

of Galați. The wetting properties and the corrosion behavior were evaluated in the research 

laboratory of Competence Center Interfaces-Tribocorrosion and Electrochemical Systems. 

The wear resistance of nanoporous aluminum oxide layers was evaluated with the 

equipments from Research and Development Center for Thermoset Composites (CDCOMT) 

laboratory. 
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2.3.1. Morphological and compositional characterization 
 

The morphological characterization of nanoporous aluminum oxide layers obtained by 

anodic oxidation on top-view and cross-section were done using the scanning electron 

microscope (SEM) FEI QUANTA 200 from „Dunărea de Jos” University of Galați. Using a 

disperse X-ray analyzer, the compositional analyzes of nanoporous aluminum oxide layers 

were performed. 

 

2.3.2. Structural characterization 
 

Using X-ray diffraction method and the Dron-3 equipment from „Dunărea de Jos” 

University of Galați, the structural characterization of obtained nanoporous aluminum oxide 

layers by anodic oxidation were carried out. The XRD diffractograms were recorded using a 

Molybdenum anode (Mo, λKa=0.71073 Å). The values were analyzed using MATCH 3 

software connected to an open access data base Crystallography Open Database (COD). 

 

2.3.3. Roughness 
 

The 2D roughness profiles were recorded using the Mytutoyo Surftest SJ-210 Series 

contact-type roughness tester by moving the stylus tip on nanoporous aluminum oxide layer 

surfaces for 2.5 mm with the speed of 0.5 μm/s. 

 

2.3.4. Wetting properties 
 

The evaluation of contact angles values between the analyzed surfaces and water 

droplets were carried out using the goniometer OCA 15 EC, Dataphysics, Germany, 

connected to a PC and the experimental data were recorded with SCA20 software. 

The 1050 aluminum alloy surfaces were fixed on the working table of equipment, 

under the syringe needle (filed with distilled water) that was connected to a controlled by PC 

dosing system. The droplets volume settled on analyzed surfaces were around 5 μL. After the 

droplets touch the analyzed surfaces, the droplets profiles were photographed and using 

Young-Laplace method were fitted in order to obtain the mean value of contact angles. 

 

2.3.5. Corrosion behavior of nanoporous aluminum oxide layers 
 

The corrosion behavior of electrochemical polished 1050 aluminum alloy surface and 

nanoporous aluminum oxide layers were evaluated in Electrochemistry and Corrosion 

laboratory, Competence Center Interfaces-Tribocorrosion and Electrochemical Systems from 

„Dunărea de Jos” University of Galați. 

The corrosion behavior of electrochemical polished and anodized 1050 aluminum 

alloy samples were evaluated using 3.5% NaCl solution with a pH = 5.75 (which simulate the 

aggressive behavior of marine environment) in order to evaluate the influence of imposed 

parameters in anodic oxidation process on anticorrosive properties of nanoporous aluminum 
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oxide layers. 

The samples subjected to corrosion were connected to a copper wire and isolated with epoxy 

resin to obtain an active surface of 1.6 cm2. The electrochemical cell presented in figure 2.13 

was composed by an inert glass recipient with a volume of 150 mL, in which the electrolyte 

was added, and after that the counter electrode (Pt-Rh grid), the reference electrode Ag/AgCl 

(KCl saturated, +199 mV vs. NHE) and the working electrode, electropolished or anodized 

1050 aluminum alloy samples were immersed. The electrochemical cell was connected to a 

potentiostat/galvanostat VoltaLab PGZ301 and the experimental data were recorded with 

Voltamaster 4.0 software. 

 

 
 

Figure 2.13. Experimental set-up used in corrosion assays. 

 

The experimental protocol used to evaluate the corrosion resistance was composed by 

the following electrochemical methods: 

- open circuit potential, measured for 17 hours; 

- electrochemical impedance spectroscopy versus free potential, in the frequency domain: 105 

Hz – 101 Hz, using a sinusoidal signal with an amplitude of 10 mV; 

- coulometry; 

- potentiodynamic polarization diagrams in a range of potential between -1.45 V vs. Ag/AgCl 

to -0.4 V vs. Ag/AgCl with a scan rate of 1 mV/s.  

-cyclic voltammetry diagrams recorded with a scan rate of 1 mV/s in a potential range 

between -1.45 V vs. Ag/AgCl și -0.4 V vs. Ag/AgCl. 

 

2.3.6. Wear behavior of nanoporous aluminum oxide layers 
 

The wear behavior of nanoporous aluminum oxide layers were evaluated using TRM 

1000 tribometer from Research and Development Center for Thermoset Composites 

(CDCOMT), „Dunărea de Jos” University of Galați using pin-on-disk configuration. The 

tribometer was connected to a computer and data were recorded with Tribo Control V9 

software. 

During the wear test, as pin was used an alumina ball, grade 10, and a diameter of 10 

mm (Ceratec, Netherlands), and as disks were used the electrochemical polished or anodized 

1050 aluminum alloy surfaces. 

In order to evaluate the wear resistance of electrochemical polished and anodized 1050 
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aluminum alloy surfaces, the wear tests were done by applying 5 N normal force for 50 

minutes and a rotation speed of 9.55 rpm The wear tracks formed on the analyzed surfaces 

were evaluated using the roughness tester Mytutoyo Surftest SJ-210 Series and the scanning 

electron microscope FEI QUANTA 200. 

 

 

2.4. Partial conclusions 
 

In chapter 2 the methods used in nanoporous aluminum oxide layers fabrication and 

the steps that were taken until the anodic oxidation process were presented and the equipment 

used to evaluate the nanoporous aluminum oxide characteristics, also. 

The 1050 aluminum alloy samples were mechanical polished, chemical cleaned and 

electrochemical polished in order to obtain smooth surfaces, on which nanoporous aluminum 

oxide layers will be grown by anodic oxidation in 1 M H2SO4 in which was added 1 g/L 

Al2(SO4)3 x 18 H2O. 

The top-view and cross-section morphological characterization and chemical 

composition of nanoporous aluminum oxide layers were evaluated using scanning electron 

microscope coupled with an X-ray analyzer. The structural characterization of nanoporous 

aluminum oxide layers was realized using X-ray diffraction method and the roughness 

characterization was done using a contact-type roughness tester. Also, the influence of 

nanoporous aluminum oxide fabrication parameters on wetting, anti-corrosive and wear 

properties was evaluated. 

The anodic oxidation process changes the morphological, compositional, structural 

and roughness properties of 1050 aluminum alloy samples which improve their wetting, anti-

corrosive and wear characteristics. The equipments and the in-situ and ex-situ methods offer 

detailed information about the properties of nanoporous aluminum oxide layers obtained by 

anodic oxidation and offer information about the influence of imposed parameters into anodic 

oxidation process. 
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CHAPTER 3. 
 

Influence of electrochemical parameters imposed in anodic oxidation 

process on nanoporous aluminum oxide layers properties 
 

 

 

In the present chapter of the thesis the influence of imposed electrochemical 

parameters in anodic oxidation process on nanoporous aluminum oxide layers morphological, 

compositional and structural characteristics formed by controlled anodic oxidation on 1050 

aluminum alloy surfaces were analyzed. 

Also, the influence of imposed parameters into anodic oxidation process on the 

obtained nanoporous aluminum oxide layers thickness was analyzed. The research aimed to 

determine the nanoporous aluminum oxide layers roughness and wetting properties. 

The 1050 aluminum alloy were anodized using potential values between 10 V and 25 

V, for different time periods (between 10 minutes to 60 minutes) and different stirring rates of 

electrolyte. 

 

 

3.1. Morphological characterization using by electron microscopy 
 

The morphological characterization of electrochemical polished 1050 aluminum alloy 

surfaces before and after the anodic oxidation process was performed using the scanning 

electron microscope. 

 

3.1.1. Evaluation of nanopores diameters formed on aluminum oxide layers 

obtained by anodic oxidation 
 

The 1050 aluminum oxide samples were electrochemical polished in 15% Na2CO3 and 

5% Na3PO4 were anodized in 1 M H2SO4 in which was added 1 g/L Al2(SO4)3 x 18 H2O in 

order to grow nanoporous aluminum oxide layers on their active surfaces. The applied 

parameters in the anodic oxidation processes were varied in order to obtain homogeneous 

aluminum oxide layers. Thereby, the applied potential was varied between 1 V and 24 V, the 

duration of anodic oxidation process it was ranged between 10 minutes and 480 minutes and 

the electrolyte stirring rate was ranged between 0 and 700 rpm. 

The nanoporous aluminum oxide layers were obtained when the imposed potential 

was ranged between 15 V and 21 V, the anodic oxidation process duration varied between 25 

minutes and 45 minutes and the electrolyte stirring rate was ranged between 0 and 500 rpm. 

 



Valentin Marian DUMITRAŞCU - Dissertation for Doctor of Philosophy in Materials Engineering 

 

 

      

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro
        22 / 70 

The surfaces of nanoporous aluminum oxide obtained at 500 rpm electrolyte stirring 

rate for 45 minutes and the potential ranged between 15 V and 21 V during the anodic 

oxidation process show nanopores with different widths as could be observed in figure 3.2. 

The SEM micrographs taken on the surfaces of nanoporous aluminum oxide layers 

obtained at 500 rpm electrolyte stirring rate present on an increased number of defects and a 

decreased porosity. The surface of nanoporous aluminum oxide layer obtained at 15 V present 

a decreased porosity and a random nanopores distribution, with diameters between 25 nm and 

47.6 nm. Applying 18 V and 21 V, respectively, in the anodic oxidation process the aluminum 

oxide layers porosity increase due to the increasing of nanopores density and decreasing of 

their diameters. The aluminum oxide layer obtained at 18 V present nanopores with diameters 

between 17.8 nm and 38 nm and the nanopores widths formed at 21 V are between 25 nm and 

30.9 nm. 

 

  

 
 

Figure 3.2. Evaluation of nanopores diameters from SEM micrographs recorded for anodized surfaces 

at (a) 15 V, (b) 18 V and (c) 21 V for 45 minutes and 500 rpm stirring rate. 

 

From the SEM micrographs of nanoporous aluminum oxide layers obtained at 0 rpm 

and 500 rpm stirring rate it could be observed that the aluminum oxide layers porosity and 

nanopores uniformity simultaneously increase with the increasing of applied potential. Also, 

the nanoporous aluminum oxide layers obtained at 0 rpm electrolyte stirring rate show an 

increased porosity and increased nanopores duration in comparison the nanoporous aluminum 

oxide layers obtained at 500 rpm electrolyte stirring rate. 

The influence of anodic oxidation process duration on nanopores diameters formed on 

the surfaces of aluminum oxide layers obtained at 500 rpm electrolyte stirring rate is 

presented in figure 3.4. 
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The SEM micrographs exposed in figure 3.4 show the increasing of aluminum oxide 

layers porosity and the formed nanopores ordering simultaneously with the increasing of 

aluminum oxide duration. The increasing of anodic oxidation process duration from 25 

minutes to 35 minutes and 45 minutes, has determined the fabrication of aluminum oxide 

layers with nanopores between 17.2 nm and 25 nm, between 22.6 nm and 32.1 nm and 

between 25 nm and 30.9 nm, respectively. 

 

  

 
 
Figure 3.4. Evaluation of nanopores diameters from SEM micrographs recorded for anodized surfaces 

at 21 V for (a) 25 minutes, (b) 35 minutes and (c) 45 minutes and 500 rpm stirring rate. 

 

From the SEM micrographs recorded on the surfaces of nanoporous aluminum oxide 

layers obtained at 0 rpm and 500 rpm electrolyte stirring rate, it could be observe the 

increasing of aluminum oxide layers porosity simultaneously with the increasing of anodic 

oxidation process duration. Also, despite the electrolyte stirring rate, the nanoporous 

aluminum oxide layers concomitant with the increasing of aluminum oxidation process 

duration show a nanopores self-ordering tendency. 

 

3.1.1. Morphological characterization of electropolished 1050 aluminum 

alloy 
 

The electrochemical polishing process or electropolishing process of 1050 aluminum 

alloy samples were done in a solution of 15% Na2CO3 and 5% Na3PO4 (known as „Brytal” 

solution) [3.1, 3.2] in order to clean the Al1050 surface and to decrease the sample’s 

roughness and the number of macroscopic defects. 
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From figure 3.5 (b) it could be seen that the 1050 aluminum alloy surfaces became 

smoother after the electrochemical polishing process and also conferred a decreased number 

of macroscopic defects in comparison with the mechanical polished 1050 aluminum alloy 

sample presented in figure 3.5 (a). 

 

  

  
 

Figure 3.5. SEM micrographs of 1050 aluminum alloy surface (a) before and (b) after the 

electrochemical polishing process, (c) after the electropolishing process at higher magnification 

 

In figure 3.5 (c), at a higher magnification, it is presented the 1050 aluminum alloy 

surface morphology after the electrochemical polishing process in „Brytal” solution. It is 

observed that the native aluminum oxide layers that cover the 1050 aluminum alloy surface is 

not uniform and exhibits crevices with a random distribution and dimensions [3.5]. 

 

3.1.2. Influence of imposed potential in anodic oxidation process on 

nanoporous aluminum oxide layers morphology 
 

The SEM micrographs of anodized 1050 aluminum alloy surfaces for 45 minutes at 

different potential values (15 V, 18 V and 21 V) using an electrolyte stirring rate of 500 rpm 

are presented in figure 3.7. 

From figure 3.7 (a) it could be observed an increase in total defects number and the 

porosity decrease on the nanoporous aluminum oxide layer surface obtained at 500 rpm 

electrolyte stirring rate and in imposed potential value of 15 V, and the nanopores diameters 

are irregular with a random distribution, also. 
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Figure 3.7. SEM micrographs of anodized surfaces at (a) 15 V, (b) 18 V and (c) 21 V for 45 minutes 

at 500 rpm electrolyte stirring rate 

 

The increasing of imposed potential in anodic oxidation process from 15 V to 18 V 

lead to the decreasing of defects number, the nanopores number increase, but their diameters 

and distribution are irregular. Increasing the potential value up to 21 V produce an increased 

porosity of nanoporous aluminum oxide layer and the nanopores distribution is more regular. 

Also, the defects number decrease in comparison with the nanoporous aluminum oxide layer 

obtained at 18 V. 

The SEM micrographs recorded on nanoporous aluminum oxide layers obtained by 

anodic oxidation in static conditions of electrolyte revealed an increased porosity and a 

decreased defects number in comparison with the SEM micrographs of nanoporous aluminum 

oxide layers anodized at 500 rpm electrolyte stirring rate. 

 

3.1.3. Influence of anodic oxidation duration on nanoporous aluminum 

oxide layers morphology 
 

In figure 3.9 the SEM micrographs of anodized 1050 aluminum alloy at room 

temperature, 500 rpm electrolyte stirring rate and 21 V for 25 minutes, 35 minutes and 45 

minutes are presented. From SEM micrographs presented in figure 3.9 it could be seen that 

the defects number decrease simultaneously with the increasing of anodizing process 

duration, from 25 minutes (figure 3.9 (a)) to 35 minutes (figure 3.9 (b)) and 45 minutes 

(figure 3.9 (c)) respectively. 
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Figure 3.9. SEM micrographs of anodized surfaces at 21 V for (a) 25 minutes, (b) 35 minutes and (c) 

45 minutes at 500 rpm electrolyte stirring rate 

 

Also, from figure 3.9 it could be observed that the increasing of anodic oxidation 

process duration using 500 rpm electrolyte stirring rate lead to the increasing of anodized 

surfaces porosity and the formed nanopores shows a uniform distribution. 

The surfaces of obtained nanoporous aluminum oxide layers in static conditions for 

different durations of anodic oxidation process at 21 V shows an increased porosity and a 

decreased defects number in comparison with the obtained nanoporous aluminum oxide layers 

at 500 rpm stirring rate. 

The diminishing of defects number and increasing of layer porosity of nanoporous 

aluminum oxide layers obtained without stirring rate is caused by the rapid dissolution of 

1050 aluminum alloy simultaneous with the increasing of electrolyte temperature under the 

electrical charge during the anodic oxidation process [3.9, 3.11, 3.12]. 

 

 

3.2. Evaluation of nanoporous aluminum oxide layer thickness by SEM 

micrograph in cross section 
 

The nanoporous aluminum oxide layers were analyzed in cross section using the 

scanning electron microscope to observe the influence of imposed parameters in anodic 

oxidation process on their thickness. In order to calculate the mean thickness of nanoporous 

aluminum oxide layers, at least 3 measurements in different spots on each cross section SEM 

micrographs were made. 
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3.2.1. Influence of imposed potential in anodic oxidation process on 

nanoporous aluminum oxide thickness 
 

In figure 3.11, the cross-section SEM micrographs of anodized 1050 aluminum alloy 

samples at room temperature, for 45 minute at 500 rpm electrolyte stirring rate and a potential 

values between 15 V and 21 V are shown. 

From the recorded cross-section SEM micrographs presented in figure 3.11 it could be 

observed that for the imposed potential value of 15 V during the anodic oxidation process, the 

obtained nanoporous aluminum oxide layer has 8.46 μm mean thickness. 

 

  

 
 

Figure 3.11. Cross-section SEM micrographs of anodized surfaces using an imposed potential of (a) 

15 V, (b) 18 V and (c) 21 V for 45 minutes in 500 rpm stirring rate 

 

The increasing of imposed potential value from 15 V to 18 V and 21 V during the 

anodic oxidation process produces the increasing of nanoporous aluminum oxide layers 

thickness up to 11.8 μm and 26 μm. 

In comparison with the thickness of nanoporous aluminum oxide layers obtained at 

500 rpm electrolyte stirring rate, the thickness of nanoporous aluminum oxide layers obtained 

without stirring rate shown increased values due to the increased electrolyte temperature 

during the anodic oxidation process. Also, the same trend of increasing the nanoporous 

aluminum oxide layer thickness with the increase of imposed potential during the anodic 

oxidation process is maintained. 

The increasing of nanoporous aluminum oxide layers thickness during the anodic 

oxidation process was observed by G.D. Sulka and W.J. Sepniwki [3.9] for the aluminum 
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oxide layers formed on pure aluminum surfaces in 0.3 M oxalic acid and a potential ranged 

between 30 V and 65 V. 

 

3.2.2. Influence of anodic oxidation process duration on nanoporous 

aluminum oxide thickness 
 

The cross-section SEM micrographs recorded for the 1050 aluminum alloy samples 

anodized at 500 rpm electrolyte stirring rate and 21 V for 25 minutes, 35 minutes and 45 

minutes are presented in figure 3.13. 

From figure 3.13 it could be observed that the nanoporous aluminum oxide layers 

present an increasing thickness trend simultaneous with the increasing of anodic oxidation 

process duration. The increasing of anodic oxidation process duration from 25 minutes (figure 

3.13 (a)) to 35 minute (figure 3.13 (b)) and 45 minutes (figure 3.13 (c)) produce the increasing 

of nanoporous aluminum oxide layer thickness from 14.2 μm to 23.3 μm to 26 μm 

The same increasing trend of nanoporous aluminum oxide layer thickness with the 

increasing of anodic oxidation process duration was observed by Veys-Renaux et al [3.14] for 

the nanoporous aluminum oxide layers grown on Al1050 in 2 M sulphuric acid electrolyte, by 

G.D. Sulka și W.J. Stepnowski [3.9] for pure aluminum anodized in 0.3 M oxalic acid. R.K. 

Choudhary and his co-workers [3.12] observe that the increasing of anodizing process 

duration with 20 minutes lead to 69% increasing of aluminum oxide layer thickness obtained 

on pure aluminum in 10% oxalic acid. 

 

  

 
 

Figure 3.13. Cross-section SEM micrographs of anodized surfaces at 21 V in (a) 25 minutes, (b) 35 

minutes and (c) 45 minutes using 500 rpm electrolyte stirring rate 
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The nanoporous aluminum oxide layers obtained at 500 rpm stirring rate show lower 

thicknesses in comparison with the nanoporous aluminum oxide layers obtained in static 

conditions at the same potential values or anodizing duration. The same trend of the 

increasing nanoporous aluminum oxide layer thickness with the increasing of anodizing 

duration was maintained. 

 

 

3.3. SEM-EDX compositional analysis 
 

The SEM-EDX analyzes were recorded on the entire surfaces of nanoporous 

aluminum oxide layers in order to be observed an overview of nanoporous aluminum oxide 

layer chemical composition. 

The recorded SEM-EDX weight percent spectrums of electrochemical polished 1050 

aluminum alloy and nanoporous aluminum oxide layers, show an increasing trend for the 

oxygen element weight percent simultaneous with the increasing of potential, anodizing 

duration and stirring rate and for aluminum and carbon elements, the weight percents 

spectrum present a decreasing trend. 

 

 

3.4. X-ray diffraction structural analysis 
 

The structural characterization of nanoporous aluminum oxide layers were made using 

X-ray diffraction method in order the observe the influence of the parameters imposed in the 

fabrication process on the structural phase modification of nanoporous aluminum oxide layers 

obtained by anodic oxidation. 

The XRD diffractograms reveal the increasing of aluminum oxide peaks intensities 

simultaneous with the decreasing of metallic aluminum peaks intensities for the nanoporous 

aluminum oxide layers in comparison with the electrochemical polished 1050 aluminum 

alloy. 

 

 

3.5. Roughness characterization 
 

The 2D roughness profiles of nanoporous aluminum oxide layers were obtained using 

a contact-tip roughness tester that are moved for a known distance on samples surfaces and 

record the vertical movement evolution of the stylus tip. From the 2D roughness profiles, the 

mean values of roughness parameters Ra of the analyzed samples were calculated. 

The evolution of Ra roughness parameters calculated from 2D roughness profiles of 

analyzed samples reveal morphological changes on the anodized 1050 aluminum alloy 

surfaces regardless the electrolyte stirring rate. The increasing of anodizing potential at 15 V 

and 18 V produce the decreasing of Ra parameter and for the anodized samples at 21 V, the 

Ra values increase in comparison with the Ra value of electrochemical polished 1050 

aluminum alloy surface. 
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3.6. Wetting characterization 
 

In order to calculate the mean values of contact angles between the nanoporous 

aluminum oxide layer surfaces obtained by anodic oxidation process and the distilled water 

droplet, at least 9 measurements using the goniometer OCA 15 EC on different area from 

nanoporous aluminum oxide layers surfaces were made. 

 

3.6.1. Influence of imposed potential in anodic oxidation process on 

nanoporous aluminum oxide wetting properties 
 

The mean values of contact angles of nanoporous aluminum oxide layers surfaces 

obtained in 500 rpm stirring rate for 45 minutes at different potential values are shown in 

figure 3.33 (b). From figure 3.33 (b) it could be observed that the mean value of contact angle 

between distilled water droplet and nanoporous aluminum oxide layers decrease simultaneous 

with the increasing of anodizing potential. For the nanoporous aluminum oxide layer surface 

obtained at 15 V it was calculated a mean value of 93.53o. The increase of imposed potential 

value at 18 V and 21 V during the anodic oxidation process cause a decrease of contact angle 

means value to 92.11o and 90.51o respectively. The decreasing of contact angles means values 

calculated for the nanoporous aluminum oxide layers is caused by their morphological 

structure, their porosity and defects number as could be observed from SEM micrographs 

presented in figure 3.7. 

 

 
 

Figure 3.33. Influence of imposed potential during the anodic oxidation process on contact 

angles mean values of nanoporous aluminum oxide layers obtained (b) using 500 rpm 

electrolyte stirring rate 

 

The nanoporous aluminum oxide layers obtained without stirring rate present 

decreased means values of contact angles due to their increased porosity in comparison with 

the nanoporous aluminum oxide layers obtained at 500 rpm electrolyte stirring rate. Also, the 

same decreasing trend of contact angles mean values with the increasing of potential values 

imposed in anodic oxidation process is maintained. 
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3.6.2. Influence of anodic oxidation process duration on nanoporous 

aluminum oxide wetting properties 
 

The mean values of contact angles calculated for anodized 1050 aluminum alloy 

samples at 500 rpm stirring rate and 21 V for different anodic oxidation duration are presented 

in figure 3.35 (b). 

 

 
 

Figure 3.35. Influence of anodic oxidation process duration on contact angles mean values of 

nanoporous aluminum oxide layers obtained (b) using 500 rpm electrolyte stirring rate 

 

From figure 3.35 it could be observed that the contact angle mean values present a 

decreasing trend with the increasing of anodic oxidation process duration. For the anodized 

1050 aluminum alloy sample at 21 V for 25 minute it was calculated a contact angle mean 

value of 100.17o and the increasing of anodic oxidation process duration up to 35 minutes and 

45 minutes cause a decrease of contact angle mean values to 95.58o and 90.51o respectively. 

The decreasing of contact angles mean values is caused by the nanoporous aluminum oxide 

layer morphological structure and porosity. 

The contact angle mean values of nanoporous aluminum oxide layers obtained without 

electrolyte stirring rate have the same decreasing trend of contact angle mean values with the 

increasing of anodic oxidation duration. Also, it could be observed that the increasing of 

nanoporous aluminum oxide layers obtained without electrolyte stirring rate porosity cause 

the decrease of contact angles mean values. 

 

 

3.7. Partial conclusions 
 

The anodic oxidation process form on 1050 aluminum alloy surfaces nanoporous 

aluminum oxide layers that change the surfaces morphology in comparison with the 

electrochemical polished 1050 aluminum alloy surface. 

In the present thesis it was evaluated the influence of imposed parameters in anodic 

oxidation process on morphological, structural and compositional characteristics of 

nanoporous aluminum oxide layers. The influences of imposed potential, the influence anodic 

oxidation process duration and the influence of electrolyte stirring rate on nanoporous 



Valentin Marian DUMITRAŞCU - Dissertation for Doctor of Philosophy in Materials Engineering 

 

 

      

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro
        32 / 70 

aluminum oxide layers characteristics obtained by controlled anodic oxidation in 1 M H2SO4 

in which was added 1 g/L Al2(SO4)3 x 18 H2O were evaluated. 

From top-view SEM micrographs of nanoporous aluminum oxide layers it was 

observed that the increasing of imposed potential and anodic oxidation process duration lead 

to the obtaining of a more uniform layers (a reduced defects number) with an increased 

porosity for nanoporous aluminum oxide layers without electrolyte stirring rate and the 

obtaining of a more uniform layers with a decreased porosity for nanoporous aluminum oxide 

layers anodized at 500 rpm electrolyte stirring rate. 

The increasing of potential value and anodic oxidation process duration cause an 

increase of nanoporous aluminum oxide layer thickness, regardless of electrolyte stirring rate. 

From contact angles mean values analysis of nanoporous aluminum oxide layers it 

could be observed a decreasing trend in comparison with the contact angle mean value of 

electrochemical polished 1050 aluminum alloy. The obtained nanoporous aluminum oxide 

layers at 15 V and 18 V present an increasing trend despite the electrolyte stirring rate and 

anodic oxidation process duration and the nanoporous aluminum oxide layers obtained at 21 

V despite the electrolyte stirring rate, the contact angle means values show a decreasing trend 

with the increasing of anodic oxidation process duration. 
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CHAPTER 4. 
 

The influence of electrochemical parameters imposed in anodic oxidation 

process on anticorrosive properties of nanoporous aluminum oxide layers 
 

 

 

The corrosion resistances of nanoporous aluminum oxide layers obtained by anodic 

oxidation were determined in 3.5% NaCl solution with a pH value of 5.75, using 

electrochemical methods and compared with the corrosion resistance of electropolished 1050 

aluminum alloy. 

Also, in chapter 5, the influence of imposed parameters in anodic oxidation process on 

the anticorrosive properties of nanoporous aluminum oxide layers was evaluated. 

 

 

4.1. Open circuit potential – OCP 
 

The free potential or open circuit potential is an electrochemical method that offers 

information about the corrosion behavior of an immersed material into corrosive solution, 

revealing the interaction tendency between the material and the corrosive environment. 

The open circuit potential it was the started method after the samples immersion into 

corrosive environment in order to observe the interaction between nanoporous aluminum 

oxide layers with the corrosive solution (3.5% NaCl, pH = 5.75). The open circuit potentials 

were recorded for 17 hours after immersion in order to be attained a steady state value. 

 

4.1.1. Influence of imposed potential in anodic oxidation process on open 

circuit potential evolution 
 

The influence of imposed potential in anodic oxidation process on open circuit 

potential evolution recorded for the nanoporous aluminum oxide layers obtained at 45 

minutes and 500 rpm electrolyte stirring rate, immersed in 3.5% NaCl solution, is presented in 

figure 4.1 (b). 

For the electrochemical polished 1050 aluminum alloy sample subjected to corrosion 

assays it was observed that the open circuit potential reaches a steady state value around -700 

mV vs. Ag/AgCl, KCl saturated, due to the penetration of native aluminum oxide layer by the 

chloride ions and the modification of electrolyte pH value near the 1050 aluminum alloy 

surface [4.1]. 

From the open circuit potentials diagrams for the nanoporous aluminum oxide layers 

immersed in 3.5% NaCl solution, it was observed that the free potential reaches the steady 
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state values after 300 minutes of immersion, regardless of the imposed potential value in 

anodic oxidation process. The free potential reaches the steady state after 300 minutes due to 

the nanoporous aluminum oxide layer penetration by the corrosive electrolyte that cause 

heterogeneous reactions in the presence of chloride ions and due to the heterogeneous 

morphological, structural and compositional characteristics of the inner barrier-type 

aluminum oxide film from the bottom of the nanopores. The open circuit potential reaches the 

steady state values after 300 minutes of immersion due to the passive aluminum oxide layer 

development that protect the aluminum substrate against aggressive chloride ions from the 

electrolyte. 

 

 
 

Figure 4.1. Evolution of open circuit potential (OCP) for (1) electrochemical polished 1050 aluminum 

alloy and for the anodized samples at (2) 15 V, (3) 18 V and (4) 21 V for 45 minutes (b) at 500 rpm 

electrolyte stirring rate, immersed in 3.5% NaCl solution with a pH value of 5.75 

 

From figure 4.1 (b) it can be observed that the open circuit potential recorded for the 

nanoporous aluminum oxide layers obtained at 500 rpm electrolyte stirring rate is more noble 

with the decreasing of imposed potential in the anodic oxidation process. For the nanoporous 

aluminum oxide layer obtained at 15 V, the free potential reaches the steady state at -450 mV 

vs. Ag/AgCl with an increasing trend in time. By increasing the imposed potential value in 

anodic oxidation process to 18 V and 21 V, after the immersion of nanoporous aluminum 

oxide layers in NaCl 3.5%, the free potential reaches the steady state values at -605 mV vs. 

Ag/AgCl and -630 mV vs. Ag/AgCl, respectively. The decreasing of the free potential steady 

state could be caused by the increasing of nanopores density simultaneously with the 

increasing of imposed potential in anodic oxidation process that facilitate the electrolyte 

penetration including the aggressive chloride ions to the inner barrier-type aluminum oxide 

film from the bottom of the nanopores. 

From figure 4.1. it could be seen that the nanoporous aluminum oxide layers formed 

by anodic oxidation process attained more noble free potential steady state value in 

comparison with the free potential steady state value recorded for the electropolished 1050 

aluminum alloy. Also, a decreasing trend of free potential is maintained for the nanoporous 

aluminum oxide layers obtained in static and dynamic electrolyte conditions with the 

increasing of anodic potential value imposed in the electrochemical process. 
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4.1.2. Influence of anodic oxidation process duration on open circuit 

potential evolution 
 

In figure 4.2 (b) the open circuit potential diagrams recorded after the immersion in 

NaCl 3.5% for 17 hours of 1050 aluminum alloy samples anodized at 21 V and 500 rpm 

stirring rate for 25 minutes, 35 minutes and 45 minutes, respectively, are shown. 

For the nanoporous aluminum oxide layer obtained at anodic oxidation duration of 25 

minutes, the free potential reaches a steady state around -460 mV vs. Ag/AgCl with a 

decreasing trend in time. The increasing of anodic oxidation duration from 25 minutes to 35 

minutes and 45 minutes cause a decreasing of free potential steady state to -544 mV vs. 

Ag/AgCl and -630 mV vs. Ag/AgCl, respectively. The free potential steady state is decreasing 

simultaneously with the increasing of anodic oxidation process duration, caused by the 

increasing of nanopores density and their diameters also, that allow a facile electrolyte 

penetration to the inner barrier-type aluminum oxide film from the bottom of nanopores. 

 

 
 

Figure 4.2. Evolution in time of open circuit potential for (1) electrochemical polished 1050 

aluminum alloy and for the anodized samples at (2) 25 minutes, (3) 35 minutes and (4) 45 minutes for 

21 V at (b) 500 rpm electrolyte stirring rate, immersed in 3.5% NaCl solution with a pH value of 5.75 

 

The nanoporous aluminum oxide layers formed at 0 rpm stirring rate maintain the 

same decreasing trend of the free potential steady state with the increasing of anodic oxidation 

process duration. Even if, the nanoporous aluminum oxide layers obtained at 0 rpm stirring 

rate show a decreasing trend for free potential steady state, the steady state values are more 

noble in comparison with the free potential steady state recorded for the electropolished 1050 

aluminum alloy sample. 

 

 

4.2. Electrochemical impedance spectroscopy - EIS 
 

The electrochemical impedance spectroscopy is an electrochemical method in A. C. 

used to characterize the electrode-electrolyte interface processes. 

In the corrosion assays, the EIS diagrams show complete information about processes 

kinetics that take place at the electrode-electrolyte (corrosive solution) interface [4.11, 4.12]. 
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The Nyquist representation of EIS diagrams is used in literature because it allows an 

easy identification of equivalent circuit elements that are used to fit the recorded experimental 

data and to calculate the values of the polarization resistances. 

Due to the analyzed surface porosity and/or inhomogeneity [4.13, 4.14], the EIS 

diagrams were fitted with simple and complex elements such as resistors and constant phase 

elements (CPE). The constant phase element allows the representation of dispersed frequency 

and their value is calculated using A. Lasia relation [4.15]: 

)(

1

jQ
ZCPE   (4.1) 

where: 1j , ω is angular frequency (ω=2πf, f is frequency in Hz), Q is a real constant (F 

cm-2 s(1-α)) and α is related by the angular rotation of a purely capacitor element on the 

complex plane. 

In order to fit the EIS diagram recorded for the electrochemical polished 1050 

aluminum alloy immersed in NaCl 3.5%, it was used a simple electrical circuit, exposed in 

figure 4.3. In figure 4.3, Rs is the electrolyte resistance, Re and CPEe are the polarization 

resistance and constant phase element of the electrochemical polished surface, respectively. 

 

 
 

Figure 4.3. Equivalent circuit used to fit the EIS diagrams recorded for the electropolished 

Al1050 and expose to corrosion assays in 3.5% NaCl with a pH = 5.75 

 

In figure 4.4 it is presented the equivalent circuit used to fit the EIS diagrams recorded 

for the nanoporous aluminum oxide layers obtained at different electrochemical parameters. 

The nanoporous aluminum oxide layer could be divided in two parts (a part is the aluminum 

oxide outer layer formed by the nanoporous structure and a part is the barrier-type inner layer 

from the bottom of nanopores), so it was used a simple equivalent circuit for each part and 

after that the equivalent circuits were connected in series. 

 

 
 

Figure 4.4. Equivalent circuit used to fit the EIS diagrams recorded for the nanoporous 

aluminum oxide layers exposed to corrosion assays in 3.5% NaCl with a pH = 5.75. 

 

From figure 4.4 it could be seen that the Rs is the solution resistance, Rp and CPEp 

are the polarization resistance and the constant phase element of outer nanoporous aluminum 

oxide layer and Rb and CPEb are the polarization resistance and the constant phase element of 

the inner barrier-type aluminum oxide layer from the bottom of the nanopores, respectively. 



Valentin Marian DUMITRAŞCU - Dissertation for Doctor of Philosophy in Materials Engineering 

 

 

      

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro
        39 / 70 

The polarization resistance of the analyzed samples could be determined at the intersection 

between the impedance semicircle and the abscissa or by fitting the experimental data using 

an equivalent circuit. 

The electrochemical impedance spectroscopy was carried out after 17 hours of 

samples immersion into electrolyte, time period in which in the electrochemical cell was 

attained the potential steady state, the frequency was ranged between 105 Hz and 101 Hz using 

a small amplitude A.C. signal of 10 mV, being recorded 10 points per decade. The EIS 

diagrams were fitted with Zview 3.4f software and the quality of the fitted results were 

evaluated using the chi-square (chi2) element with a value bellow 10-3. 

 

4.2.1. Influence of imposed potential in anodic oxidation process on 

polarization resistance evolution from electrochemical impedance 

spectroscopy diagrams 
 

In figure 4.6 (a) are shown, in Nyquist representation, the EIS diagrams of the 

electropolished 1050 aluminum alloy and the nanoporous aluminum oxide layers obtained at 

500 rpm electrolyte stirring rate for 45 minute and the potential were ranged between 15 V 

and 21 V. In figure 4.6 (b) a zoom of the EIS diagrams in the high frequency domain is 

presented, in order to obtain a better view of the electropolished 1050 aluminum alloy EIS 

diagram. The EIS recorded experimental data were represented using symbols and the fitted 

EIS results using the equivalent circuits from figure 4.3 and figure 4.4 are represented with a 

continuous line. 

The EIS diagram recorded for the electropolished 1050 aluminum alloy present a 

capacitive loop with a reduced height in comparison with the EIS diagrams recorded for the 

nanoporous aluminum oxide layers that indicate a decreased corrosion resistance in 

comparison with the corrosion resistance of the nanoporous aluminum oxide layers. The EIS 

diagram of electropolished 1050 aluminum alloy was fitted with the equivalent circuit 

presented in figure 4.3 and the values of circuit elements are exposed in the table 4.1. For the 

electropolished 1050 aluminum alloy it was determined a polarization resistance value around 

25.781 kohm cm2. 

 
Table 4.1. The elements values of equivalent circuit used to fit the experimental date recorded for the 

electropolished 1050 aluminum alloy 

 

Equivalent circuit 

elements 

Electropolished 

Al1050 surface 

Rs [Ω cm2] 10.9 

CPEe [F cm2 s(1-α)] 5.2975 E-6 

αe 0.88556 

Re [Ω cm2] 25781 

Chi2 0.8113 E-3 

 

From figure 4.6 it can be seen that the EIS diagrams recorded for the nanoporous 
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aluminum oxide layers show the same capacitive loop. The imposed potential increase in the 

anodic oxidation process induces the increasing of the capacitive loops heights meaning that 

the corrosion resistance is increasing. 

 

  
 

Figure 4.6. (a) The Nyquist representation of EIS diagrams recorded for (1) electropolished surface 

and anodized surfaces at (2) 15 V, (3) 18 V and (4) 21 V for 45 minutes at 500 rpm electrolyte stirring 

rate, immersed in 3.5% NaCl solution with a pH = 5.75 and (b) zoom of Nyquist diagrams in order to 

obtain a better view of EIS diagram recorded for the electropolished surface. 

 

The EIS diagrams recorded for the nanoporous aluminum oxide layers were fitted 

using the equivalent circuit from figure 4.4 and in table 4.3 the values of equivalent circuit 

elements are presented. 

From table 4.3 it could be seen that the increasing of the imposed potential in the 

anodic oxidation process from 15 V to 18 V causes the increasing of polarization resistance 

from 2596.9 kohm cm2 to 4105.8 kohm cm2 and the increasing of anodizing potential up to 21 

V increase the polarization resistance to 36850 kohm cm2. 

 
Table 4.3. The elements values of equivalent circuit used to fit the experimental date recorded for the 

nanoporous aluminum oxide layers obtained at 45 minutes and 500 rpm electrolyte stirring rate 

 

Potential imposed in anodic oxidation process 

[V] 
Equivalent circuit 

elements 
15 18 21 

Rs [Ω cm2] 14.3 15.4 16.1 

CPEp [F cm2 s(1-α)] 1.1129 E-3 6.0594 E-5 7.2014 E-5 

αp 0.625 0.634 0.623 

Rp [Ω cm2] 33.2 43.67 95.57 

CPEb [F cm2 s(1-α)] 5.5161 E-7 5.4091 E-7 4.3789 E-7 

αb 0.969 0.967 0.97 

Rb [Ω cm2] 2.596.9 E6 4.105.8 E6 3.685 E7 

Chi2 0.7914 E-3 0.6642 E-3 0.6007 E-3 
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By comparing the EIS diagrams recorded for the nanoporous aluminum oxide layers 

obtained at 0 rpm and 500 rpm electrolyte stirring rate it could be observed that the diagram 

maintains the same capacitive loop aspect and their heights increase simultaneously with the 

increasing of anodizing potential. 

The increasing of polarization resistance is influenced by the increasing of nanoporous 

aluminum oxide layer thickness, in specially, that cause the growth of the barrier-type 

aluminum oxide layer from the bottom of the nanopores. Also, the decreasing of nanoporous 

aluminum oxide layer porosity obtained at 500 rpm electrolyte stirring rate in comparison 

with the porosity of nanoporous aluminum oxide layers obtained at 0 rpm electrolyte stirring 

rate increase the polarization resistance. 

 

 

4.3. Potentiodynamic polarization – PD 
 

The potentiodynamic polarization diagrams are used to study the kinetics of corrosion 

processes in order to determine the passive domains of materials after the immersion into 

corrosive electrolytes. The passive domain means the formation of the oxide layer at the 

material–electrolyte interface that cause the decreasing of the corrosion current value in the 

analyzed potential domain. By analyzing the potentiodynamic polarization diagrams it could 

be identified 4 activity domains at the material–electrolyte interface [4.17]: 

- the cathodic domain: the potential domain in which the material surface passive layer is 

damaged by the hydrogen release; 

- the critical domain: is the potential domain where the formation and the dissolution of the 

passive layer is taking place simultaneously; 

- the passive domain, which is the potential domain in which the passive layer is formed; 

- the transpassive domain, is the potential domain in which the passive layer breaks down and 

the substrate is damaged. 

By analyzing the potentiodynamic polarization diagrams, the passive domains 

especially (their length and the current density values), could determine the anticorrosive 

performances of analyzed materials. 

The analyzed surfaces, the electropolished 1050 aluminum alloy and the nanoporous 

aluminum oxide layers obtained at different electrochemical parameters, were cathodically 

treated at -2.1 V vs. Ag/AgCl for 3 minutes before the recording the potentiodynamic 

polarization diagrams in a potential domain ranged between -1.45 V vs. Ag/AgCl and -0.4 V 

vs. Ag/AgCl with a scanning rate of 1 mV/s. 

The analysis of potentiodynamic polarization diagrams show that the increasing of 

imposed parameters values in the anodic oxidation process cause the increasing of the 

recorded passive domains lengths and the decreasing of current density recorded in the 

passive and transpassive domains. 
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4.4. Cyclic voltammetry – CV 
 

The cyclic voltammetry (current density versus potential) is an electrochemical 

method used to evaluate the nanoporous aluminum oxide layers surface behavior at pitting 

corrosion. From the linear representation of cyclic voltammograms it could be identified the 

specific pitting hysteresis after the potential scanning direction is reversed, and the highest 

hysteresis surface indicate the pitting corrosion susceptibility [4.22, 4.23]. 

Before the recording of cyclic voltammograms, the analyzed surfaces were 

cathodically treated at -2.1 V vs. Ag/AgCl for 3 minutes. The cyclic voltammograms were 

recorded for the electropolished 1050 aluminum alloys and the anodized surfaces at different 

parameters between -1.45 V vs. Ag/AgCl and -0.4 V vs. Ag/AgCl, the scanning direction was 

from -1.45 V vs. Ag/AgCl to -0.4 V vs. Ag/AgCl and after reversed to -1.45 V vs. Ag/AgCl, 

with a scanning rate of 1 mV/s. 

By evaluating the cyclic voltammetry diagrams recorded for the anodized surfaces it 

could be observed that the current density values from the reverse sweep in comparison with 

direct sweep means the decreasing of hysteresis surfaces simultaneously with the increasing 

of the imposed potential or anodic oxidation duration. The decreasing of hysteresis surfaces 

formed by the reversed branch of cyclic voltammograms determine the decreasing of pitting 

corrosion susceptibility of nanoporous aluminum oxide layers in comparison with the 

electropolished 1050 aluminum alloy surface. 

 

 

4.5. Partial conclusions 
 

The surfaces of the nanoporous aluminum oxide layers obtained by anodic oxidation 

in 1 M H2SO4 in which 1 g/L Al2(SO4)3 x 18 H2O was added and at different electrochemical 

parameters that were subjected to corrosion assays in 3.5% NaCl solution, pH = 5.75, in order 

to evaluate the corrosion behavior in comparison with the performances of the electropolished 

1050 aluminum alloy surface. Also, the influence of anodizing parameters on the 

anticorrosive properties of the nanoporous aluminum oxide layers was evaluated. 

By analyzing the recorded open circuit potential diagrams for the electropolished 1050 

aluminum alloy and the nanoporous aluminum oxide layers it could be observed that the open 

circuit potential of the nanoporous aluminum oxide layers show noble values and by 

increasing the potential value or anodic oxidation duration, the open circuit potential steady 

state decrease for the nanoporous aluminum oxide layers obtained at 0 rpm and 500 rpm 

electrolyte stirring rate. 

The electrochemical impedance spectroscopy method show that all the applied 

parameters in the anodic oxidation process affects the anticorrosive properties of the 

nanoporous aluminum oxide layers obtained. By increasing the anodic oxidation process 

duration and the applied potential, the polarization resistances, determined using equivalent 

circuits, for the nanoporous aluminum oxide layers presents an increasing trend for both static 

and dynamic electrolyte conditions. Also, it could be observed that the nanoporous aluminum 

oxide layers obtained at 500 rpm electrolyte stirring rate show increased values of polarization 
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resistance in comparison with the nanoporous aluminum oxide layers anodized at 0 rpm 

electrolyte stirring rate. 

After the corrosion assays, it was observed that the anodic oxidation process improves 

the anticorrosive properties of electropolished 1050 aluminum alloy. Also, by increasing of 

potential values from 15 V to 21 V and the anodic oxidation process duration from 25 minutes 

to 45 minutes, the nanoporous aluminum oxide layers obtained show improved anticorrosive 

properties. 
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CHAPTER 5. 
 

The effect of electrochemical parameters imposed in the anodic oxidation 

process on wear behavior of aluminum oxide layers 
 

 

 

In chapter 5, the influence of electrochemical parameters imposed in the anodic 

oxidation processes on the wear behavior (mechanical properties) of the nanoporous 

aluminum oxide layers obtained was evaluated. The wear behavior of electropolished and 

anodized 1050 aluminum alloy was evaluated using TRM 1000 tribometer (Wazau, Germany) 

from Research and Development Center for Thermoset Composites Center of „Dunărea de 

Jos” University of Galați, in a Pin-on-Disc configuration, method that is described in 

subsection 2.3.6. 

In order to evaluate the wear behavior of the nanoporous aluminum oxide layers the 

friction coefficients diagrams recorded during the wear tests were evaluated, in which a 5 N 

normal force was applied, in order to simulate force used  in industrial domains such as 

transports (panels for vehicles door), construction (building elements and roofs), advertising 

(volumetric letters) or equipments production (parts for generators/transformators) where the 

used materials need to have cumulated properties: low weight, weldability, corrosion 

resistance and/or wear resistance, etc.. Using ex-situ methods, the wear tracks formed on the 

nanoporous aluminum oxide layers surfaces were analyzed. 

 

 

5.1. Friction coefficient 
 

The friction coefficient is a dimensionless unit that represents the relation between the 

modules of two forces that acts vertical (normal force) and parallel (tangential force) at two 

contact objects interface [5.1, 5.2]. 

nt FF /  (5.1) 

where: 

μ= friction coefficient; Ft= module of tangential force; Fn= module of normal force. 

The friction coefficient is an important factor that affects the choosing of the materials 

to be used in specific environments [5.1]. 

The friction tests of nanoporous aluminum oxide layers were carried out applying 5 N 

normal force for 50 minutes and 9.55 rpm sliding speed. 
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5.1.1. The effect of imposed potential in anodic oxidation process on 

aluminum oxide layers friction coefficients 
 

In figure 5.1 (b) are exposed the friction coefficient diagrams of nanoporous aluminum 

oxide layers grown at 45 minutes anodic oxidation duration, with a potential ranged between 

15 V and 21 V at 500 rpm electrolyte stirring rate. 

Friction coefficient diagram recorded for the electropolished 1050 aluminum alloy are 

shown in figure 5.1 (b) and presents a decreasing trend with the increasing of sliding distance 

due to the tribolayer formation in the contact area between the analyzed sample and the 

alumina ball (the pin). 

From figure 5.1 (b) it could be observed that the nanoporous aluminum oxide layers 

present a mean value of friction coefficient decreased in comparison with the mean value of 

friction coefficient recorded for the electropolished 1050 aluminum alloy, around 0.484. Also, 

it could be observed that the increasing of imposed potential in the anodic oxidation process 

cause the decreasing of the recorded friction coefficients mean values, from 0.461 for the 

nanoporous aluminum oxide layer formed at 15 V to 0.317 and 0.273 for the nanoporous 

aluminum oxide layers anodized at 18 V and 21 V, respectively. 

 

 
 

Figure 5.1. The influence of imposed potential in the anodic oxidation process on the friction 

coefficients variation recorded for the nanoporous aluminum oxide formed (b) at 500 rpm electrolyte 

stirring rate 

 

The friction coefficient diagram recorded for the nanoporous aluminum oxide layer 

obtained at 15 V present variations in the first 15 meters due to the degradation of nanoporous 

aluminum oxide layers that have a low thickness (subsection 3.2). 

Comparing the friction coefficients diagrams recorded for the nanoporous aluminum 

oxide layers obtained at 0 rpm and 500 rpm electrolyte stirring rate it could be seen that 

regardless of imposed electrochemical parameters, the friction coefficients diagrams show a 

decreasing trend simultaneously with the increasing of sliding distance due to the formation 

of tribolayers in the contact area between the surfaces and alumina ball. Also, the formed 

tribolayers act as lubricants, decreasing the friction coefficients [5.7]. 

The mean values of friction coefficients recorded for the nanoporous aluminum oxide 

layers anodized at 0 rpm electrolyte stirring rate have increased values in comparison with the 

mean values of nanoporous aluminum oxide layers obtained at 500 rpm electrolyte stirring 
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rate due to the increased porosity, except the friction coefficients diagrams recorded for the 

nanoporous aluminum oxide layers anodized at 15 V. During the friction tests, due to the low 

thickness, the nanoporous aluminum oxide layer obtained at 15 V and 500 rpm electrolyte 

stirring rate is damaged leading to value of friction coefficient increase. 

W. Bensalah et al [5.8] have observed that the mechanical properties of nanoporous 

aluminum oxide layers formed on 1050 aluminum alloy increase simultaneously with the 

decreasing of electrolyte temperature and increasing of imposed current density during the 

anodic oxidation process, respectively. 

The nanoporous aluminum oxide layer obtained at 21 V and 500 rpm electrolyte 

stirring rate, due to the complex morphological structure and high thickness show the lowest 

value of the friction coefficient and offer to 1050 aluminum alloy substrate an increased 

resistance under mechanical factors actions. 

 

5.1.2. The effect of anodic oxidation process duration on aluminum oxide 

layers friction coefficients 
 

The friction coefficient diagrams recorded for the nanoporous aluminum oxide layers 

anodized at 21 V and 500 rpm electrolyte stirring rate for different time periods are shown in 

figure 5.3 (b). The friction coefficients diagrams recorded for the nanoporous aluminum oxide 

layers show lower values in comparison with the friction coefficient mean value of the 

electropolished 1050 aluminum alloy, around 0.484. 

 

 
 

Figure 5.3. Influence of the anodic oxidation process duration on the friction coefficients variation 

recorded for the nanoporous aluminum oxide formed (b) at 500 rpm electrolyte stirring rate 

 

By increasing the anodic oxidation processes duration from 25 minutes to 35 minutes 

and 45 minutes, respectively, the friction coefficients mean values increase from 0.203 up to 

0.235 and 0.273, respectively, due to the increased porosity. The increasing of aluminum 

oxide layer porosity cause the decreasing of the nanopore walls thickness and also, the 

decreasing of the wear resistance. 

By comparing the friction coefficients diagrams it could be observed that the 

nanoporous aluminum oxide layers obtained at a decreased anodic oxidation process duration 

show an increased wear resistance, indifferent by the electrolyte stirring rate. Also, it could be 
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seen that the decreased porosity of nanoporous aluminum oxide layers formed at 500 rpm 

electrolyte stirring rate it causes the decreasing of friction coefficients in comparison with the 

nanoporous aluminum oxide layers anodized at 0 rpm electrolyte stirring rate. 

The decreasing of the friction coefficients caused by the porosity increasing was 

observed by N. Tyntsaru and her coworkers [5.10] for the nanoporous aluminum oxide layers 

obtained in sulphuric acid on pure aluminum surfaces. 

 

 

5.2. Morphological characterization of wear tracks 
 

The wear tracks morphological characterization was done using the scanning electron 

microscope FEI Quanta 200 from „Dunărea de Jos” University of Galați. The wear tracks 

widths were determined in 4 cardinal points and after that their mean values were calculated. 

In the subsection 5.2, the SEM micrographs where the wear tracks have the width closest to 

the mean value will be shown. 

 

5.2.1. Morphological characterization of wear tracks formed on 

electropolished 1050 aluminum alloy 
 

In figure 5.5, the wear track formed on the electropolished 1050 aluminum alloy 

surface subjected to friction tests applying 5 N normal force for 50 minutes and 9.55 rpm 

sliding speed is presented. 

 

 
 

Figure 5.5. SEM micrographs of the wear track formed on the electropolished 1050 aluminum alloy 

(a) entire width of wear track and (b) wear debris formed inside the wear track at a higher resolution 

 

From figure 5.5 (a) it could be observed that wear track width has a mean value of 

1220 μm. In the contact area between the alumina ball and the electropolished 1050 aluminum 

alloy surface can be observed the formation of a discontinuous tribolayer, being visible 

numerous wear debris, material ruptures and crevices. As can be seen in figure 5.5 (b), the 

wear debris have different width and forms. 

Aluminum and its alloys are liable to adhesive wear due to their increased ductility. 

The wear debris formed are not removed from the tested surface and during the friction tests 
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are stacked to the tribolayer formed in the contact area between the alumina ball and the 

tested sample. P. Groche and F. Resch [5.13], also, have observed that the 1050 aluminum 

alloy present an adhesive wear during the friction assays. 

 

5.2.2. The effect of imposed potential in anodic oxidation process on 

morphological characterization of wear tracks formed on aluminum oxide 

layers 
 

In figure 5.7 are exposed the wear tracks formed on the nanoporous aluminum oxide 

layers surfaces anodized at 500 rpm electrolyte stirring rate for 45 minutes and a potential 

ranged between 15 V and 21 V. 

 

  

 
 

Figure 5.7. SEM micrographs of the wear tracks formed on the anodized surfaces at (a) 15 V, (c) 18 V 

and (e) 21 V for 45 minutes at 500 rpm electrolyte stirring rate. (b), (d) and (f) SEM micrographs 

taken inside the wear tracks at an increased resolution 

 

The wear tracks formed on the surface of the nanoporous aluminum oxide layer 

formed at 15 V (figure 5.7 (a and b)) show an increase in defects number, detachments and 

material ruptures. The wear track width formed on the nanoporous aluminum oxide layer 

anodized at 15 V has the highest mean value of 401 μm, from the nanoporous aluminum 

oxide layers obtained at 500 rpm electrolyte stirring rate. At higher resolution (figure 5.7 (b)), 

inside the wear track, material detachments and wear debris with different sizes and shapes 

can be identified. 

In figure 5.7 (c and d) the wear track formed on the nanoporous aluminum oxide layer 
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anodized at 18 V with a mean width of 312 μm is presented. On the nanoporous aluminum 

oxide layer obtained at 18 V it can be observed a few cracks in the outer region of wear track 

with a small depth. Inside the wear track, at a higher resolution, on the formed tribolayer in 

the contact area material ruptures are presented. 

From figure 5.7 (e and f) it can be seen that the wear track formed on the nanoporous 

aluminum oxide layer surface, anodized at 21 V has the lowest width with a mean value 

around 279 μm, and also, a diminished defects frequency at both resolutions. The increased 

thickness and porosity of the nanoporous aluminum oxide layers obtained at 21 V improve the 

wear behavior of the 1050 aluminum alloy substrate. 

By comparing the wear tracks widths formed on the surfaces of the nanoporous 

aluminum oxide layers anodized for 45 minutes at 0 and 500 rpm electrolyte stirring rate and 

a potential ranged between 15 V and 21 V, it could be seen a decreasing trend simultaneously 

with the increasing of the anodic potential imposed. Also, by increasing of the electrolyte 

stirring rate from 0 to 500 rpm, the wear tracks width decrease so the wear resistance of the 

nanoporous aluminum oxide layers increase due to the increasing of nanopores walls. 

 

5.2.3. The effect of anodic oxidation process duration on morphological 

characterization of wear tracks formed on aluminum oxide layers 
 

In figure 5.9, the influence of the anodic oxidation process width on the morphology 

of wear tracks formed on nanoporous aluminum oxide layers obtained at 21 V and 500 rpm 

electrolyte stirring rate is presented. 

From SEM micrographs shown in figure 5.9, it could be seen that the wear tracks 

width decrease simultaneously with the increasing of anodic oxidation process duration. The 

wear tracks formed on the nanoporous aluminum oxide layers anodized for 25 minutes is 

exposed in figure 5.9 (a) and has a mean width around 320 μm. In the contact area between 

the surface and the alumina ball an increased numbers of cracks are presented, with different 

dimensions and depths that starts from the inner to the outer regions of the formed tribolayer. 

The SEM micrographs exposed in figure 5.9 (b) confirm that the tribolayer formed is not 

uniform, being visible cracks. 

The nanoporous aluminum oxide layers obtained at 35 minutes and 45 minutes have 

on their surfaces wear tracks with mean values around 286 μm and 279 μm, respectively. In 

the contact area between alumina ball and analyzed surfaces, the formed tribolayers are 

uniform on entire surfaces and the defects numbers are insignificant as density or sizes. 

Comparing the wear tracks formed on the surfaces of nanoporous aluminum oxide 

layers during the friction tests it can be seen that the increasing of the anodic oxidation 

process duration decrease the wear tracks width. Also, it can be observed that the increasing 

of the electrolyte stirring rate from 0 to 500 rpm during the anodic oxidation process cause 

morphological changes that increase the wear resistance of the nanoporous aluminum oxide 

layers. 
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Figure 5.9. SEM micrographs of the wear tracks formed on the anodized surfaces for (a) 25 minutes, 

(c) 35 minutes and (e) 45 minutes at 21 V and 500 rpm electrolyte stirring rate. (b), (d) and (f) SEM 

micrographs taken inside the wear tracks at an increased resolution 

 

 

5.3. Determination of 2D and 3D profiles of wear tracks 
 

The 2D profiles of the wear tracks formed on the analyzed samples were carried out 

using Mytutoyo Surftest SJ-210 roughness tester by moving the stylus tip for 2.5 mm with 0.5 

μm/s measuring speed. 

The 3D profiles were obtained by processing the SEM micrographs of the wear tracks 

using ImageJ 1.50i software developed by National Institute of Health, USA, 

(http:\\www.imagej.nih.gov\ij). Using math functions that associate the gray intensity with the 

heights/roughness of the analyzed surfaces, the software converts the gray intensity in 

numbers that are exposed on Z axis. A decreased intensity of gray causes the decreasing of 

values from the Z axis and an increased intensity of gray cause the increasing of Z axis values 

and so, the 3D profiles of the wear tracks formed on the nanoporous aluminum oxide layers 

are obtained. 

The 2D and 3D profiles reveal that the formed tribolayers in the contact between 

alumina ball and the nanoporous aluminum oxide layers are compact and uniform in 

comparison with the tribolayer formed on the electropolished 1050 aluminum alloy. The 

increasing of the anodic potential and the anodic oxidation process duration cause the 

formation of more uniform and compact tribolayers on the nanoporous aluminum oxide 

layers. 

From the SEM micrographs and 2D and 3D profiles analysis reveal that the 
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electropolished 1050 aluminum alloy present an adhesive wear mechanism, the nanoporous 

aluminum oxide layers obtained at 15 V present a mixt adhesive and abrasive wear 

mechanism and for the nanoporous aluminum oxide layers anodized at 18 V and 21 V it can 

be identified an abrasive wear mechanism. 

 

 

5.4. Quantitative characterization of wear tracks 
 

In order to evaluate the tribological properties of the nanoporous aluminum oxide 

layers obtained by anodic oxidation processes, after the friction assays, the wear volume loss 

(quantity of loss material during the friction tests) and also the wear rate was calculated. 

The wear volume loss (Vu) was calculated using the (5.4) eqution [5.15]: 
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where: 

D = wear tracks diameters (10 mm); 

Lu = wear tracks width (mm); 

r = alumina ball radius (10 mm). 

The wear rate (k) was calculated using (5.5) equation [5.15]: 

PS

V
k u  (5.5) 

where: 

Vu = wear volume loss (mm3); 

P = normal force (5 N); 

S = sliding distance (30 m). 

The evolution of the volume loss and wear rate confirm that the nanoporous aluminum 

oxide layers have an increased wear resistance in comparison with the electropolished 1050 

aluminum alloy. The increasing of applied potential, the anodic oxidation process duration 

and the electrolyte stirring rate cause the nanoporous aluminum oxide layer formation with 

improved wear behavior. 

 

 

5.5. Partial conclusions 
 

The mechanical properties of the nanoporous aluminum oxide layers anodized in 1 M 

H2SO4 in which was added 1 g/L Al2(SO4)3 x 18H2O, at different electrochemical parameters 

were evaluated during friction assays using in-situ (friction coefficients) and ex-situ 

(morphological characterization, 2D and 3D profiles) methods. 

The mechanical properties of the nanoporous aluminum oxide layers were compared 

with the mechanical properties of electropolished 1050 aluminum alloy and also, the influence 

of electrochemical parameters imposed in the anodic oxidation processes on the wear 

resistance of the nanoporous aluminum oxide layers formed was evaluated. 

Analyzing the friction coefficient diagrams it can be seen that the nanoporous 
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aluminum oxide layers present decreased value in comparison with the electropolished 1050 

aluminum alloy. Also, by increasing the value of imposed potential, the friction coefficients 

mean values decrease and by increasing the anodic oxidation process duration, the values of 

the friction coefficients values increase, for both static and dynamic electrolyte regime. 

Even if the imposed potential or anodic oxidation process duration are similar, the 

nanoporous aluminum oxide layers anodized at 500 rpm electrolyte stirring rate present lower 

values of friction coefficients in comparison with the nanoporous aluminum oxide layers 

obtained at 0 rpm electrolyte stirring rate. 

The SEM micrographs reveal that the wear tracks formed on the nanoporous 

aluminum oxide layers have decreased width in comparison with the wear track formed on the 

electropolished 1050 aluminum alloy. The increasing of imposed potential and/or anodic 

oxidation process duration cause the decreasing of mean values of wear tracks widths. Also, 

the decreasing of the wear tracks widths is caused by the increasing of the electrolyte stirring 

rate. 
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CHAPTER 6. 
 

The correlation between the electrochemical parameters imposed in anodic 

oxidation process with the wetting, corrosion and wear resistance 

properties of nanoporous aluminum oxide layers 
 

 

 

The development of functional surfaces on different materials change the wetting, 

anticorrosive and wear resistance properties of support materials. The evaluation of wetting 

properties influence on anticorrosive and wear resistance properties of materials had drawn 

the researchers’ attention. An improving tendency of materials properties simultaneously with 

the increasing of wetting properties has been identified. 

From anticorrosive performances point of view, the fabrication of functional surfaces 

with increased hydrophobic performances (contact angle > 90o) after the immersion into 

electrolyte has shown a reduced active surface (in contact with corrosive environment) due to 

the entrapped air into pores of surface irregularities, and chloride ions from electrolyte react 

after a long immersion time with the substrate, offering an improved materials corrosion 

resistance. 

From tribological point of view, the nanopores or surface irregularities can be used as 

liquid lubricants reservoirs and during the wear assays without lubricants, the nanoporous 

surfaces with thick walls show a decreased friction coefficient value due to the slow 

degradation of nanopores walls and concomitant with the nanopores walls degradation, in the 

contact area, the nanopores are compressed and the degradation in outer region of contact area 

is slowed down. 

In order to obtain nanoporous aluminum oxide layers that present a cumulation of 

properties, the experimental results were correlated in order to identify the nanoporous 

aluminum oxide layer that present concomitant an increased polarization resistance, 

determinated by fitted EIS diagrams, an increased value of contact angle and a decreased 

value of friction coefficient and also the electrochemical parameters imposed in the anodic 

oxidation process during that the aluminum oxide layer it was formed. 

The evaluation of nanoporous aluminum oxide layers, individually exposed in chapter 

3, 4 and 5, depending the electrochemical parameters varied in the anodic oxidation process, it 

was observed that the increasing of imposed anodic potential increase the polarization 

resistance values determined by fitted EIS diagrams and also the decreasing of friction 

coefficients, indifferent by anodic oxidation process length or electrolyte stirring rate. Also, 

the contact angles values between the nanoporous aluminum oxide layer surfaces and distilled 

water drops show an increasing trend for the nanoporous aluminum oxide layers obtained at 

25 minutes and 35 minutes and a decreasing trend for the nanoporous aluminum oxide layers 
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obtained at 45 minutes, concomitant with the increasing of imposed anodic potential or 

electrolyte stirring rate. 

Evaluating the influence of anodic oxidation process duration on nanoporous 

aluminum oxide layer properties it was observed that the increasing of anodic oxidation 

process duration causes the increasing of corrosion and wear resistances (the friction 

coefficient values increase concomitant with the decreasing of wear volume). The nanoporous 

aluminum oxide layers obtained at 15V and 18 V show an increasing trend of contact angles 

values simultaneously with the increasing of anodic oxidation process duration in comparison 

with the decreasing trend of the nanoporous aluminum oxide layers obtained at 21 V. 

In table 6.1 the contact angles, the polarization resistances and friction coefficients 

values obtained are exposed for the nanoporous aluminum oxide layers ranging all imposed 

parameters during the anodic oxidation processes. 

 
Table 6.1. The correlation between the electrochemical parameters and the properties of nanoporous 

aluminum oxide layers 

 

Anodic oxidation parameters 

Potential 

[V] 

Time 

[min] 

Stirring rate 

[rpm] 

Contact 

angle 

[o] 

Polarization 

resistance (EIS) 

[MΩ] 

Friction 

coefficient 

15 25 0 80.89 0.262 0.3729 

15 25 500 82.94 0.562 0.363 

15 35 0 84.84 1.54 0.3874 

15 35 500 86.13 2.07 0.3869 

15 45 0 87.22 2.33 0.4068 

15 45 500 93.53 2.596 0.461 

18 25 0 82.09 1.172 0.2558 

18 25 500 83.94 1.201 0.238 

18 35 0 85.17 3.442 0.2729 

18 35 500 87.02 3.661 0.256 

18 45 0 87.16 3.851 0.3476 

18 45 500 92.11 4.105 0.3172 

21 25 0 89.92 10.32 0.2388 

21 25 500 100.17 11.42 0.2029 

21 35 0 89.54 22.12 0.2644 

21 35 500 95.58 24.21 0.2352 

21 45 0 86.02 33.85 0.3111 

21 45 500 90.51 36.85 0.2732 

 

The experimental results recorded for the nanoporous aluminum oxide layers obtained 

at 500 rpm electrolyte stirring rate are exposed in figure 6.2. 

By analyzing the values presented in figure 6.2. it can be observed that the increasing 

of anodic oxidation process duration, the nanoporous aluminum oxide layers anodized at 15 V 

and 18 V respectively, present an increasing trend of contact angles values simultaneously 
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with the increasing of polarization resistances obtained by fitted EIS diagrams and with the 

increasing of friction coefficients. 

 

 
 

Figure 6.2. Representation of polarization resistance (filled symbols) and friction coefficients (empty 

symbols) depending of contact angles values of nanoporous aluminum oxide layers obtained at an 

imposed anodic potential between 15 V and 21 V, a duration of anodic oxidation process between 25 

minutes and 45 minute and 500 rpm electrolyte stirring rate. 

 

By analyzing the evolution of wetting properties it can be seen an increasing trend of 

contact angles values for the nanoporous aluminum oxide layers obtained at 25 minutes and 

35 minutes, respectively, and a decreasing trend for the nanoporous aluminum oxide layers 

obtained at 45 minutes simultaneously with the increasing of anodic potential imposed in the 

anodic oxidation process. 

Depending by the anodic oxidation process duration, it can be seen that the 

nanoporous aluminum oxide layers have increased polarization resistance and friction 

coefficients concomitant with the increasing of anodic oxidation process duration. The 

wetting properties show an increasing trend for the nanoporous aluminum oxide layers 

obtained at 15 V and 18 V and a decreasing trend for the nanoporous aluminum oxide layers 

anodized at 21 V simultaneously with the increasing of anodic oxidation process duration. 

From figure 6.2 it can bee seen that the nanoporous aluminum oxide layers anodized at 

15 V and 21 V have decreased values of polarization resistances and increased values of 

friction coefficients in comparison with the values recorded for the nanoporous aluminum 

oxide layers obtained at 21 V. 

Analyzing the nanoporous aluminum oxide layers anodized at 21 V it can be observed 

that the layer obtained at 25 minutes has low values of polarization resistance and friction 

coefficient and also high value of contact angle and the nanoporous aluminum oxide layers 

anodized at 21 V and 45 minutes has high values of polarization resistance and friction 

coefficient and a low value of contact angle. The nanoporous aluminum oxide layer obtained 

at 21 V and 35 minutes has mean values of analyzed properties, being the aluminum oxide 

layers that show concomitant wear and corrosion resistance and also hydrophobic properties 

in contact with distilled water droplets. 
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CHAPTER 7. 
 

General conclusions, Perspectives and Future research direction 
 

 

 

7.1. General conclusions 
 

7.1.1. General conclusions on imposed parameters in nanoporous aluminum 

oxide layers fabrication process on 1050 aluminum alloy 
 

In order to grow nanoporous aluminum oxide layers on 1050 aluminum alloy, the 

optimum electrolyte, the optimum methods to prepare the aluminum substrate and also, the 

optimum values of imposed electrochemical parameters in the anodic oxidation process to 

obtain nanoporous aluminum oxide layers with an uniform cellular structure were identified. 

The scientific research aim was to evaluate the influence of imposed electrochemical 

parameters in the anodic oxidation process on the morphological, structural, composition, 

roughness and wetting properties of the nanoporous aluminum oxide layers obtained. Also, 

the optimum values of the electrochemical parameters in order to produce nanoporous 

aluminum oxide layers with improved corrosion behavior and wear resistance were identified. 

By analyzing the cross-section SEM micrographs, the nanoporous aluminum oxide 

layers thickness could be identified simultaneously with the increasing of the anodic potential 

and anodic oxidation process duration. The increasing of the electrolyte stirring rate from 0 

rpm to 500 rpm lead to the nanoporous aluminum oxide layers thickness decrease, regardless 

of the applied potential values or anodic oxidation process duration. 

The top-view SEM micrographs recorded on the nanoporous aluminum oxide layers 

surfaces reveal that the increasing of anodic potential and anodic oxidation process duration 

increases the porosity of aluminum oxide layers obtained, and nanoporous aluminum oxide 

layers obtained at 500 rpm electrolyte stirring rate, in comparison with the nanoporous 

aluminum oxide layers obtained at 0 rpm show an increased number of defects. 

Analyzing the weight percent of aluminum and oxygen elements from SEM-EDX 

spectrums it is confirmed that nanoporous aluminum oxide layers are formed on 

electropolished 1050 aluminum alloy by anodic oxidation process, and presence of sulphur 

element in SEM-EDX specters confirm that, the electrolyte used in the anodic oxidation 

process is based on sulphuric acid. 

The surfaces of electropolished 1050 aluminum alloy suffered morphological and 

compositional changes during the anodic oxidation process, regardless of the electrochemical 

parameter values, due to the formation of the nanoporous aluminum oxide layers. 
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7.1.2. General conclusions on characterization and performances of 

nanoporous aluminum oxide layers obtained by anodic oxidation on 1050 

aluminum oxide 
 

The 2D roughness profiles recorded on the nanoporous aluminum oxide layers reveal 

that the nanoporous aluminum oxide layers anodized at 15 V and 18 V show a decreasing 

trend comparing with the 2D roughness profile recorded on electropolished 1050 aluminum 

alloy. The roughness parameter Ra, calculated from 2D roughness profile recorded on the 

nanoporous aluminum oxide layer surface anodized at 21 V show an increasing trend 

simultaneously with the increasing of anodic oxidation process duration for both static or 

dynamic electrolyte stirring regime. 

The mean values of contact angles calculated for the nanoporous aluminum oxide 

layers show an increasing trend for the anodic potential of 15 V and 18 V and a decreasing 

trend for the anodic potential of 21 V concomitant with the increasing of anodic oxidation 

process duration. 

The corrosion behavior of the nanoporous aluminum oxide layers were measured after 

the immersion in 3.5% NaCl solution, using electrochemical corrosion assay and were 

compared with the corrosion behavior of electropolished 1050 aluminum alloy. 

Analyzing the OCP diagrams it was observed that the nanoporous aluminum oxide 

layers present noble values of free potential steady state in comparison with the 

electropolished 1050 aluminum alloy free potential steady state. Increasing the values of 

electrochemical parameters, the recorded free potential steady state shows a decreasing trend. 

The EIS diagrams were fitted using equivalent circuits and it was observed that the 

increasing of anodic potential and anodic oxidation process duration cause the formation of 

nanoporous aluminum oxide layers with improved corrosion resistance. 

Analyzing the potentiodynamic polarization curves it was seen that the passive 

domains duration increase and the current density values in the passive and transpassive 

domains decreases simultaneously with the increasing of electrochemical parameters values 

imposed in anodic oxidation process. 

The cyclic voltammograms reveal that the increasing of electrochemical parameters 

imposed in anodic oxidation process cause the obtaining of nanoporous aluminum oxide 

layers with a decreased pitting corrosion susceptibility. 

The wear resistance of nanoporous aluminum oxide layers was evaluated using 

friction tests without lubricants. 

The friction coefficients diagrams recorded for the nanoporous aluminum oxide layers 

show that the decreasing trend simultaneously with the increasing of anodic potential value 

imposed and decreasing of anodic oxidation duration, for both static and dynamic electrolyte 

stirring regime. Also, it was observed that the increasing of electrolyte stirring rate from 0 

rpm to 500 rpm, the obtained nanoporous aluminum oxide layers have decreased friction 

coefficient values. 

The SEM micrographs of the wear tracks formed on nanoporous aluminum oxide 

layer surfaces reveal a decreasing trend of wear tracks width simultaneously with the 

increasing value of electrochemical parameters imposed in the anodic oxidation process. 
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Analyzing the 2D and 3D roughness profiles of wear tracks formed on nanoporous 

aluminum oxide layers surfaces it is observed the formation of uniform and compact 

tribolayers concomitant with the increasing of electrochemical parameters values imposed in 

anodic oxidation process. 

Analyzing the SEM micrographs and the 2D and 3D profiles of the wear tracks it was 

seen that the 1050 aluminum substrate show an adhesive wear mechanism, the nanoporous 

aluminum oxide layers anodized at 15 present a mixed adhesive and abrasive wear 

mechanism and the nanoporous aluminum oxide layers formed at 18 V and 21 V show an 

abrasive wear mechanism. 

Also, the wear volume loss and wear rate show a decreasing trend simultaneously with 

the increasing of the electrochemical parameters imposed in the anodic oxidation process and 

confirm the improving of wear resistance performance of nanoporous aluminum oxide layers 

obtained. 
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7.2. Perspectives and Future research direction 
 

- Fabrication of nanoporous aluminum oxide layers by controlled anodic oxidation process on 

different aluminum alloys. 

- Evaluation of Al2(SO4)3 x 18 H2O concentration added into electrolyte on the nanoporous 

aluminum oxide layers characteristics. 

- Optimization of the electrochemical parameters imposed in the anodic oxidation processes 

in order to obtain nanoporous aluminum oxide layers with ordered structures. 

- Evaluation of tribocorrosion performances of the nanoporous aluminum oxide layers. 

- Evaluation of corrosion behavior of nanoporous aluminum oxide layers after salt spray 

exposure. 

- Evaluation of corrosion behavior of nanoporous aluminum oxide layers after a long 

exposure to corrosive environments. 

- Determination of organic coatings adhesion to the nanoporous aluminum oxide layer 

surfaces. 

- Evaluation of scratch resistance, determination of nanoporous aluminum oxide layer 

hardness and Young modulus. 

- Evaluation of wear resistance of nanoporous aluminum oxide layers in lubricants presence. 
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CHAPTER 8. 
 

Own contributions 

and Scientific achievements in the research domain 
 

 

 

8.1. Own contributions 
 

Elaboration of a bibliographic study based on scientific articles on the developing and 

characterization methods of the nanoporous aluminum oxide layers using electrochemical 

methods such as anodic oxidation. 

Identification of optimum methods used to prepare the aluminum substrate in order to 

grow on their surfaces nanoporous aluminum oxide layers using electrochemical methods. 

Identification of the electrochemical parameter domain values: potential, duration and 

electrolyte stirring rate that are imposed in the anodic oxidation processes in order to obtain 

nanoporous aluminum oxide layers. 

Fabrication of nanoporous aluminum oxide layers ranging the electrochemical parameters 

and the result replication by 20 times in order to observe the processes reproducibility. 

Elaboration of the methods used to evaluate the nanoporous aluminum oxide layers 

properties. 

The morphological, structural, compositional, roughness and wetting properties 

evaluation of the nanoporous aluminum oxide layers obtained by anodic oxidation. 

The measuring of nanoporous aluminum oxide layers thickness using cross-section SEM 

micrographs. 

Identification of optimum electrochemical corrosion assays to evaluate the corrosion 

behavior of the nanoporous aluminum oxide layers. 

Evaluation of the corrosion behavior of nanoporous aluminum oxide layers in 

comparison with the corrosion resistance of the electropolished 1050 aluminum alloy. 

Designing and carrying out the complex plane to evaluate the wear behavior of the 

nanoporous aluminum oxide layers. 

The analysis of the obtained experimental data after the characterization of nanoporous 

aluminum oxide layers, dissemination of obtained results by scientific articles publication and 

international and national conferences participation. 
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8.2. Scientific achievements in the field of research theme 
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1) Valentin Marian Dumitrașcu, Lidia Benea, Improving the corrosion behaviour of 6061 

aluminum alloy by controlled anodic formed oxide layer, Revista de Chimie, Vol. 68, p.77–

80, (2017), ISSN: 2537-5733, http://www.revistadechimie.ro/article_ro.asp?ID=5393 (accessed 

in 8 January 2018) I.F. 2016 = 1.232 

 

2) Valentin Dumitrașcu, Lidia Benea, Eliza Dănăilă, Characterization of nanoporous 
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International Multidisciplinary Scientific GeoConference SGEM 2017, Vol. 17 – Micro and 

Nano Technologies, p. 43–50, 2017, ISSN: 1314-2704. 
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Advances in Biotechnology, p. 167–174, 2016, ISSN: 1314-2704. 

DOI: 10.5593/SGEM2016/B61/S24.022 

 

6) Lidia Benea, Valentin Marian Dumitrașcu, Hybrid composite layers obtained by electro-

codeposition: challenges – results and future applications, Proceedings of 16th International 
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DOI: 10.5593/SGEM2016/B61/S24.020 
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GeoConference SGEM 2016, Book 6 – Nano, Bio and Green – Technologies for a Sustainable 



Valentin Marian DUMITRAŞCU - Dissertation for Doctor of Philosophy in Materials Engineering 

 

 

      

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro

CC-ITES
Competences Center for Interfaces – Tribocorrosion and Electrochemical Systems

www.cc-ites.ugal.ro
        65 / 70 
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Architecture, p. 49–56, 2016, ISSN: 1314-2704. 

DOI: 10.5593/SGEM2016/B62/S26.007 

 

8) Doinița Pîrvu-Neagu, Lidia Benea, Valentin Marian Dumitrașcu, Laurențiu Mardare, Some 
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750, ISSN: 1314-2704. 

DOI: 10.5593/SGEM2016/B52/S20.096 
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anodic oxidation treatment of Ti-10Zr alloy on tribocorrosion behavior in a simulated 
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