
 
 
 
 
 

BRNO UNIVERSITY OF TECHNOLOGY 
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ 

 

CENTRAL EUROPEAN INSTITUTE OF TECHNOLOGY BUT 
STŘEDOEVROPSKÝ TECHNOLOGICKÝ INSTITUT VUT 

 
 
 
 

RESEARCH AND DEVELOPMENT OF A TECHNOLOGY OF 

HARD ANODIZATION OF NONFERROUS ALLOYS 
VÝZKUM A VÝVOJ TECHNOLOGIE PŘÍPRAVY TVRDÉ ANODIZACE NEŽELEZNÝCH SLITIN 

 
 
 
 
 
 
 
 
 

SHORT VERSION OF DOCTORAL THESIS 
TEZE DIZERTAČNÍ PRÁCE 

 

AUTHOR 
AUTOR   PRÁCE 

Ing. Michaela Remešová 

 

SUPERVISOR 
ŠKOLITEL 

prof. Ing. Jozef Kaiser, Ph.D. 

 

 
 
 

BRNO 2020 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Abstract 
 

The thesis is focused on the research and development of the technological process for the 

preparation of hard anodic coatings on three different non-ferrous materials, namely  

(i) aluminium alloy (AA1050), (ii) pure magnesium (99.9% Mg), and (iii) zinc alloy (ZnTi2). 

Suitable combinations of anodizing conditions (voltage, current density, temperature and 

composition of the electrolyte, etc.) can produce anodic coatings with different properties.  

The effect of pre-treatment and anodizing conditions on the appearance, morphology, thickness 

and hardness of the produced anodic coatings was demonstrated in the present thesis. In order 

to increase tribological properties and hardness, the anodic coatings were directly doped with 

Al2O3 or with a mixture of Al2O3/PTFE particles during the anodizing process. The theoretical 

part describes the basic principles of anodization, the methods used in industry and  

the technological process. The experimental part is divided into three basic parts. The first part 

is devoted to anodizing of aluminium alloy. The second part is focused on anodizing of pure 

magnesium, and the last part is focused on anodizing of zinc alloy, which has not been 

researched as thoroughly as anodizing of aluminium. 
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Abstrakt 
 

Práce je zaměřena na výzkum a vývoj technologie přípravy tvrdých anodických vrstev na třech 
různých typech neželezných materiálů a to (i) hliníkové slitině (AA1050), (ii) čistém hořčíku 
(99.9% Mg) a (iii) zinkové slitině (ZnTi2). Vhodnou kombinací anodizačních podmínek 
(napětí, proudová hustota, teplota a složení elektrolytu atd.) lze vytvářet anodické vrstvy s 

rozdílnými vlastnostmi. V rámci předložené práce byl prokázán vliv předúpravy a anodizačních 

podmínek na vzhled, morfologii, tloušťku a tvrdost vytvořených anodických vrstev. Pro zvýšení 
tribologických vlastností a tvrdosti byly anodické vrstvy přímo dopovány Al2O3 částicemi nebo 

kombinací Al2O3 a PTFE částic během anodizačního procesu. Teoretická část práce popisuje 

základní principy anodizace, metody používané v průmyslové praxi a v práci je také popsán 
technologický proces. Experimentální část je rozdělena na tři základní části. První část se 
věnuje anodické oxidaci hliníkové slitiny AA1050. Druhá část je zaměřena na anodizaci čistého 
hořčíku a poslední část je zaměřena na anodizaci zinkové slitiny ZnTi2, která není tak známá 
jako anodizace hliníku. 
 

Klíčová slova 
Povrchová úprava, anodizace, hliník, hořčík, zinek, mikrostruktura, tvrdost, opotřebení 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Bibliographic citation 
 

REMEŠOVÁ, Michaela. Research and development of a technology of hard anodization  

of nonferrous alloys. Brno, 2020. Available online: https://www.vutbr.cz/studenti/zav-

prace/detail/128704. Short version of doctoral thesis. Vysoké učení technické v Brně, 
Středoevropský technologický institut VUT, Central European Institute of Technology BUT. 
Supervisor Jozef Kaiser. 

 

 

 

 

 

 

Statement 
 

I declare that this doctoral thesis was performed independently under the supervision  

of Prof. Ing. Jozef Kaiser, Ph.D. and Assoc. Prof. Ing. Ladislav Čelko, Ph.D., and it is original 

work with using the cited sources, literature and other professional sources which are listed  

in the text and reference list.  

 

 

 

In Brno, 3.7.2020                       Ing. Michaela Remešová 

 

 

 

 

 

 

Acknowledgement 
 

I would like to thank the following people, without whom this thesis would not have been 

possible. 

Thank you, supervisor Prof. Ing. Jozef Kaiser, Ph.D. for supervising this thesis. Thanks to my 

co-supervisor Assoc. Prof. Ladislav Čelko, Ph.D. for guidance, advice and a lot of patience. 
Furthermore, I would like to thank my colleagues from the research group Advanced Coatings 

at CEITEC BUT, namely Ivča, Melita, Vendy, Lucka, Serhii and Mirka. 
Also, I would like to thank my family, especially Honza, for his patience, encouragement and 

support. 

 

Thank you, CzechNanoLab Research Infrastructure supported by MEYS CR (LM2018110) 

for providing access to devices used for this thesis. 

The part of the research has been co-financed by CEITEC BUT (the project no. STI-J-17-

4623). 

 

https://www.vutbr.cz/studenti/zav-prace/detail/128704
https://www.vutbr.cz/studenti/zav-prace/detail/128704


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Contents 

1. Introduction .................................................................................................................. 1 

2. Aims of the thesis .......................................................................................................... 3 

3. Experimental part ........................................................................................................ 4 

3.1. Experimental apparatus .............................................................................................. 4 

3.2. Materials and mechanical pre-treatment .................................................................... 4 

3.2.1. Aluminium alloy - AA1050 ................................................................................................ 4 

3.2.2. Pure magnesium - 99.9% Mg ............................................................................................. 4 

3.2.3. Zinc alloy - ZnTi2 ............................................................................................................... 4 

3.3. Chemical pre-treatment .............................................................................................. 5 

3.3.1. Aluminium alloy - AA1050 ................................................................................................ 5 

3.3.2. Pure magnesium - 99.9% Mg ............................................................................................. 5 

3.3.3. Zinc alloy - ZnTi2 ............................................................................................................... 5 

3.4. Anodizing process ...................................................................................................... 5 

3.4.1. Preparation of a stable electrolyte containing Al2O3/PTFE particles .................................. 5 

3.4.2. Anodizing of AA1050 ........................................................................................................ 6 

3.4.3. Anodizing of 99.9% Mg ..................................................................................................... 6 

3.4.4. Anodizing of ZnTi2 ............................................................................................................ 7 

3.5. Characterization techniques ....................................................................................... 8 

4. Results and discussion .................................................................................................. 9 

4.1. Anodizing of AA1050 sheet ....................................................................................... 9 

4.1.1. Effect of pre-treatment on surface morphology ........................................................................ 9 

4.1.2. Effect of mechanical pre-treatment, voltage and current density  

on anodizing at 24 oC .................................................................................................................. 10 

4.1.3. Effect of temperature on the produced PAAO coating .......................................................... 13 

4.1.4. Effect of current density, electrolyte composition and concentration on anodizing  

process, morphology, hardness and thickness of the produced PAAO coating .................. 13 

4.1.5. Composite PAAO coatings containing Al2O3 and PTFE particles on AA1050 ................. 17 

4.1.6. Effect of anodizing conditions on the tribological properties of anodic  

coatings produced on AA1050 .................................................................................................. 18 

4.1.7. Closing remarks on anodizing of AA1050............................................................................... 19 

4.2. Anodizing of 99.9% Mg ........................................................................................... 21 

4.2.1. Optimization of anodizing conditions for 99.9% Mg ............................................................. 21 

4.2.2. Effect of addition of Al2O3 and PTFE particles on the anodizing  

process and morphology of the produced composite anodic coating ................................... 23 

4.2.3. Closing remarks on anodizing of 99.9% Mg ........................................................................... 25 

 



 

 

4.3. Anodizing of ZnTi2 .................................................................................................. 26 

4.3.1. Effect of voltage, NaOH electrolyte concentration and anodizing time on the resulting 

morphology, structure and thickness of anodic coatings ....................................................... 26 

4.3.2. Composite anodic coatings containing Al2O3 particles on ZnTi2 alloy ............................... 30 

4.3.3. Closing remarks on anodizing of ZnTi2 alloy ......................................................................... 32 

5. Conclusions ................................................................................................................. 33 

References ............................................................................................................................... 35 

List of authors scientific achievements ................................................................................. 40 

A.1. Publications in impact journal ...................................................................................... 40 

A.2. Selected contributions to conference proceedings indexed in WoS or Scopus ............ 41 

A.3. Active conferences, workshops and internship ............................................................ 42 

A.4. Participation in research projects ................................................................................. 42 

 



1 
 

1. Introduction 

Aluminium (Al), magnesium (Mg), zinc (Zn) and their alloys are used mainly in the automotive, 

aerospace, marine, and consumer industries, especially in fields where the weight reduction  

is critical, or where there are additional technical requirements for lightweight components.  

A disadvantage of these materials is related to the not very suitable surface properties  

such as corrosion resistance and surface hardness, which hinder their widespread use. For 

example, Mg and its alloys have poor corrosion resistance in most environments and require 

surface treatment or coating. Light metals such as those listed above are characterized by poor 

tribological properties, including low abrasion resistance and low strength. On the other hand, 

there has been a recent increase in the demand for non-ferrous metal components operating  

in extreme conditions (the influence of UV radiation, low/high temperature, and corrosive 

environments) together with higher requirements for improvement in their surface properties. 

One possibility to improve the aforementioned properties of these materials while increasing 

the service life of components is surface treatment [1-4]. 

A variety of surface treatment processes are being used to protect non-ferrous metals, 

including surface conversion treatment (e.g. chromating, phosphating), anodizing,  

and galvanizing/plating. These processes can be used alone or in combination with  

the application of organic coatings. In addition, further methods have been reported such as 

chemical vapour deposition (CVD), physical vapour deposition (PVD), plasma spraying  

and electron/laser beam surface treatments [2], which can act similarly. The anodizing 

technique was developed a long time ago, mainly with the aim to produce decorative coatings 

on Al and its alloys surfaces. Anodizing is one of the most popular industrial processes, which 

applies an anodic current or voltage to a substrate metal to produce a decorative, durable, 

corrosion-resistant, anodic coating [1, 2]. These anodic coatings are most commonly applied  

to protect Al, Mg, Ti and their alloys and less often to protect Zn and its alloys. Anodic coatings 

may be used to improve paint adhesion, strength, and chemical, mechanical and  

tribological properties of the metal, as a surface treatment before dyeing or as a passivation 

treatment. It is a very cost-effective method for producing a uniform and highly adhesive 

oxide/hydroxide coatings on metals. Two types of coatings can be produced: (i) compact barrier 

coating and (ii) porous coating [4-7]. The technological process includes (1) mechanical  

pre-treatment, (2) chemical pre-treatment (degreasing, etching, activation), (3) anodizing using 

direct current (DC), alternating current (AC) or pulse current (PC), (4) dyeing or post-treatment, 

and (5) sealing. Every stage has an influence on the final properties of coatings. 

Several methods for anodizing of aluminium are used in the industry. Chromic acid 

anodizing (CAA, Type I) is used in aerospace, sulfuric acid anodizing (SAA, Type II)  

or decorative anodizing is used in architecture or for anodizing of subjects of daily necessity 

while hard anodizing (HA, Type III) is used in the mechanical engineering [8]. For industrial 

anodization of Mg and its alloys, the following three methods are most frequently used:  

Dow 9, Dow 17 and HAE. The least-used anodizing technology in the industry is anodizing of 

zinc. With the increasing demands on the coating properties, Al and Mg micro-arc oxidation 

technologies are being developed and improved [7, 9]. 

Most of the commercial methods require expensive processes (e.g. high temperature of the 

electrolyte, high voltage, etc.) or the use of hazardous/toxic chemicals (e.g. hexavalent 

chromium). Therefore, new and more environmentally friendly methods are being developed. 
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Anodically produced coatings are widely used in the automotive, aerospace, engineering and 

marine industries, but recently they have also been used in medicine, electrical engineering,  

and nanotechnology [2]. 

The non-uniform growth of an anodic coating is strongly influenced by the type of alloying 

elements or the resulting intermetallic phase and has a considerable effect on the resulting 

corrosion resistance, mechanical properties, and appearance of the produced coatings. 

The thesis is divided into two main parts. The first part is the theoretical part and is not 

included in this doctoral thesis summary. The second part is the experimental part, which  

is focused on the optimization of the technological process of anodizing of aluminium alloy 

(AA1050), pure magnesium (99.9% Mg) and zinc alloy (ZnTi2). The effect of pre-treatment 

and anodizing conditions (concentration, composition and temperature of the electrolyte, 

current density/voltage, anodizing time, etc.) on the morphology, thickness, etc. of the produced 

anodic coatings were investigated. To improve the hardness and tribological properties  

of the produced anodic coatings, aluminium oxide (Al2O3) and polytetrafluoroethylene (PTFE) 

particles were added to the electrolyte.  



3 
 

2. Aims of the thesis 

The thesis is focused on (i) the development of technological process conditions for  

99.5% aluminium alloy (AA1050), zinc alloy (ZnTi2) and pure magnesium (99.9% Mg) 

substrates, and (ii) the characterization and evaluation of the produced anodic coatings.  

The main aim is focused on the production of anodic coatings doped with particles, namely 

aluminium oxide (Al2O3) and polytetrafluoroethylene (PTFE) particles, in order to improve  

the hardness and tribological properties of the anodic coatings when compared to the substrate. 

The partial aims of this work are the following: 

 

• Optimization of (i) the mechanical and chemical pre-treatment of the substrates prior to the 

anodizing process and (ii) anodizing conditions in terms of temperature, concentration and 

type of electrolyte, current density/voltage and anodizing time. 

• Detailed characterization of the produced anodic coatings via SEM with EDX, TEM, XRD, 

and Vickers hardness test as well as the measurement of the thickness of the anodic 

coatings. 

• Evaluation of the effect of the anodizing process conditions on the formation and properties 

of the anodic coatings. 

• Preparation of stable electrolytes which contain Al2O3 and Al2O3/PTFE particles in order 

to utilize them for the production of composite anodic coatings. 

• Characterization of produced composite anodic coatings via SEM with EDX, Vickers 

hardness test and measurement of their thickness. 

• Evaluation of the effect of Al2O3 and Al2O3/PTFE particles on the anodizing process  

and properties of composite anodic coatings. 

• Evaluation of the effect of Al2O3 and PTFE particles on tribological properties of the anodic 

oxide coatings produced on aluminium alloys. 
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3. Experimental part 

3.1. Experimental apparatus 

Experiments were performed on the galvanic apparatus developed for this purpose. This device 

was equipped with ten tanks. The first three tanks were used for the chemical pre-treatment 

(degreasing, etching, neutralizing), and the fourth was used for the anodizing process. The rest 

of the tanks were used for rinsing. The anodizing tank was equipped with an external cooling 

system (EuroCold, Italy), a thermocouple and the direct current (DC) power supply unit  

QPX 1200 (Aim-TTi, United Kingdom) operating between 0-60 V and 0-50 A. 

 

3.2. Materials and mechanical pre-treatment 

3.2.1. Aluminium alloy - AA1050 

A commercially pure aluminium alloy sheet (Vy-Tech, Czech Republic, AA1050) was cut into 

80 mm × 60 mm × 6 mm samples which were used as the working electrodes (anodes).  
Two series of the samples with different mechanical pre-treatment were prepared. The first 

series of samples was ground and the second one was ground and further mechanically polished. 

The samples were masked with a polyester “acid-resistant” tape, so the resulting working 
electrode size was 50 mm × 60 mm × 6 mm. 

3.2.2. Pure magnesium - 99.9% Mg 

A commercially cold extruded pure Mg rod (12.7 mm in diameter, MG007924, Goodfellow, 

United Kingdom, 99.9% Mg) was cut into cylinders of 80 mm in length and then cut in half 

along the axis. Two series of the samples with different mechanical pre-treatment were 

prepared. The first series of samples was ground, and the second series of samples was ground 

polished. The samples surface was masked with a polyester “acid-resistant” tape to obtain  
the resulting working electrode area 0.19 dm2. 

3.2.3. Zinc alloy - ZnTi2 

A commercially rolled ZnTi2 sheet (AlmioPlus s.r.o., Czech Republic, ZnTi2) was cut into  

86 mm × 18 mm × 1 mm samples, masked with a polyester “acid-resistant” tape and used  
as the working electrodes (anodes) in the experiments. The resulting working electrode size 

was 56 mm × 18 mm × 1 mm. The chemical composition of the zinc alloy, according to the 

supplier, was 2% Ti and 98% Zn (wt.%). 
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3.3. Chemical pre-treatment 

Prior to the anodizing process, all samples were chemically pre-treated, and the chemicals used 

were mostly of analytical grade. 

3.3.1. Aluminium alloy - AA1050  

First, the samples were ultrasonically degreased in acetone (min. 99.5%, p.a., Penta), ethanol 

(96%, p.a., Lach-Ner) and isopropyl alcohol (min. 99.7%, p.a., Lach-Ner) for 120 s in each 

solution. In the second step, alkaline etching in 10% NaOH (min. 98%, p.a., Lach-Ner) solution 

at 35 oC for 30 s was used. Subsequently, all samples were neutralized in 1:1 mixture  

of concentrated HNO3 (min. 65%, p.a., Lach-Ner) and deionized water at room temperature  

for 60 s. After the alkaline etching and neutralizing steps, all samples were rinsed two times  

in deionized water, in separate tanks. 

3.3.2. Pure magnesium - 99.9% Mg 

First, the samples were degreased in ethanol and isopropyl alcohol in an ultrasonic  

bath for 120 s in each solution. In the second pre-treatment step, the samples were etched  

in 0.5% HF (min. 38%, p.a., Lach-Ner) for 30 s. Finally, the samples were rinsed two times  

in ethanol and dried with cold air. 

3.3.3. Zinc alloy - ZnTi2 

The samples were degreased in ethanol and isopropyl alcohol in an ultrasonic bath  

for 120 s in each solution, etched in 0.25% HNO3 (65%, p.a., Lach-Ner) for 6 s, rinsed two 

times in deionized water and dried with cold air. 

 

3.4. Anodizing process 

3.4.1. Preparation of a stable electrolyte containing Al2O3/PTFE 

particles 

Based on the available data in the literature [10-12] an anionic surfactant (98.5%, sodium 

dodecylbenzenesulfonate, SDBS, Sigma Aldrich) was chosen for the preparation of a stable 

electrolyte for further experiments. After the anodizing process under the same conditions,  

only Al2O3 particles were observed by SEM, while EDX analyses confirmed their presence  

on the surface of the anodic coating. Due to the PTFE particles sedimentation on the bottom  

of the anodizing tank, the PTFE particles were replaced with a commercial PTFE suspension  

for the next experiments [10]. A detailed description of the procedure with the individual stable 

electrolytes with PTFE and/or Al2O3 particles is provided in individual subchapters.  

The preparation of a stable electrolyte containing the particles was based on the conclusions 

https://doi.org/10.1016/j.apsusc.2010.04.040
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reported by Chen et al. [10] and Li et al. [12]. Electrolytes containing the particles were stable 

for more than five hours after the solution preparation. 

3.4.2. Anodizing of AA1050 

The anodizing process was performed in the 15% H2SO4 (98%, p.a., Lach-Ner) electrolyte  

with or without varying the composition (by adding oxalic acid (C2H2O4, 99%, p.a., Lach-Ner) 

and Al2O3 and PTFE particles) at temperatures of (i) 24 oC, (ii) 18 oC or (iii) 10 oC under  

a constant voltage (16-20 V) or constant current density (1-3 A/dm2). In all experiments, where 

a lower electrolyte temperature of 10 oC was used, glycerol (C3H8O3) was added to the 

electrolyte to reduce the heat produced during the reactions at the oxide-substrate interface  

and to keep the process temperature constant. Anodizing was performed using DC power supply 

with two stainless steel plates, which were used as cathodes. After the anodizing process,  

the samples were rinsed in deionized water and dried with cold air. 

 

The stable dispersion electrolyte solution was prepared following the protocol below: 

 

• Solution 1: 0.6 g/L of sodium dodecylbenzenesulfonate (CH3(CH2)11C6H4SO3Na,  

98.5%, SDBS, Sigma Aldrich) was added to 5 mL of deionized water and stirred  

for 30 min; 

• Solution 2: 6 g/L of Al2O3 particles (diameter < 500 nm) were added to Solution 1,  

and the dispersion was stirred for 60 min in an ultrasonic bath; 

• Solution 3: Solution 2 was subsequently added to 1000 mL of 15% H2SO4 containing  

20 g/L C2H2O4 and 10 mL/L C3H8O3, and stirred for 30 min; 

• Final electrolyte: 15 mL/L of 60 wt.% PTFE (Sigma Aldrich), a commercially available 

suspension, was added to Solution 3 and kept under stirring for 12 hours. 

3.4.3. Anodizing of 99.9% Mg 

The anodizing process was performed in the 1 M NaOH (min. 98%, p.a., Lach-Ner) electrolyte 

with or without Al2O3 and PTFE particles at 24 oC under a constant voltage of 4-50 V using 

DC power supply. Two stainless steel plates were used as the cathodes in the experiment. 

During the anodizing process, current density vs anodizing time was recorded at 1 s intervals, 

and the electrolyte was agitated with compressed air. After the anodizing process, the samples 

were rinsed in ethanol and dried with cold air. 

 

The stable dispersion electrolyte solution was prepared following the protocol below: 

 

• Solution 1: 0.6 g/L of sodium dodecylbenzenesulfonate (CH3(CH2)11C6H4SO3Na,  

98.5%, SDBS, Sigma Aldrich) was added to 5 mL of deionized water and stirred  

for 30 min; 

• Solution 2: 10 g/L of Al2O3 particles (diameter < 500 nm) were added to Solution 1, and 

the dispersion was stirred for 60 min in an ultrasonic bath; 

• Solution 3: Solution 2 was subsequently added to 1000 mL 1 M NaOH and stirred  

for 30 min; 

https://doi.org/10.1016/j.apsusc.2010.04.040
https://doi.org/10.1016/j.apsusc.2010.04.040
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• Final electrolyte: 15 mL/L of 60 wt.% PTFE, a commercially available suspension, was 

added to Solution 3 and kept under stirring for 12 hours. 

3.4.4. Anodizing of ZnTi2 

The anodizing process was carried out under varying concentration of individual electrolytes  

(i) NaOH (min. 98%, p.a., Lach-Ner), (ii) KOH (min. 85%, p.a., Lach-Ner) and (iii) C2H2O4 

(99%, p.a., Lach-Ner). Also, the stable 0.5 M NaOH electrolyte solution containing 6 g/L Al2O3 

particles was produced. Anodizing was carried out at 21 oC. The ZnTi2 samples and two 

stainless steel plates were used as the anode and the cathode in the experiment, respectively. 

After the anodizing process, the samples were rinsed in deionized water and dried with cold air.  

 

The stable dispersion electrolyte solution was prepared following the protocol below: 

 

• Solution 1: 0.6 g/L of sodium dodecylbenzenesulfonate (98.5%, SDBS, Sigma Aldrich) 

was added to 5 mL of deionized water and stirred for 30 min; 

• Solution 2: 6 g/L of Al2O3 particles (diameter < 500 nm) were added to Solution 1,  

and the dispersion was stirred for 60 min in an ultrasonic bath; 

• Final electrolyte: Solution 2 was subsequently added to 1000 mL 0.5 M NaOH and stirred 

for 12 hours. 
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3.5. Characterization techniques 

X-Ray diffraction 

The phase composition was identified by means of X-ray diffraction (XRD, SmartLab 3 kW, 

Rigaku, Japan) using Cu Kα radiation. The assessment of the peaks was performed utilizing  

the software HighScore Plus (PANalytical). 

 

Scanning electron microscopy 

The surface morphology and cross-section of the produced anodic coatings were investigated 

by SEM Lyra3 (Tescan, Czech Republic) equipped with energy-dispersive X-ray spectroscopy 

(EDX, XFlash 5010, Bruker AXS Microanalysis, Germany) for area/point chemical analyses. 

Samples for cross-sectional microstructural observation were produced using the  

cold mounting technique followed by conventional metallographic procedures. As-coated  

cross-sectional samples were observed using the BSE mode. The metallographic preparation  

of ZnO samples using different mounting techniques was investigated in detail and published 

by the author of the thesis in Scientific Reports [13]. 

 

Transmission electron microscopy 

High-resolution transmission electron microscopy (HRTEM, FEI Titan Themis 60-300, 

ThermoFisher Scientific, Netherlands) was used for the detailed analysis of the produced anodic 

ZnO coatings. TEM lamellas were prepared by focused ion beam and field emission scanning 

electron microscope (FIB-FESEM, FEI Helios NanoLab 660, ThermoFisher Scientific, Czech 

Republic).  

 

Hardness of anodic coatings 

The microhardness of non-treated AA1050 substrate and porous anodic oxide coatings was 

measured on cross-sectional samples using the Vickers hardness tester Duramin 100 (Struers, 

Denmark). The reported hardness values data are the average value of 10 individual 

measurements. 

 

Ball-on-disc wear test  

The tribological behaviour of the anodic coatings produced on AA1050 was evaluated using 

the reciprocal ball-on-disc wear test using a standard UMT TriboLab (Bruker Corporation, 

USA) tribometer at room temperature. The wear test counterparts (AISI G133 alumina balls, 

6 mm in diameter) were stationary fixed in the holder and pressed to the moving anodized 

sample by a normal load of 3 N. The sample was moving back-and-forth along a stroke  

of 10 mm with a frequency of 3 Hz. The duration of each test was 2000 cycles. After the test, 

the cross-sectional profiles of wear tracks were measured using a Contour GT X8 (Bruker 

Corporation, USA) optical profiler, and the total wear loss of the samples was calculated  

as a resulting cross-sectional area of the wear track multiplied by its length. 
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4. Results and discussion 

4.1. Anodizing of AA1050 sheet 

Prior to the anodizing process, samples were mechanically and chemically pre-treated, and  

the effect of the pre-treatment was studied. The effects of mechanical pre-treatment  

and anodizing conditions on the quality and properties (morphology, thickness, hardness, etc.) 

of the produced anodic aluminium oxide (AAO) coatings were systematically studied. This 

experimental part was aimed at designing and optimising the process conditions of anodizing 

AA1050 and at the producing a homogenous porous anodic aluminium oxide (PAAO) coating 

doped with Al2O3 and PTFE particles of better mechanical and tribological properties when 

compared to the substrate. 

4.1.1. Effect of pre-treatment on surface morphology 

The initial substrate surface was relatively smooth with apparent scratches and rolling lines. 

The mechanically ground samples consisted of rough, parallel lines oriented in one  

direction. The surface of the polished samples was nearly smooth and contained only a small 

number of scratches, which were produced during mechanical polishing. Tiny featureless white 

spots, which indicate the presence of intermetallic phase particles, were also observed on the 

surface of the initial material [14-16]. Specifically, two types of intermetallic phase particles 

were observed: (i) irregular-shaped and (ii) round-shaped particles. An EDX analysis revealed 

that intermetallic phase particles present in AA1050 were most often based on binary Al-Fe  

or ternary Al-Fe-Si phases. After the chemical pre-treatment, the intermetallic phase particles 

were more visible with scalloped surface appearance, because of the lower rate of its dissolution 

within the aluminium matrix in the NaOH solution [17]. 
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4.1.2. Effect of mechanical pre-treatment, voltage and current 

density on anodizing at 24 oC 

The conditions under which the first set-up of experiments was carried out are summarized  

in Table 1, where the effect of pre-treatment, voltage and current density on the morphology, 

thickness and Vickers microhardness of the produced PAAO coatings were studied. 
 

Table 1 Conditions for experimental set-up to study the effect of mechanical pre-treatment, 

anodizing voltage and current density. 

Sample 
Mechanical 

pre-treatment 

Electrolyte 

(% H2SO4
×) 

Bath 

temperature 

(oC) 

Voltage 

(V) 

Current 

density  

(A/dm2) 

Anodizing 

time 

(s) 

Al 1 as-received 15 24 16 - 1800 

Al 2 as-received 15 24 17 - 1800 

Al 3 as-received 15 24 18 - 1800 

Al 4 as-received 15 24 20 - 1800 

Al 5 as-received 15 24 - 3 1800 

Al 6 grinding #1200 15 24 - 3 1800 

Al 7 polishing 15 24 - 3 1800 
×H2SO4 - sulfuric acid 

 

Effect of voltage/current density and pre-treatment on the morphology, 

thickness, and hardness of the produced porous AAO coating at 24 oC 

Constant voltage - AA1050 sheet 

The surface morphology of produced PAAO coatings at different voltages was almost similar 

in appearance to each other, but with different pore diameters. The pore diameter of PAAO 

coatings produced at the lowest voltage of 16 V and the highest voltage of 20 V was larger 

compared to the pore diameter of PAAO coatings produced at 17 and 18 V. The formed PAAO 

coatings copied the topography of the initial substrate state. The morphology of porous structure 

was more homogenous in areas where the initial surface was smoother before the anodizing 

process. In the cross-section, an irregular pore structure was found. The most regular  

porous structure could be achieved by mechanical polishing or electropolishing pre-treatment 

of the initial substrate and two-step anodizing process [18].  

As can be seen in Fig. 1 and in Table 2, when the lowest voltage of 16 V was  

applied, a thicker PAAO coating of 29.5 µm was formed compared to the higher voltages  

of 17 and 18 V, in which the thickness of PAAO coating was 21.5 and 13.2 µm, respectively. 
When 20 V was applied, and almost three times shorter anodizing time was used, the thicker 

PAAO coating (19.5 µm) was formed. In the PAAO coating cross-section, partially oxidized 

intermetallic particles were found (Fig. 1a,b). The EDX analysis of PAAO coatings confirmed 

the presence of Al, O and S (Table 2). The presence of sulfur in the PAAO coating is the result 

of the incorporation of sulfur ions from the sulfuric acid electrolyte into the formed  
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PAAO coating during the anodizing process. As has been reported [19, 20], the negatively 

charged ions (i.e. O2-, OH- and SO42−) of the electrolyte are attracted to the positively polarized 

anode (experimental material AA1050). On the surface of the anodized material, these ions 

interact with Al3+ cations and form the PAAO coating. The PAAO coating produced at 20 V 

contained more sulfur compared to PAAO coatings produced at lower voltages (see Table 2). 

This result indicates that using higher voltage leads to higher ionic mobility of sulfur during  

the anodizing process, i.e. more sulfur ions are incorporated into the formed coatings. 
 

 
Fig. 1 Micrographs (SEM-BSE) of the cross-section of AA1050 after anodizing in the  

15% H2SO4 at 24 oC and at different voltages and times: (a) 16 V, 1800 s, 

 (b) 17 V, 1800 s, (c) 18 V, 1800 s, and (d) 20 V, 600 s. 

 

Constant current density - AA1050 sheet 

Figure 2 shows the effect of mechanical pre-treatment on the morphology and thickness of the 

produced PAAO coatings in the 15% H2SO4 at 24 oC and at a constant current density 

of 3 A/dm2. On the surface of the Al 7 coating produced on a mechanically polished substrate, 

some cavities were found (see Fig. 2g) whose shape and dimension were similar to  

the intermetallic particles observed on the chemically pre-treated initial surface. These cavities 

were also found on the Al 6 and Al 5 PAAO coating surfaces, but in this case, the cavities were 

not as clearly recognized as on the Al 7 coating produced on the mechanically polished 

substrate. The presence of cavities on the surface can be explained by the preferred  

dissolution of intermetallic phase particles during the anodizing process, as observed by other 

authors [15, 21]. Intermetallic phase particles based on Al-Fe and Al-Fe-Si are of lower 

oxidation rates than the aluminium matrix, and therefore they can be trapped in the coating 

during the anodizing process and thus reduce the local growth of the PAAO coating [22]. After 

anodizing, the sample Al 5 was of a lower PAAO coating thickness (28.5 µm) than  
the mechanically pre-treated sample Al 6 or Al 7 (30.7 or 30.4 µm). As apparent, the grinding  

pre-treatment of the initial substrate surface had a negative effect on the decrease in coating 

microhardness, see Table 2.  
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Table 2 EDX analysis of the initial substrate surface and PAAO coatings estimated from  

an area of 0.21 mm2, and the thickness and microhardness of PAAO coatings. 

Sample 
Element (wt.%) Thickness of 

PAAO coating 

(µm) 

Microhardness 

HV0.05 Al O S 

Substrate 97.5 2.5 - - 40.2±0.2 

Al 1 50.0 44.6 5.4 29.5 402±9.8 

Al 2 50.8 44.0 5.2 21.5 - 

Al 3 50.9 43.8 5.3 13.2 - 

Al 4 51.3 43.0 5.7 19.5 - 

Al 5 50.2 43.8 6.0 28.5 407±8.1 

Al 6 49.8 44.4 5.8 30.7 398±9.6 

Al 7 50.2 44.1 5.7 30.4 405±6.3 
 

 
Fig. 2 Micrographs of the coating surface (left and middle) and its cross-section (right) after 

the mechanical pre-treatment (a-c) as-received state, (d-f) ground, (g-i) polished and 

anodized in the 15% H2SO4 for 1800 s at 24 oC and 3 A/dm2. 
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4.1.3. Effect of temperature on the produced PAAO coating 

For this experimental set-up, the temperature of the electrolyte was reduced and kept  

constant at 18 oC (sample Al 10) and then at 10 oC (sample Al 11). Before the anodizing process 

samples were polished, and then anodized in 15% H2SO4 at 3 A/dm2 and for 1800 s. 

Decreasing the electrolyte temperature from 24 oC to 18 oC had no significant effect on the 

hardness and thickness of the produced coating as in the case of lowering the temperature  

to 10 oC. Decreasing the electrolyte temperature from 18 oC to 10 oC increases the PAAO 

coating (i) thickness from 29.8 to 33.5 µm, and (ii) hardness from 417 to 451 HV0.05. A higher 

temperature of the electrolyte caused a higher dissolution of PAAO coating, which means  

that the rate of dissolution is faster than the rate of PAAO coating formation. Most scientists 

[7, 23, 24] studied the influence of electrolyte temperature on the thickness, porosity  

and hardness of the produced PAAO coatings. 

On the surface and in the cross-section of the coating Al 11, produced at a lower temperature, 

hillocks were found. The formation of hillocks during the anodizing process of aluminium  

and its alloys in the sulfuric acid electrolyte was also observed by other research groups [14, 

25, 26]. Hillocks indicate a local burning during the anodizing process, and this local 

phenomenon was observed under different anodizing conditions [27]. Generally, the local 

burning is caused by very high local current densities, which lead to a significant increase  

in the local temperature. But an exact connection between the generated heat and the origin  

of the hillocks is still unknown [26]. Michalska-Domanska et al. [19] observed hillocks on the 

surface of PAAO coatings formed on both low and high purity aluminium substrates. They 

proposed that the formation of hillocks is caused by the incorporation of sulfate ions rather than 

by the presence of intermetallic phase impurities present in anodized aluminium alloys. 

Detailed SEM and EDX investigations confirmed that the hillocks contained more sulfur  

and oxygen than the hillock-free PAAO coating did. 

4.1.4. Effect of current density, electrolyte composition and 

concentration on anodizing process, morphology, hardness 

and thickness of the produced PAAO coating 

Based on the previous experiments, the mechanical pre-treatment polishing, constant current 

density and electrolyte temperature of 10 oC were selected. The conditions for this  

experimental set-up are summarized in Table 3 11. In this subchapter the effect of sulfuric acid 

and oxalic acid concentration, the value of current density and the anodizing time was  

studied in order to understand better their influence on morphology, thickness and hardness  

of the produced PAAO coatings. Part of these results was published by the author of the thesis 

in Applied Surface Science journal [28]. 
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Table 3 Experimental conditions for the evaluation of the effect of current density, electrolyte 

composition and concentration on the anodizing process. 

Sample 
Mechanical 

pre-treatment 
Electrolyte 

Temperature 

(oC) 

Current 

density  

(A/dm2) 

Anodizing 

time  

(s) 

Al 12 polishing 
15% H2SO4

× + 10 mL/L 

C3H8O3
* 

10 3 1800 

Al 13 polishing 
15% H2SO4

 + 20 g/L 

C2H2O4
° + 10 mL/L C3H8O3 

10 3 1800 

Al 14 polishing 
15% H2SO4

 + 40 g/L 

C2H2O4
 + 10 mL/L C3H8O3 

10 3 1800 

Al 15 polishing 
15% H2SO4

 + 20 g/L 

C2H2O4 + 10 mL/L C3H8O3 
10 2 1800 

Al 16 polishing 
15% H2SO4

 + 20 g/L 

C2H2O4
 + 10 mL/L C3H8O3 

10 1 1800 

Al 17 polishing 
15% H2SO4

 + 20 g/L 

C2H2O4
 + 10 mL/L C3H8O3 

10 1 3600 

Al 18 polishing 
18% H2SO4 + 20 g/L 

C2H2O4
 + 10 mL/L C3H8O3 

10 3 1800 

Al 19 polishing 
10% H2SO4 + 20 g/L 

C2H2O4
 + 10 mL/L C3H8O3 

10 3 1800 

×H2SO4 - sulfuric acid; C3H8O3
* - glycerol; C2H2O4

° - oxalic acid 

 

Effect of anodizing conditions on the PAAO coating microstructure, 

thickness and hardness 

Figures 3 shows the effect of different anodizing conditions such as electrolyte composition 

and current density on the morphology and thickness of the produced PAAO coatings at lower 

temperatures. 

The surface morphology of PAAO coating Al 12 prepared at electrolyte temperature  

of 10 oC in the 15% H2SO4 electrolyte with 10 mL/L C3H8O3 (glycerol) under a constant current 

density of 3 A/dm2 (Fig. 3a-c) revealed the presence of some hillocks. The number of these 

hillocks was lower than the number of those observed on the coating Al 11, where C3H8O3 

addition was not used. 

Addition of 10 mL/L of C3H8O3 to the 15% H2SO4 electrolyte led to an increase in coating 

hardness from 451 to 472 HV0.05 and a decrease in coating thickness from 33.5 to 32.8 µm. 

Addition of 20 g/L C2H2O4 to the 15% H2SO4 electrolyte led to the formation of a harder  

(489 HV0.05) and thicker (34.4 µm) PAAO coating Al 13 with the typical surface morphology  

and with hillocks (Fig. 3d-f, Table 4). Some researchers [24, 29] observed the effect of oxalic 

acid on the decrease of coating porosity, which led to a higher hardness of the produced  

PAAO coatings. Guezmil et al. [24] showed that the alloying element influenced  

the microhardness of the PAAO coatings. The microhardness values obtained for AA1050 were 

higher than those obtained for AA5754. Fratila-Apachitei et al. [30] found that for anodized 

https://www.sciencedirect.com/science/article/pii/S0257897202007508#!
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multiphase cast aluminium alloys the copper and magnesium particles had a significant effect 

on the decrease in coating microhardness than silicon particles had. It is well known that  

Cu and Mg particles can cause macroscopic defects in the produced coating in the form of 

cavities. 

Addition 40 g/L of C2H2O4 had a negative effect, namely a lower coating thickness and 

hardness. Also, a higher number of hillocks were formed on the surface and in the cross-section 

of coating Al 14, as shown in Fig. 3g-i. 

When the lower current density of 2 A/dm2 was applied, the thinner (22.4 µm) and softer 

PAAO coating Al 15 with a lower number of hillocks was formed. A further decrease in current 

density down to 1 A/dm2 resulted in the formation of a thinner PAAO coating Al 16 without 

hillocks, as depicted in Fig. 3j-l.  

An important finding was that the PAAO coatings Al 12-Al 15 exhibited a high 

microhardness data scatter, which was due to the presence of a high number of hillocks on the 

coating surface. Roa et al. [31] studied in detail the mechanical properties of porous AAO 

coatings containing hillocks and confirmed by nanohardness measurements that the hillocks 

exhibited locally lower hardness due to higher porosity and the presence of cracks.  

Guezmil et al. [24] demonstrated that with an increase in current density in the range  

of 1-3 A/dm2 at a fixed PAAO coating thickness of 30 µm led to an increase in PAAO coating 

microhardness. 

Higher microstructural homogeneity was obtained by lowering the current density  

from 3 to 1 A/dm2, which also provided a more uniform hardness distribution across the coating 

Al 17, see Fig. 3. With decreasing current density, the coating thickness decreased, which 

confirmed the lower mobility of O2-, OH-, SO42− and Al3+ ions. 

Increasing the concentration of the sulfuric acid from 15 (sample Al 13) up to 18% (sample 

Al 18) led to the formation of a thinner (32.3 µm) but also less hard coating (459 HV0.05)  

with fewer hillocks. On the other hand, the decreasing concentration of sulfuric acid from 15 to 

10% led to the formation of a thicker (34.8 µm) and less hard (460 HV0.05) PAAO coating 

which consisted of a higher number of hillocks. With decreasing concentration of the 

electrolyte, the production of the hard coating was expected. Zhang et al. [32] studied  

the influence of the concentration of electrolyte on pore parameters and microhardness on the 

performance of PAAO coating on AA2024. The results showed that with increasing electrolyte 

concentration, the dissolution effect of the electrolyte on the formed PAAO coating decreased, 

resulting in higher coating porosity and lower microhardness. The decrease in hardness  

can be explained by the higher number of hillocks, which have a negative effect on hardness.  

The electrolyte concentration did not affect the coating thickness significantly as the current 

density did. These results are consistent with Chung et al. [33]. 

The EDX analysis pointed out the presence of aluminium, oxygen and sulfur in PAAO 

coatings; however, small differences were found in the chemical composition of coatings. 

PAAO coatings with hillocks Al 12-15 and Al 18-19 formed at higher current densities (2 and 

3 A/dm2, respectively) contained a higher amount of sulfur compared to coatings (Al 16 and  

Al 17) formed at a lower current density of 1 A/dm2. The increase in sulfur content  

with increasing anodizing current density or voltage was also observed by other research  

teams [14, 19, 33]. Chung et al. [33] produced a PAAO coating without hillocks and found that 

with increasing current density, the sulfur content increased. Their results and the present study 

show that using a higher current density/voltage leads to higher ionic mobility of sulfur ions 

during the anodizing process, i.e. more sulfur ions are incorporated into the formed PAAO 

https://www.sciencedirect.com/science/article/pii/S0257897217301202#!
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coatings. The higher content of sulfur ions also contributes to the formation of hillocks, as was 

described above. 

When a lower temperature of the electrolyte was used, the intermetallic phase particles  

on the surface were preferentially oxidized. 
 

 
Fig. 3 Micrographs of the coating surface (left and middle) and its cross-section (right) after 

anodizing: (i) at a constant current density and anodizing time  

(a-i) 3 A/dm2, 1800 s, (j-l) 1 A/dm2, 3600 s. 
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4.1.5. Composite PAAO coatings containing Al2O3 and PTFE 

particles on AA1050 

In this subchapter, the experiments were focused on the doping of the produced PAAO coatings 

by secondary particles (Al2O3 and PTFE) directly within the anodizing process. All detailed 

information about the experiment is listed in Table 4. An additional possibility of improving 

the mechanical and tribological properties of PAAO coatings is the development of composite 

anodic coatings through the addition of particles such as Al2O3, SiC, polytetrafluoroethylene 

(PTFE), and TiO2 to the electrolyte [10, 34, 35, 36].  
 

Table 4 Summary of the experimental conditions for composite PAAO coating formation. 

Sample 
Mechanical 

pre-treatment 
Electrolyte 

Addition of 

particles 

Current 

density  

(A/dm2) 

Anodizing 

time  

(s) 

Al 20 polishing 

15% H2SO4
 × +  

20 g/L C2H2O4
° +  

10 mL/L C3H8O3
* 

0.6 g/L SDBS# + 

6 g/L Al2O3
£ +  

15 mL/L 60 wt.% 

PTFE$ 

3 1800 

Al 21 grinding 

15% H2SO4
 +  

20 g/L C2H2O4
 +  

10 mL/L C3H8O3 

0.6 g/L SDBS +  

6 g/L Al2O3 +  

15 mL/L 60 wt.% 

PTFE 

3 1800 

Al 22 polishing 

15% H2SO4
 +  

20 g/L C2H2O4
 +  

10 mL/L C3H8O3 

0.6 g/L SDBS +  

6 g/L Al2O3 +  

15 mL/L 60 wt.% 

PTFE 

1 3600 

Al 23 grinding 

15% H2SO4
 +  

20 g/L C2H2O4
 +  

10 mL/L C3H8O3 

0.6 g/L SDBS +  

6 g/L Al2O3 + 

 15 mL/L 60 wt.% 

PTFE 

1 3600 

×H2SO4 - sulfuric acid; *C3H8O3 - glycerol; °C2H2O4 - oxalic acid; CH3(CH2)11C6H4SO3Na - #SDBS - 

sodium dodecylbenzenesulfonate; £Al2O3 - aluminium oxide; $PTFE - polytetrafluoroethylene 

 

Effect of Al2O3/PTFE particles on the PAAO coating microstructure, 

thickness and hardness 

The chemical composition, thickness and microhardness of composite PAAO coatings  

are listed in Table 5. The addition of Al2O3 and PTFE particles makes no significant difference  

on the coating surface morphology. The Al2O3 and PTFE particles were non-uniformly 

distributed on the surfaces of the coatings and were in the form of agglomerates. The thickness 

of composite coatings (Al 20 and Al 22) was found to be thinner (24.2 and 14.1 μm) than that 

of the PAAO coatings (Al 13 and Al 17) without secondary particles (34.3 and 18.9 μm).  
This effect is related to the voltage vs anodizing time curve, where the voltage was found  
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to be lower for samples anodized in the electrolyte containing secondary particles. Moreover, 

composite PAAO coatings formed on the grinding pre-treated samples Al 21 and Al 23 were 

found to be thinner, with lower hardness and containing a higher amount of Al2O3 and PTFE 

particles on the surface, Table 5. The coating surfaces Al 20 and Al 21 produced at 3 A/dm2 

also contained hillocks. Addition of secondary particles to the sulfuric-oxalic acid-based 

electrolyte had a positive effect on the increasing coating hardness, as shown in Table 5.  

A similar effect was observed by Chen et al. [10] in that Al2O3 particles were entrapped in the 

PAAO coating and improved its hardness, while PTFE particles decreased the number and size 

of pore defects. 

The most uniform coating morphology without hillocks and with uniform hardness 

distribution was achieved in the composite PAAO coating Al 22, where a combination of the 

polishing pre-treatment, a low anodizing current density of 1 A/dm2 and addition of secondary 

particles was used for the coating formation. 
 

Table 5 EDX analysis of composite PAAO coatings estimated from a surface area  

of 0.21 mm2, and the composite PAAO coatings thickness and microhardness. 

Sample 

Element (wt.%) Thickness of 

composite PAAO 

coating (µm) 

Microhardness 

Al O S F HV0.05 HV0.025 

Al 20 50.0 43.6 5.9 0.5 24.2 512±14.3 527±14.9 

Al 21 48.8 44.8 5.8 0.6 16.5 - 512±9.6 

Al 22 50.5 43.9 5.2 0.4 14.1 - 521±6.3 

Al 23 49.1 44.9 5.3 0.7 13.3 - - 

4.1.6. Effect of anodizing conditions on the tribological properties 

of anodic coatings produced on AA1050 

Reciprocating sliding ball-on-disk test was used for tribological characterization of the 

produced anodic coatings. For tribological testing, mechanically pre-treated polished  

samples were selected: initial substrate, Al 7, Al 12-14, Al 17, Al 20 and Al 22. These samples 

were selected specifically in order to study of the effect of individual anodizing conditions  

(such as temperature, current density, and the additions of C2H2O4, Al2O3 and PTFE particles 

to the electrolyte) on the coefficient of friction (COF), wear volume and wear trace depth. 

Tribological testing results showed that the produced PAAO coatings had a much lower COF 

in comparison with the initial substrate material. No significant effect of any anodizing 

condition such as reducing the anodizing temperature or the addition of oxalic acid on the COF 

of the PAAO coatings was observed. Similarly, the addition of Al2O3 and PTFE particles  

to the sulfuric-oxalic acid-based electrolyte did not have a significant effect on changes  

in the COF for the anodic composite coatings Al 20 and Al 22, when compared to previous 

studies [10, 37].  
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Current density reduced from 3 to 1 A/dm2 led to a decrease in COF in the produced coatings 

Al 17 and Al 22. 

The decrease in the electrolyte temperature from 24 to 10 oC promoted the reduction in wear 

loss in the coating Al 12 as compared to the PAAO coating Al 7. Addition of oxalic acid to the 

electrolyte and reduction of the current density resulted in slightly lower wear resistance.  

The improvement in the wear resistance of anodic coatings by way of reducing the electrolyte 

temperature is in full compliance with the study of Lu et al. [38], and it is assumed that  

it is primarily associated with the decrease in the AAO coating porosity and in the reduction 

of defects such as hillocks, local cracks, etc., which enables mechanical properties of the 

coating. Contrary to data reported by Guezmil et al. [24], the evidence of a wear loss reduction 

for harder and less porous coatings with a lower number of hillocks on the surface indicates 

that the wear resistance of PAAO coatings may be influenced not only by the amount  

of porosity, surface roughness or hardness but also by other features such as shear strength and 

crack resistance. This conclusion was demonstrated by adding Al2O3 and PTFE particles to the 

electrolyte, which led to a significant reduction in wear loss; this loss was found to be the lowest 

for the composite anodic coatings Al 20 and Al 22. Despite the absence of significant effects 

of the particles on the COF of the PAAO coatings. It is evident that the presence of secondary 

particles in composite anodic coating results in improved shear strength and elasticity  

of the coatings, and thus the composite anodic coatings were more resistant to the deformation 

in the reciprocal sliding test and without any significant coating break up. 

4.1.7. Closing remarks on anodizing of AA1050 

Mechanical and chemical pre-treatment and wide range of anodizing conditions, including 

voltage, current density, electrolyte temperature and composition, and addition of Al2O3 and 

PTFE particles to the electrolyte, have been applied to AA1050 substrate to produce porous 

anodic aluminium oxide coatings. The main conclusions can be listed as follows: 

 

Effect of pre-treatment on surface morphology 

• Polishing is a more suitable pre-treatment technique for aluminium samples than 

grinding since the surface is more uniform and smooth. 

• The intermetallic phase particles contained in AA1050 were based on binary Al-Fe  

or ternary Al-Fe-Si phases. 

• AA1050 contained intermetallic phase particles of irregular-shape and round-shape.  

The number of round-shape particles was lower than the number of irregular-shape 

particles, the latter containing a higher amount of silicon. 

 

Effect of mechanical pre-treatment, voltage/current density and temperature on the 

anodizing process and production of PAAO coatings 

• Porous anodic aluminium oxide coatings were produced during potentiostatic anodizing 

at 16-20 V in 15 % H2SO4 at 24 oC. 

• Porous AAO coatings were also produced during a galvanostatic anodizing process  

at 3 A/dm2 in the 15 % H2SO4 at 24 oC. 

• XRD results showed that the anodized coatings were composed of amorphous 

aluminium oxide, and EDX analysis confirmed the presence of Al, O and S. 
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• Reducing the electrolyte temperature from 24 to 10 °C during the galvanostatic 

anodizing process at 3 A/dm2 led to increasing the voltage, and the oxidation rate was 

higher than the dissolution rate. A thicker and harder coating containing hillocks with 

local cracks was produced. 

• With decreasing electrolyte temperature, the sulfur content increased in the PAAO 

coating, suggesting the incorporation of sulfate ions in the PAAO coating and  

the formation of hillocks. The hillocks contained more sulfur, and their hardness was 

lower than that of the surrounding PAAO coating. 

 

Effect of current density, electrolyte composition and concentration on the anodizing 

process, morphology, hardness and thickness of the produced PAAO coating  

• Addition of 10 ml/L glycerol to the 15% H2SO4 electrolyte resulted in the formation  

of a PAAO coating with a lower number of hillocks and increased coating hardness. 

• Addition of 20 g/L of oxalic acid to the 15% H2SO4 electrolyte also had a possible effect 

on increasing the thickness and hardness of produced coatings but not such as was 

observed in the case of a decrease in the temperature of the electrolyte. Further addition 

of oxalic acid to sulfuric acid had a negative effect on coating hardness. 

• The decrease in current density from 3 to 1 A/dm2 led to a significant voltage drop, 

which resulted in lower mobility of O2-, OH-, SO42− and Al3+ ions. By reducing  

the current density, a 3.5-times thinner coating without cracks and hillocks was 

produced at the same time. 

• A stable electrolyte containing secondary particles was produced using the sodium 

dodecylbenzenesulfonate anionic surfactant, Al2O3 powder and commercial  

60 wt.% PTFE suspension. 

• Addition of 6 g/L Al2O3 and 15 mL/L 60 wt.% PTFE particles and 0.6 g/L sodium 

dodecylbenzenesulfonate to the sulfuric-oxalic acid-based electrolyte led to a decrease 

in voltage. The decrease in voltage caused lower incorporation of sulfur into the coating, 

and thinner and harder coatings were produced. The microstructural examination 

revealed successive incorporation of Al2O3 and PTFE particles in the produced coatings. 

• The most uniform coating morphology without hillocks and with uniform distribution 

of hardness was achieved by the combination of the polishing pre-treatment and the low 

anodizing electrolyte temperature of 10 oC, the low anodic current density of 1 A/dm2, 

and the addition of Al2O3 and PTFE particles to the sulfuric-oxalic acid-based 

electrolyte. 

 

Effect of anodizing conditions on the tribological properties of the anodic coatings 

produced on AA1050 

• Significant effect on wear resistance had the anodizing conditions such as lower 

electrolyte temperature of 10 oC and addition of Al2O3 and PTFE particles to the 

sulfuric-oxalic acid electrolyte. A combination of these conditions resulted  

in 30% higher wear resistance. 

• The porous composite AAO coating without structural defects (hillocks and cracks) and 

with the best combination of mechanical properties was prepared by anodizing at a low 

temperature of 10 °C and lower current density of 1 A/dm2 in the sulfuric-oxalic acid 

electrolyte with a dispersion of Al2O3 and PTFE particles. 
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4.2. Anodizing of 99.9% Mg 

4.2.1. Optimization of anodizing conditions for 99.9% Mg 

The formation of anodic magnesium hydroxide coatings (AMHCs) was performed  

in the 1 M NaOH electrolyte at 24 oC, utilizing a constant voltage in the range of 4 to 50 V.  

The effects of mechanical pre-treatment (grinding and polishing) of the initial substrate  

and voltage on the anodizing process were studied. The experimental conditions  

are summarized in Table 6 and were chosen based on earlier results [39]. 

 

Table 6 Experimental conditions to study the effect of pre-treatment and utilized voltage. 

Sample 
Mechanical 

pre-treatment 

Electrolyte 

(CNaOH
¶) 

Voltage 

(V) 

Anodizing time 

(s) 

Mg 1 grinding (#1200) 1 M 4 1200 

Mg 2 polishing (1 µm) 1 M 5 1200 

Mg 3 grinding (#1200) 1 M 5 1200 

Mg 4 polishing (1 µm) 1 M 10 1200 

Mg 5 polishing (1 µm) 1 M 20 1200 

Mg 6 grinding (#1200) 1 M 20 1200 

Mg 7 polishing (1 µm) 1 M 50 1200 

¶NaOH - sodium hydroxide 

 

Anodizing process 

Figure 4 shows the current density vs anodizing time curves obtained on 99.9% Mg during  

the potentiostatic anodizing process. Two different shapes of curves were recorded based  

on the voltage used. Salaman et al. [40] also recorded two shapes of curves (i) at a low voltage 

of 3 V and (ii) at a higher voltage of 10-100 V during anodizing AZ31 magnesium alloy  

in the 1 M NaOH electrolyte. 

The first type of the anodizing curve shape appeared when lower voltage values were used, 

namely 4 and 5 V (curves Mg 1 and Mg 2, Mg 3, Fig. 4). The current density did not increase 

immediately that the voltage was applied. The current density started to increase after 5 s from 

the beginning of the anodizing process, and this was a result of the dissolution reaction of pure 

Mg surface substrate (Mg 1-Mg 3) in the electrolyte. Then, magnesium ions reacted  

with hydroxide ions, and an anodic coating of magnesium hydroxide (Mg(OH)2) started to 

form. The maximum current density reached the values 3.1 A/dm2, 9.4 A/dm2 and 11 A/dm2  

for the curves Mg 1, Mg 2 and Mg 3 at about 40 s (Fig. 4b), respectively; after that, however, 

the current density grew slowly until the end of the anodizing process, which indicated  

the growth of the AMHC. 

When a voltage of 5 V was applied, a much steeper slope of the current density was recorded 

(curves Mg 2 and Mg 3) compared to the 4 V (curve Mg 1). This behaviour could be caused  
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by the fact that the dissolution of the magnesium matrix was faster than the formation  

of the Mg(OH)2 coating. 

When higher voltages of 10, 20 and 50 V (curves Mg 4-Mg 7, Fig. 4) were used, the current 

density immediately increased with anodizing time, which is related to the dissolution reaction 

of pure Mg substrate. When the local maximum of current density was reached, the current 

density decreased with anodizing time, and AMHC was produced. Finally, the current density 

was kept constant with anodizing time due to the stationary dissolution and AMHC  

formation [41]. 

The reaction during the Mg 1-Mg 3 and Mg 7 experiments was intense, and the evolution  

of oxygen gas bubbles was more visible during the anodizing process compared  

to the Mg 4-Mg 6 experiments. 
 

 
Fig. 4 Current density vs anodizing time curves recorded during anodizing of pure 

magnesium in the 1 M NaOH at 24 oC for 1200 s at different voltages  

(a) after 1200 s, and (b) a detail of the record up to 300 s. 

 

Microstructure and composition of anodic coatings 

Anodic magnesium hydroxide coatings (Mg 1-Mg 3) produced at a low voltage of 4 V  

and 5 V, respectively, were found to be of a different morphology than the coatings Mg 5-Mg 

7, which were produced at higher voltages (10-50 V). The anodic magnesium hydroxide coating 

Mg 1 produced at 4 V was compact and denser than the coatings Mg 4-Mg 7 produced at higher 

voltages (10-50 V). The coating had a bulk-like structure with the rough coating surface.  

On the surface after anodizing, only a few microcracks were observed, while scratches from 

the mechanical pre-treatment were not found. The thickness of the produced anodic coating 

was 10.8 µm. In the cross-section, horizontal cracks were observed, and their presence can  

be explained by the rapid growth of the coating together with the oxygen gas evolution during 

the anodizing process. 

When a higher voltage of 5 V was used, non-uniform coatings (Mg 2 and Mg 3)  

were produced. On the coating surfaces, two different areas were found, which consisted  

of (i) hemispherical dimples containing an increased amount of oxygen, and (ii) only a slightly 

anodized magnesium initial material. The AMHC was formed preferably in the dimples area, 

and the morphology of coatings was similar to the coating Mg 1. The presence of dimples  

can be explained by the local dissolution of pure magnesium matrix that initiates the formation 
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of separate dimples. The number of dimples increases with anodizing time, and they eventually 

interlink each other to form a larger area. The process continues until the magnesium surface  

is completely activated [42]. This mechanism was observed for coating Mg 1, and these results 

are in correlation in the AMHC growth theory proposed by Kim et al. [42]. 

When a higher voltage (10-50 V) was applied, thinner and compact anodic coatings  

with micropores were produced. On the surface of anodic hydroxide coatings (Mg 3 and Mg 6) 

scratches coming from the mechanical ground pre-treatment process were observed. With the 

voltage increasing from 10 to 50 V, more oxygen was detected in AMHC. In the cross-section 

of the coating Mg 6, a very thin AMHC was found compared to the anodic coating Mg 1 

produced at 4 V.  

The coatings Mg 1, Mg 2 and Mg 7 contained extra sodium compared to the coatings 

Mg 4-Mg 6. The presence of sodium in the coatings was the result of also incorporating sodium 

ions from the sodium hydroxide electrolyte into coatings during the anodizing process  

at 4, 5 and 50 V. 

The XRD patterns indicate that the anodic coatings produced at different voltages  

are mainly composed of Mg(OH)2 and Mg phases. The preferential formation of the Mg(OH)2 

phase at a lower anodizing voltage (3 V) was found instead of the MgO phase, and our results 

are in correlation with the published results of Kim et al. [43]. The MgO phase is preferentially 

formed during plasma electrolytic oxidation at higher voltages (> 80 V) [43]. 

4.2.2. Effect of addition of Al2O3 and PTFE particles on the 

anodizing process and morphology of the produced 

composite anodic coating  

Based on the previous experiments, a constant voltage of 4 and 20 V was used to produce  

the composite anodic coating (CAC). Added to the 1 M NaOH electrolyte were 10 g/L Al2O3,  

15 mL/L 60 wt.% PTFE and sodium dodecylbenzenesulfonate surfactant (SDBS).  

The experimental conditions are summarized in Table 7. 

 

Table 7 Summary of the experimental conditions aimed to form composite anodic coatings. 

Sample 
Mechanical 

pre-treatment 

Electrolyte 

(CNaOH
¶) 

Particles addition 
Voltage 

(V) 

Anodizing 

time (s) 

Mg 1P 
grinding 

(#1200) 
1 M 

0.6 g/L SDBS# + 

10 g/L Al2O3
£ +  

15 mL/L 60 wt.% PTFE$ 

4 1200 

Mg 5P 
polishing 

 (1 µm) 1 M 

0.6 g/L SDBS +  

10 g/L Al2O3 +  

15 mL/L 60 wt.% PTFE 

20 1200 

Mg 6P 
grinding 

(#1200) 
1 M 

0.6 g/L SDBS +  

10 g/L Al2O3 +  

15 mL/L 60 wt.% PTFE 

20 1200 

¶NaOH - sodium hydroxide; CH3(CH2)11C6H4SO3Na - #SDBS - sodium dodecylbenzenesulfonate; 
£Al2O3 - aluminium oxide; $PTFE - polytetrafluoroethylene 
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Anodizing process 

Adding Al2O3 and PTFE particles to the 1 M NaOH electrolyte led to an increase in current 

density and started the dissolution process of pure Mg substrate, which is apparently based on 

the current density vs anodizing time curves, see Fig. 5. The progress of the curves was found 

to be the same as in the case of anodizing without additional Al2O3 and PTFE particles, Fig. 4. 

 
Fig. 5 Current density vs anodizing time curves recorded during anodizing of pure Mg  

in the 1 M NaOH electrolyte with Al2O3 and PTFE particles at 24 oC for 1200 s  

(a) after 1200 s, and (b) a detail of the record up to 300 s. 

 

Microstructure and composition of anodic composite coatings 

SEM and EDX results indicated that the Mg surface was rich in Al2O3 and PTFE particles after 

the anodizing process. On the free surface of the coating Mg 1P produced at 4 V, two different 

areas were observed: (i) hemispherical dimples with the composite anodic coating and  

(ii) partially oxidized magnesium matrix with Al2O3 and PTFE particles. The coating 

microstructure was found to be the same as that of Mg 2 and Mg 3 AMHCs produced at 5 V. 

The particles were found to be strongly incorporated in the magnesium matrix because after 

washing in an ultrasonic ethanol bath, the particles remained on the surface of the anodized 

sample. In the cross-section (i) a local composite anodic coating with horizontal cracks and  

(ii) a coating containing Al2O3 and PTFE particles were observed. Addition of Al2O3 and PTFE 

particles to the electrolyte led to an increase in current density, which resulted in the production 

of non-compact CAC compared to the Mg 1 coating without the addition of particles  

to the electrolyte. Reducing the anodizing voltage to less than 4 V (maximum anodizing  

current density 4 A/dm2) could lead to the formation of compact CAC. 

The surface morphology of both produced coatings without particles and with particles, 

exhibited some similar features. When comparing high magnification micrographs without  

and with Al2O3 and PTFE particles, a different morphology was observed. An EDX analysis  

of the composite anodic coating confirmed the presence of Mg, O, Na, Al and F. More Al and 

F was found on the Mg 6P coating surface, which was of higher roughness before anodizing.  

The results indicated that the added Al2O3 and PTFE particles were incorporated into the 

coating during the formation of a composite anodic coating. 
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In the literature, no other similar study was found that would focus on the direct 

incorporation of Al2O3 and PTFE particles from the electrolyte during the anodizing process  

at lower voltages (≤ 50 V). Further systematic experiments are needed to understand the process 

of incorporating these secondary particles during the anodizing process. 

4.2.3. Closing remarks on anodizing of 99.9% Mg 

The effects of mechanical pre-treatment (grinding and polishing) of the initial material (pure 

magnesium) and anodizing conditions such as voltage and addition of Al2O3 and PTFE particles 

to the 1 M NaOH electrolyte on the formation of anodic coatings were examined. The following 

main conclusions can be drawn: 

 

• Compact anodic magnesium hydroxide coatings (AMHCs) were successfully produced 

via a one-step potentiostatic anodizing process of pure magnesium in the 1 M NaOH 

electrolyte at 21 oC, 4 and 10-50 V. 

• During the anodizing process, two different shapes of current density vs anodizing  

time curves were recorded, depending on the applied voltage. When a lower voltage  

of 4 or 5 V was used, the current density increased with anodizing time and more gas 

oxygen was observed. On the other hand, when a higher voltage was applied, the current 

density immediately increased and then, after reaching the maximum of current density, 

decreased with anodizing time. 

• Using a lower voltage of 4 V, a thicker (10.8 µm), bulk-like structure coating with 

horizontal cracks and the rough surface was produced. Increasing the voltage to 5 V led 

to the formation of non-compact coating with hemispherical dimples containing AMHC 

with cracks and a slightly anodized magnesium substrate. Vigorous gas evolution during 

the anodizing process caused the formation of horizontal cracks inside the coatings. When 

using a higher voltage (10-50 V), a thinner (nm) and smoother coatings with micropores 

were produced. The coating produced at 50 V was denser, smoother and contained 

larger micropores, which related to the intensive oxygen gas evolution during  

the anodizing process. 

• Addition of Al2O3 and PTFE particles directly to the electrolyte caused an increase  

in current density during the anodizing process. A non-compact composite coating was 

produced at 4 V due to the increase in current density. On the coating surface, three 

different areas were observed: (i) hemispherical dimples containing composite anodic 

coating, (ii) partially oxidized magnesium substrate with Al2O3 and PTFE particles, and 

(iii) Al2O3 and PTFE particles coating. The anodic composite coating produced at 20 V 

was compact, and the Al2O3 and PTFE particles were successively incorporated into  

the produced coatings. The ground anodized sample contained more Al2O3 and PTFE 

particles. 
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4.3. Anodizing of ZnTi2 

4.3.1. Effect of voltage, NaOH electrolyte concentration and 

anodizing time on the resulting morphology, structure and 

thickness of anodic coatings 

Experimental work was designed in order to evaluate the effect of voltage, concentration of the 

NaOH electrolyte, and anodizing time on the resulting structure, morphology, and thickness  

of the produced anodic coatings. Various NaOH concentrations were used further to analyse  

the concentration effect on the anodizing process conditions. Preferential anodizing conditions 

are summarized in Table 8. 

 

Table 8 Experimental conditions for the evaluation of the effect of the NaOH electrolyte 

concentration and voltage on the anodizing process of ZnTi2. 

Sample 
Electrolyte 

(CNaOH
¶) 

Voltage  

(V) 

Anodizing 

time (s) 
pH 

Zn 1 0.04 M 50 900 12.6 

Zn 10 0.04 M 50 1800 12.6 

Zn 2 0.1 M 50 900 13.0 

Zn 11 0.1 M 50 1800 13.0 

Zn 12 1.0 M 4 1800 13.6 

Zn 13 0.5 M 4 1800 13.4 

Zn 14 0.3 M 4 1800 13.3 

Zn 5 0.3 M 4 900 13.3 

Zn 15 0.3 M 4 300 13.3 
 

¶NaOH - sodium hydroxide 

 

Characterization of the produced ZnO coatings 

Effect of voltage and NaOH concentration on overall appearance, and the chemical and 

phase composition 

Due to the anodizing process, two different types of ZnO anodic coating were formed and 

referred to as “black” and “white” respectively. Samples anodized in the 0.04-0.1 M NaOH 

electrolytes at 50 V were white in appearance. The samples anodized in the 0.3-1 M NaOH 

electrolytes at 4 V were found to be black colour. The voltage used influenced the appearance 

of the produced anodic coatings, which can also relate to the evolution of oxygen. Mabon et al. 

[44] proposed that black ZnO anodic coatings produced in alkaline electrolytes exhibited good 

solar-selective properties for application as an absorber surface for low temperature 

photothermal solar energy conversion. Therefore, more attention should be paid to the overall 



27 
 

appearance of the anodic coatings, which is closely connected to its optical properties.  

The influence of process conditions on the overall appearance (i.e. colour) of ZnO anodic 

coatings is not even discussed in the literature, and only a limited number of authors comment 

on the resulting appearance for a specific combination of process conditions. For example, 

Rocca et al. [45] observed the formation of grey ZnO anodic coatings in the 0.05 M KOH  

at 50 V. Zhang et al. [46] described that anodic coatings of various colours, from white through 

grey to black, can be produced in NaOH and Na2CO3 aqueous solutions in dependence  

on the current density. Mika et al. [47] found that the dark nanoporous ZnO coatings could be 

obtained in the strongly alkaline electrolyte (i.e. 1 M NaOH) at 2 and 4 V. 

The XRD analysis confirmed polycrystalline ZnO with hexagonal (wurtzite) structure.  

The EDX analysis confirmed the presence of Zn, O and Na. 

 

Effect of electrolyte concentration on the growth and thickness of ZnO coating  

The effect of electrolyte concentration on the morphology of the ZnO coatings was investigated 

using (i) the 0.04 and 0.1 M NaOH electrolytes at 50 V and (ii) the 0.3, 0.5 and 1 M NaOH 

electrolytes at 4 V, the anodizing time was kept the same, i.e. 1800 s. The coating surface free 

morphology and cross-section micrographs are shown in Figs. 6 and 7, respectively. 

At a high voltage of 50 V, coatings with the white appearance and similar surface 

morphology for both electrolyte concentrations, i.e. 0.04 and 0.1 M NaOH, were produced,  

see in Fig. 6. In the high magnification micrographs of the coating surface (Fig. 6a,b) the 

granular structure can be seen. The presence of cracks on the free surface seems to be closely 

related to the horizontal cracks and gaps which were observed over the thickness of the whole 

coating (Fig. 6c,d). Even the coating thicknesses (16.4 µm and 17.7 µm) did not significantly 
change with the electrolyte concentration. Nevertheless, with the increasing concentration  

of the NaOH electrolyte, the bulk-like structure contained a lower number of horizontal cracks 

and gaps were formed, see Fig. 6c,d. Longer anodizing time did not affect the morphology  

of produced coatings compared to coatings Zn 1 and Zn 2 produced in the shorter anodizing 

time,i.e. 900 s, but had an effect on the coating thickness. With the anodizing time increasing  

from 900 s to 1800 s, the thickness of ZnO coatings increased from 8.3 to 16.4 μm and  

from 11.0 to 17.7 µm respectively. 
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Fig. 6 Micrographs of the (a, b) free surface (SEM-SE), and (c, d) cross-section  

(SEM-BSE) of ZnO coatings formed at 21 oC and at 50 V for 1800 s  

in the: (a, c) 0.04 M NaOH, and (b, d) 0.1 M NaOH electrolyte. 

 

Decreasing the voltage from 50 to 4 V led to the formation of anodic coatings that were 

different in structure and appearance, see Fig. 7. Anodic coatings produced at 4 V were dark 

black, and a sponge-like structure was produced, as can be seen in the cross-section  

in Fig. 7d-f. With the electrolyte concentration increasing from 0.3 to 1 M NaOH, the thickness 

of anodic coating increased non-linearly (2.5, 4.8 and 9.4 µm), and a coating with bulk-like 

structure and smaller pores was produced, as can be seen in the cross-section in Fig. 7d-f.  

On the other hand, the anodic coating formed in the 1 M NaOH electrolyte contained 

undesirable vertical microcracks, and the coating surface was smoother and had a finer granular  

structure. At higher electrolyte concentrations, a higher number of Zn2+ and OH- ions  

participate in the formation of a coating, and therefore, the thicker coating can be produced. 

The effect of anodizing time (i.e. 300, 900 and 1800 s) during the anodizing process at 4 V  

in the 0.3 M NaOH was also studied. As might be expected, longer anodizing time led to the 

formation of thicker anodic coatings, from 2.5 to 4.8 up to 9.5 μm. Dong et al. [48] anodized 

pure Zn foil in the 0.1 M NaOH at 5-40 V and found that the ZnO coatings produced at lower 

voltages (< 9 V) were thinner, the thickness did not change with the voltage range from  

5 to 9 V, and they exhibited a porous structure. ZnO coatings produced at 12 V were thicker 

and exhibited a nanorod structure. Dong et al. [48] explained the formation of the porous 

structure as the result of an insufficient supply of voltage. When the voltage was lower  

than 9 V, the migration of OH- and O2- ions was lower, and therefore these ions were  

unable to pass through the produced ZnO coating as in the case when 12 V was used. The 
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residual ions tend to diffuse freely and attacked the formed ZnO coating randomly. When using 

a higher voltage, the ions could pass through the produced ZnO coating, and a thicker and 

regular nanorod structure could be produced, i.e. the oxidation and dissolution rates were  

in balance. With the voltage increasing from 20 to 40 V, the nanorod ZnO coating became 

thicker and contained horizontal cracks and gaps. 
 

 
Fig. 7 Micrographs of the (a-c) free surface (SEM-SE), and (d-f) cross-section (SEM-BSE)  

of ZnO coatings after anodizing at 21 oC, 4 V for 1800 s in the: (a, d) 0.3 M NaOH,  

(b, e) 0.5 M NaOH, and (c, f) 1 M NaOH. 

 

Anodic coatings Zn 11 (0.1 M NaOH, 50 V and 1800 s, “white”) and Zn 14 (0.3 M NaOH, 

4 V, 1800 s, “black”) were investigated in detail by FESEM and HRTEM. The coating surface 

morphology of Zn 11 contained densely arranged and piled up smaller globular nanoparticles 

compared to the coating Zn 14. 

Both ZnO coatings Zn 11 and Zn 14 consist of overlapping ZnO crystalline grains. Based 

on the results, it can be assumed that the coating Zn 11 produced at 50 V is made up of nanorods 

rather than nanotubes. The EELS spectra for both coatings were identical. 
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4.3.2. Composite anodic coatings containing Al2O3 particles on 

ZnTi2 alloy 

The sodium hydroxide electrolyte (0.5 M) with 6 g/L Al2O3 particles and two types of agitation 

were used; (i) compressed air and (ii) magnetic stirring to produce the composite  

anodic coatings (voltage 4 V). The distance between the anode and the cathode was  

(i) 70 and (ii) 40 mm. The conditions of all experiments are summarized in Table 9. 

 

Table 9 Summary of the experimental conditions for composite anodic coating formation. 

Sample Electrolyte 
Temperature 

(oC) 

Voltage 

(V) 

Anodizing 

time (s) 

Type of 

agitation 

Zn 17 

0.5 M NaOH¶ + 

0.6 g/L SDBS# + 

6 g/L Al2O3
£ 

21 4 1800 
compressed 

air 

Zn 18 

0.5 M NaOH + 

0.6 g/L SDBS + 

6 g/L Al2O3 

21 4 1800 
magnetic 

stirring 

      
¶NaOH - sodium hydroxide; CH3(CH2)11C6H4SO3Na - #SDBS - sodium dodecylbenzenesulfonate; 
£Al2O3 - aluminium oxide 

 

Effect of anodizing conditions on the morphology and thickness of the 

produced anodic composite coating  

The free surfaces and cross-sections of the produced composite anodic coatings  

utilizing different agitation mechanisms, i.e. compressed air or magnetic stirring, are shown  

in Fig. 8a-c and Fig. 8d-i, respectively. On the coating surface (Fig. 8) produced  

with compressed air agitation, uniformly distributed and aggregated Al2O3 particles were 

observed. Addition of Al2O3 particles to the 0.5 M NaOH electrolyte did not affect  

the morphology and thickness of the produced composite anodic coatings when compared to 

the coating Zn 13 without Al2O3 particles. On the other hand, magnetic stirring affected  

the morphology of the produced anodic composite coating. On the surface, non-uniformly 

distributed Al2O3 particles and cracks were found. During the magnetic stirring, the flow  

of electrolyte caused inhomogeneities whose shape resembled loops. These inhomogenities  

in the coating were produced due to the high stirring rate. The chemical composition loops and 

“normal” coatings were similar. More Al2O3 particles were deposited in the composite anodic 

coating during anodizing with using compressed air agitation when compared to magnetic 

stirring. 
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Fig. 8 Micrographs of composite anodic coatings (a, b, d-h) top surface, and  

(c, i) cross-section produced in the composite electrolyte under different  

types of agitation of the electrolyte during anodizing;  

(a, b, d, f-h) SEM-SE, (c, e, i) SEM-BSE. 
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4.3.3. Closing remarks on anodizing of ZnTi2 alloy 

Anodizing conditions, including the type and concentration of the electrolyte, voltage, 

anodizing time, and the agitation mechanism on the deposition of Al2O3 particles from  

the electrolyte, have been applied to ZnTi2 substrate to produce anodic oxide coatings.  

The effect of the above-mentioned conditions on the resulting morphology, structure  

and thickness was examined, and the conclusions can be listed as follow: 

 

Effect of applied voltage: 

• The higher voltage (50 V) resulted in vigorous gas evolution during the anodizing 

process, which led to the appearance of horizontal cracks and gaps inside the coatings. 

• Decreasing the voltage from 50 to 4 V resulted in the production of a thinner coating 

with a different structure and appearance. Coatings produced at 50 V in the NaOH 

electrolyte were white in appearance with cracks and nanorod bulk-like structure, while 

coatings produced at ≤ 6 V were black with porous sponge-like structure. A finer and 

more granular surface structure was found for coatings produced at higher voltages. Both 

types of coatings were polycrystalline ZnO with hexagonal (wurtzite) structure  

and consisted of overlapping ZnO crystalline grains. 

• The applied voltage played a crucial role in determining the morphology and structure  

of ZnO coating and also had a more significant effect on the coating thickness than  

the electrolyte concentration. The structure of the formed coating is related to the 

appearance of the formed coating. 

 

Effect of NaOH electrolyte concentration: 

• With increasing electrolyte concentration, thicker coatings with bulk-like structure, 

smoother granular morphology and vertical cracks were produced. 

• Electrolyte concentration affected the structure only slightly. 

 

Effect of anodizing time: 

• With increasing the anodizing time, thicker ZnO coatings were produced. At the higher 

anodizing voltage of 50 V, the increase in thickness was not so significant as in the 

case of applying the lower voltage of 4 V. 

 

Effect of agitation mechanism on Al2O3 particles deposition directly from the electrolyte: 

• Addition of Al2O3 particles directly to electrolyte did not affect the morphology and 

thickness of the produced composite anodic coatings. 

• Using compressed air agitation during the anodizing process resulted in uniform 

distribution of Al2O3 particles in the coating. 

• Using the magnetic stirring mechanism during the anodizing process had a negative 

effect on the deposition of non-uniform Al2O3 particles and on the inhomogeneous 

surface morphology of produced coatings. 
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5. Conclusions 

To summarize, this thesis dealt with the development of technological process of anodizing  

of aluminium alloy (AA1050), pure magnesium (99.9% Mg) and zinc alloy (ZnTi2). The aim 

was to produce anodic coatings with higher hardness and tribological properties compared to 

the initial substrate and to systematically study and understand the effect of mechanical  

pre-treatment and individual anodizing conditions, i.e. current density/voltage, temperature, 

concentration and composition of the electrolyte, on the properties of produced coatings.  

One of the essential tasks was to prepare stable electrolyte containing Al2O3 particles  

or a mixture of Al2O3 and PTFE particles. This was achieved by using the SDBS (sodium 

dodecylbenzenesulfonate) anionic surfactant, Al2O3 nanoparticles and 60% PTFE suspension. 

The first experimental part of the thesis is focused on aluminium alloy (AA1050), which 

contains intermetallic phase particles based on Al-Fe and Al-Fe-Si compounds, with  

irregular-shape and round-shape. The results showed that the electrolyte temperature and 

current density had a significant effect on the properties of produced porous anodic aluminium 

oxide (PAAO) coatings. Decreasing the temperature during the galvanostatic anodizing  

at 3 A/dm2 in the sulfuric-oxalic acid electrolyte led to the formation of thicker and harder 

PAAO coatings, which however contained microcracks and hillocks on the coating surfaces. 

At a higher anodizing current density, the increased sulfur content suggested the incorporation 

of sulfate ions in the PAAO coating. In the current vs time curves after reaching the voltage 

maximum, an unusual area was recorded for the higher current densities 3 and 2 A/dm2, which 

was ascribed to the incorporation of the sulfate ions in the growing coating. The porous 

composite AAO coating without structural defects (hillocks and microcracks) and with the best 

combination of mechanical properties, such as high hardness, low COF, and high wear 

resistance was produced by the galvanostatic anodizing process at a low current density  

(1 A/dm2), and low temperature (10 °C) in an electrolyte with the addition of 6 g/L Al2O3  

and 15 mL/L 60% PTFE suspension. Intermetallic phase particles were preferably oxidized  

at the low electrolyte temperature, and the oxidation rate of these phase particles was lower 

when a lower anodizing current density was applied. 

The second set of experiments were focused on anodizing of pure magnesium in the sodium 

hydroxide (NaOH) electrolyte. The use of voltage had a significant effect on the morphology 

and thickness of the produced anodic coatings. A thicker and denser magnesium  

hydroxide (Mg(OH)2) coating was produced with a rough surface at a lower voltage of 4 V. 

The coating produced in the NaOH electrolyte containing Al2O3 and PTFE particles at 4 V was  

non-compact. On the other hand, coatings produced at a higher voltage (≥ 10 V) were  
compact and contained Al2O3 and PTFE particles. Further investigation and testing are 

necessary to be done in this area topic; for example, applying lower voltage, corrosion 

resistance testing and nanoindentation testing. 

The final experiments were focused on anodizing of ZnTi2. Two different types of coatings 

were produced, referred to as “black” and “white”. Black, thinner and porous coatings with  

the sponge-like structure were produced at a lower voltage of 4 V in the 0.3-1 M NaOH 

electrolyte. White, thicker coatings composed of nanorod bulk-like structure with compact 

granular morphology on the surface were produced at 50 V in the 0.04 and 0.1 M NaOH electrolyte. 

Due to higher oxygen evolution during the anodizing process at the higher voltage, produced 

coatings contained horizontal cracks and gaps. The applied voltage plays an important role  
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in determining the morphology and appearance while higher concentrations and longer anodizing 

times give rise to bulk-like ZnO coatings with smaller pore size. The compressed air agitation 

during the anodizing process in the stable electrolyte containing 6 g/L Al2O3 particles led to the 

formation of a composite coating with uniform distribution of Al2O3 particles in the coating. 

The anodizing process of aluminium, magnesium and zinc cannot be compared because each 

material requires a different pre-treatment and different anodizing conditions (i.e. type and 

temperature of the electrolyte, voltage/current density). Aluminium is preferably anodized  

in the acidic bath, commonly containing sulfuric acid, oxalic acid or their mixture, yielding  

a porous anodic aluminium oxide coating with parallel hexagonal pores oriented normal to the 

surface. At low electrolyte temperatures and high current densities, thicker and harder coatings 

are produced. Magnesium and zinc are preferably anodized in an alkaline electrolyte  

(i.e. NaOH, KOH). With increasing voltage, smoother and thinner anodic magnesium 

hydroxide coatings are produced. Darker anodic ZnO coatings with the sponge-like structure 

are produced at a low voltage and higher concentration of the NaOH electrolyte. On the other 

hand, white anodic ZnO coatings with bulk-like structure and horizontal cracks and gaps  

are produced at a high voltage and low electrolyte concentration. Addition of secondary 

particles (Al2O3 and PTFE) directly to the electrolyte have a positive effect on the hardness and 

tribological properties. 

Although the anodizing process has been known for decades, there is still room for research 

and development, for both academic and industrial reasons. Further research in this field can 

continue; for example, anodizing of zinc is still not sufficiently described in the literature. Zinc 

oxide is a promising material for biomedicine, photoelectrochemical and photocatalytic 

applications, sensor devices and thus, systematic studies are required among others.  

For example, the study of the effect of current density/voltage and type, temperature,  

and electrolyte concentration on ZnO coating growth and morphology attract attention. Adding 

secondary particles directly to the electrolyte has proved to be a suitable way to achieve  

the required properties of produced anodic coatings, but only a few scientific papers have been 

published in this respect. 
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