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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. 
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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  
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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. 

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 that includes 

subchapters describing the fundamental principle, standard methods of the anodizing process 

of aluminium, magnesium and zinc. Also described are the properties and parameters of anodic 

coatings, the influence of the chemical composition of initial material on the growth of anodic 

coatings, and the technological process. 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.  
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1. Theoretical part 

1.1. Fundamentals of anodizing 

Non-ferrous metals can form native oxide/hydroxide coatings on their surfaces that offer  

limited protection to surface degradation. Anodizing is an electrochemical process during  

which a thicker, durable, corrosion and wear-resistant anodic oxide/hydroxide coating is formed 

[2, 8]. During anodizing, the component is immersed in an electrolyte of suitable composition 

and is connected as the anode (positive electrode) into an electrical circuit with (i) direct current 

(DC), (ii) alternating current (AC) or (iii) pulse current (PC) (Fig. 1). The counter electrode 

(cathode) is sheet or rod of stainless steel, carbon, lead, platinum or any other metal that  

is inert in the anodizing electrolyte [8, 10]. The anodizing process of Al, Mg, Zn and their alloys 

is based on chemical and electrochemical reactions between the substrate of initial material and 

the electrolyte. Such reactions for each experimental material are described in the following 

chapter. 

Fig. 1 Schematic illustration of the anodizing cell: 1 - tank, 2 - electrolyte, 3 - component 

(anode), 4 - cathode, 5 - controlled power source. 

 

Although aluminium (Al), magnesium (Mg), zinc (Zn) and their alloys can be anodized, 

there are significant differences in their pre-treatment (degreasing, etching, deoxidizing, etc.), 

in the anodizing process conditions (voltage/current density, composition and temperature  

of the electrolyte, etc.) and in the post-treatment (sealing). 

Generally, for the anodizing process of Al and its alloys, acidic electrolytes and low  

voltage are mostly used, whereas, for Mg, Zn and their alloys, alkaline or neutral electrolytes 

in combination with higher voltage are used. 

The anodized coating formed on Al is regular in structure and consists of a compact barrier 

coating adjacent to the metal surface and/or a coating containing uniform parallel pores  

normal to the surface. In contrast, the anodized coatings on Mg and Zn are irregularly porous 

in structure [1, 2]. 
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The final properties and quality of these electrochemically formed anodic coatings  

are influenced by a number of factors, in particular by the: (i) type, concentration and 

temperature of electrolyte, (ii) chemical composition of the initial material and its purity,  

(iii) current density, (iv) voltage, (v) anodizing time, (vi) homogeneity of the cooling and 

electrolyte agitation, and (vii) method of mounting or hanging the component [2, 11, 12]. 
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1.2. Electrochemical process of aluminium anodizing 

The chemical reaction of Al anodizing can be described simply as [13]: 
 2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙2𝑂3 + 3𝐻2. (1) 

 

Equation (1) represents the overall chemical reaction. However, it is also essential to 

understand the chemical reactions at the aluminium/oxide and electrolyte/oxide interfaces 

separately [13]. A schematic illustration of the process occurring during anodizing is shown  

in Fig. 2 [7]. 
 

 

Fig. 2 Schematic representation of the cross-sectional view of an illustration of ions move 

through the electrolyte/oxide and the aluminium/oxide interface during the anodizing process 

in sulfuric acid electrolyte resulting in porous aluminium oxide [7]. 

 

When an electric field is applied, hydrogen ions are reduced to produce hydrogen gas at the 

cathode, and the aluminium anode (oxide/metal interface) is oxidized into Al3+ [13]: 
 𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−. (2) 

 

At the same time, the dissociation of water takes place on the cathode [7]: 
 2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2(𝑔). (3) 

 

Moreover, at the electrolyte/oxide interface, the formation of OH– and O2– ions occur due to 

H2O splitting or to interaction with the absorbed electrolyte anions. This can be expressed, in 

the case of H2SO4 electrolyte as [7]: 
 2𝐻2𝑂 + 2𝑆𝑂42− → 𝑂2− + 𝐻2𝑆𝑂4 + 𝑂𝐻− + 𝐻𝑆𝑂4−.      (4) 
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Although the anodizing of Al has been investigated widely, it is still not clear which  

oxygen-carrying anion species (OH–, O2–) is involved in the anodic process and reacted  

with Al3+. Under an electric field, OH– and O2– ions migrate inwards through the oxide  

towards aluminium (anode), where they form γ-Al2O3, γ’-Al2O3 or ƞ-Al2O3. The possible 

reactions are [7, 8]: 
 2𝐴𝑙 + 6𝑂𝐻− → 𝐴𝑙2𝑂3 + 3𝐻2𝑂 + 3𝑒−  (5) 2𝐴𝑙 + 3𝑂2− → 𝐴𝑙2𝑂3 + 6𝑒−. (6) 

 

Based on reported experimental work [13-15], it has been found that some Al3+ cations 

migrate across the oxide coating and are dissolved into the electrolyte or they form  

an aluminium oxide at the electrolyte/oxide interface. 
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1.3. Electrochemical process of magnesium anodizing 

The most accurate description of the Mg anodizing mechanism in a silicate-containing 

electrolyte is based on the theoretical description and experimental results by Shi et al. [2].  

The anodizing process was classified into four different stages. A schematic illustration  

of the anodizing stages is presented in Fig. 3 [2]. 
 

 

Fig. 3 Schematic illustration of anodizing stages: (a) anodic polarization curve in the voltage 

control mode and (b) dependence of cell voltage on anodizing time in the current  

control mode [2]. 

 

First stage  

The anodizing voltage increases linearly (< 10 V) with anodizing time. At the cathode, 

hydrogen is evolved in the form of bubbles. At the anode, Mg dissolves in the electrolyte first 

and then Mg(OH)2 and MgSiO3 coating is formed, and oxygen is evolved at the same time.  

The possible reaction can be described by the following equation (7, 8, 9, 10) [2]: 
 4𝑂𝐻−  → 2𝐻2𝑂 + 𝑂2 + 4𝑒−  (7) 𝑀𝑔 →  𝑀𝑔2+ + 2𝑒−  (8) 𝑀𝑔2+ + 2𝑂𝐻− →  𝑀𝑔(𝑂𝐻)2  (9) 𝑀𝑔2+ + 𝑆𝑖𝑂32− →  𝑀𝑔𝑆𝑖𝑂3.        (10)  

 

At this stage, the produced coatings are thin and dense because the anodizing time is only  

a few seconds. The reactions 8-10 which were reported by Mizutani et al. [16], and reaction (7) 

are insignificant at this stage [2]. 

 

Second stage  

The anodizing voltage increases up to a value of ⁓190 V, and the evolution of some tiny gas 

bubbles can be observed but no sparking. It has been postulated that in addition to the anodizing 

reactions (7-10), another reaction (11) starts to take place [2]: 
 𝑀𝑔 + 2𝑂𝐻− →   𝑀𝑔𝑂 + 𝐻2𝑂 + 2𝑒−.    (11) 
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This is an electrochemical reaction resulting directly in the coating formation, and Mg  

is electrochemically oxidized into MgO [2]. 

Mizutani et al. [16] reported that the coating on Mg alloys formed at 60 V in an alkaline 

electrolyte contained a mixture of Mg(OH)2, MgO and MgSiO3. Therefore, the involvement  

of reaction (11) in this stage is reasonable. Reactions (9), (10) and (11) involved in this stage 

of anodizing can also be supported by the experimental results of Mizutani et al. [16]. Moreover, 

the limited oxygen evolution observed at this stage indicates that reaction (7) is still slow and 

therefore insignificant to the process. Kim et al. [17] studied the anodizing of Mg-Al alloys in 

the NaOH electrolyte at constant voltages of 3, 10, 40 and 80 V. The results showed that 

coatings formed at low voltages consisted of a relatively thick Mg(OH)2 coating with a rough 

surface. In contrast, MgO coating with a smooth surface was formed at high voltage (Fig. 4). 

The high voltage anodizing process, especially the formation of the final multilayer coating, 

has not been described well yet. 
 

 

Fig. 4 Schematic illustration of the formation mechanism of anodic coatings on Mg-Al alloys 

at a constant voltage of (a) 3 V, and (b) 80 V [17]. 

 

Third stage  

The obvious phenomena at this stage are the uniform sparking and significant gas evolution 

from the anodized sample surface. The voltage continues to increase up to ⁓330 V with 

anodizing time. Reactions (7-11) continue at this stage, and at the same time, the following 

reactions occur [2]: 
 𝑀𝑔(𝑂𝐻2) → 𝑀𝑔𝑂 +  𝐻2𝑂  (12) 2𝑀𝑔 + 𝑂2 → 2𝑀𝑔𝑂. (13) 

 

These reactions mainly describe chemical precipitation processes. Reaction (12) describes 

the dehydration process that can occur when the temperature is higher than 350 °C.  
The temperature of the sparking arc during the anodizing of Mg alloys is far above 1000 °C. 
Not all of the Mg(OH)2 can be transformed into MgO. At the high temperature, direct  

oxidation of Mg is also possible, particularly with the active oxygen freshly generated  

by reaction (7). At this stage, there is an increasing amount of MgO in the coating and also 

increase in hardness and higher abrasion resistance. Therefore, reaction (13) is proposed in this 

stage of anodizing [2]. 
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Fourth stage 

When the voltage increases above 330 V, oxygen evolution becomes vigorous, and sparking 

much more intense and localized. This process is known as micro-arc oxidation (MAO)  

or plasma electrolytic oxidation (PEO). It is proposed that the two following reactions are also 

involved in the fourth stage [2]: 
 2𝑀𝑔𝑂 + 𝑦𝑀𝑔𝑆𝑖𝑂3 → (𝑀𝑔𝑂)3 (𝑆𝑖𝑂2)𝑦 (14) 2𝐻2𝑂 → 2𝐻2 + 𝑂2.    (15) 

 

Reaction (14) describes the melting and solidification process of MgO and MgSiO3 in the 

coating at the sparking spots. When the temperature increases during sparking, the anodized 

coating could be locally melted by sparking spots and mixed with some components  

or decomposed products of the electrolyte. Then such areas of the coating rapidly solidify  

into a reform coating. The sparking lasts only a few seconds and leads to the deposition of the 

silicates from the electrolyte directly into the coating through plasma discharge (melting and 

freezing), which is related to increasing ratio of the silicon particles in the coating.  

Reaction (15), i.e. thermal decomposition of water has not yet been sufficiently studied. There  

is a possibility that local areas of plasma discharge produce a sufficiently high temperature that 

allows decomposition of water [2]. 
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1.4. Electrochemical process of zinc anodizing 

Zinc oxide (ZnO) coatings are usually produced in aqueous solutions of NaOH, KOH, etc.  

As reported in many studies [18-21] in which the NaOH electrolyte was used, the possible 

mechanism for the process can be described as follows: 
 

At the cathode, hydrogen gas is produced according to equation (16) [22]: 
 2𝐻+ + 2𝑒− → 𝐻2(𝑔).   (16) 

 

At the anode, the following reactions take place [18]:  
 𝑍𝑛 → 𝑍𝑛2+ + 2𝑒−  (17) 𝑍𝑛2+ + 4𝑂𝐻− → 𝑍𝑛(𝑂𝐻)42−(𝑎𝑞)   (18) 𝑍𝑛(𝑂𝐻)42−(𝑎𝑞) → 𝑍𝑛(𝑂𝐻)2(𝑠) + 2𝑂𝐻−   (19) 𝑍𝑛(𝑂𝐻)2  → 𝑍𝑛𝑂 + 𝐻2𝑂.   (20) 

 

The initial stage of the process is the active dissolution of pure Zn (Eq. 17), which  

is attributed to the formation of Zn(OH)42− (Eq. 18). When the concentration of Zn(OH)42− 

exceeds the solubility of Zn(OH)2, the precipitation of a compact coating of Zn(OH)2 will occur 

on the anode surface according to Eq. 19. Finally, ZnO will form, as described by Eq. 20  

[18, 22]. The coatings obtained in alkaline and carbonate electrolyte primarily consist of ZnO. 

The anodic coatings produced in the Na3PO4 electrolyte mainly consist of Zn3(PO4)2 [21]. 

  

https://en.wikipedia.org/wiki/Zinc
https://en.wikipedia.org/wiki/Phosphorus
https://en.wikipedia.org/wiki/Oxygen
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1.5. Commonly applied processes 

1.5.1. Anodizing of aluminium and its alloys 

U.S. Military Specification MIL-A-8625 describes three basic types of electrolytically formed 

anodic coatings on Al and its alloys. Chromic acid anodizing (CAA), or Type I, was the first 

large-scale commercial process for aluminium and its alloys developed by Bengough and  

Stuart [8]. The produced oxide coating is relatively softer, thinner and less porous than  

those formed by the other processes and does not lead to a deterioration of the fatigue properties 

of the substrate. The coating has substantial corrosion resistance and is an excellent base  

for paints. CAA is used by the aerospace, marine and automotive industries [23]. New 

environmentally friendly alternatives to the previous process were developed as a pre-treatment 

for paint adhesion [24-26], namely (i) phosphoric acid anodizing (PAA), (ii) boric-sulfuric acid 

anodizing (BSAA), (iii) phosphoric-sulfuric acid anodizing (PSA), and (iv) tartaric-sulfuric 

acid anodizing (TSA). The above-listed processes are more energy efficient (temperature, 

voltage, anodizing time, etc.) than CAA and conditions for the most commonly used processes 

are listed in Table 1. 

 

Table 1 Conventional anodizing processes of aluminium and its alloys - Type I. 

×CrO3 - chromium(VI) trioxide; 
£H3PO4 - phosphoric acid; #H2SO4

 - sulfuric acid; *H3BO3 - boric acid 

 

Sulfuric acid anodizing (SAA), or Type II, is the most widely used method to produce  

porous anodic aluminium oxide coatings on aluminium and its alloys, patented by Gower and  

Brien [27]. This process is primarily used for decorative or protective purposes (household 

appliances, furniture, architecture, sports equipment), and porous anodic aluminium oxide 

coating also serves well as a base for dye application [28]. Methods of dye application are 

further described in chapter 1.9.3. Addition of oxalic acid to the sulfuric acid electrolyte leads 

to the formation of harder and less porous anodic aluminium oxide coatings compared  

Method Composition 
Volts 

(V) 

Time 

(min) 

Temperature 

(oC) 

Thickness 

(µm) 

CAA  

Bengough-

Stuart 

30 g/L CrO3
× 

0→40 

40 

40→50 

50 

10 

20  

  5-40  

5 

40 2.5-15 

PAA 72 mL/L H3PO4
£ 10-12 20-30 23-25 1-2 

BSAA 
30.5-52 g/L H2SO4

# 

5.2-10.7 g/L H3BO3
* 

15 18-22 24.5-29 3-5 
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to decorative anodizing. Therefore, it served as the background for the development of the hard 

anodizing process [29]. The most commonly used processes are listed in Table 2 [30]. 

 

Table 2 Conventional anodizing processes of aluminium and its alloys - Type II. 

Method Composition  
Volts 

(V) 

Time 

(min) 

Temperature 

(oC) 

Thickness 

(µm) 

Sulfuric acid 60.44 mL/L H2SO4
# 14-18 15-30 18 5-17 

Oxydal 129.27 mL/L H2SO4 12-16 30 18 15-20 

Oxal 28-147 g/L C2H2O4
€ 60 30 20-22 10-20 

#H2SO4 - sulfuric acid; 
€C2H2O4 - oxalic acid 

 

In the engineering industry, widespread use has been made of hard anodizing (HA), also 

called hard coat, engineered anodizing, or Type III [25]. Hard anodizing produces a heavier  

or denser coating than the general SAA or CAA processes do [30, 31]. Typical hard anodizing 

processes are listed in Table 3 [30]. Hard anodizing coatings are usually not sealed because 

sealing may deteriorate the hardness and abrasion resistance of coatings. In order to increase 

the sliding and static friction properties, the porous hard anodic aluminium oxide coating  

can be further improved by the incorporation of solid lubricants (e.g. PTFE or MoS2) into 

coating [32-34]. 

 

Table 3 Conventional anodizing processes of aluminium and its alloys - Type III. 

Method Composition 
Volts 

(V) 

Time 

(min) 

Temperature 

(oC) 

Thickness 

(µm) 
Martin Hard 

Coat 
93.7 mL/L H2SO4

# 20-75 80 -4 50 

Alumilite 225 

and 226 

129.27 mL/L H2SO4 

14 g/L C2H2O4
€
 

10-75 30-40 10 25-50 

#H2SO4 - sulfuric acid; 
€C2H2O4 - oxalic acid 

 

1.5.2. Anodizing of magnesium and its alloys 

Various anodizing processes have been developed to protect Mg and its alloys from corrosion. 

For industrial anodizing of Mg and its alloys, the following three primary processes are widely 

used: (i) Dow 9, (ii) Dow 17, and (iii) HAE. The Dow 9 process, also called galvanic anodizing, 

produces an anodic coating which is often used for optical components (telescopes, camera 

parts, etc.) and for heat sinks in electronic applications, as well as for applications that require 

a non-reflective surface. This coating also serves as an excellent base for paints [1, 8]. 
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The Dow 17 process was developed by the Dow Chemical Company and can be used for all 

types of Mg alloys. For this process, DC or AC can be used. Coatings produced with DC are 

smoother than those using AC [1, 35]. 

The HAE process is effective for all Mg alloys and produces two types of coating like  

the Dow 17. Alternating current is applied to form the coating, and the voltage typically does 

not exceed 125 V. The coating produced at high voltage is very rough, relatively hard, with 

excellent abrasion resistance but, on the other hand, it is very brittle [1, 8, 35]. 

Upon sealing, the Dow 17 and HAE processes provide excellent anti-corrosion properties.  

The most commonly used processes are listed in Table 4 [8, 31]. Currently, Dow 17 and HAE 

are being replaced by processes which do not require the use of hexavalent-chromium or other 

heavy metals and operate below room temperature and at a high voltage (more than 150 V), for 

example Tagnite process, Megaoxide process, etc. [1, 2, 35]. The high voltage causes sparking, 

and the ongoing reactions are complicated. 

 

Table 4 Conventional anodizing processes of magnesium and its alloys - alternating current.  

Method Composition 
Volts 

(V) 

Time 

(min) 

Temp. 

(oC) 

Thickness

(µm) Colour 

Dow 17 

240 g/L (NH4)HF2
# 

100 g/L Na2Cr2O7
.2H2O€ 

90 mL/L H3PO4
£ 

   60-75* 

   90-100 

  4-5* 

25 
70-80 

2.5-7.5* 

23-38 

light 

green* 

dark 

green 

HAE 

120 g/L KOH×  

10.4 g/L Al(OH)3
$

  

34 g/L KF@ 

34 g/L Na3PO4
¥

  

20 g/L K2MnO4
° 

65-70* 

80-90 

 7-10* 

60 
< 35 

  5-10*          

25-80 

light* 

dark 

brown 

Tagnite 

4-8 g/L KOH  

5-20 g/L KF 

15-25 g/L K2SiO3
⸙ 

 150-400 > 2 10-20 < 25 white 

#(NH4)HF2 - ammonium hydrogen difluoride; €Na2Cr2O7
.2H2O - sodium dichromate dihydrate; 

£H3PO4 - phosphoric acid;  ×KOH - potassium hydroxide; $Al(OH)3 - aluminium hydroxide;  
@KF - potassium fluoride; ¥Na3PO4 - triammonium phosphate; 

°K2MnO4 - potassium manganate;  
¶KOH - potassium hydroxide; ⸙K2SiO3 - potassium silicate; *thin coating 
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1.5.3. Anodizing of zinc and its alloys 

Anodizing of Zn and its alloys was introduced into the industry under the trade name Iridize. 

Not many applications in the industry use it for cost reasons (high requirements for heating, 

equipment, etc.) [36]. In the last few years, anodizing of zinc has become more popular  

due to the development of technologies, and future applications including the solar cells, gas 

sensors, biosensors, optoelectronics or corrosion-resistant coating in mechanical engineering, 

antibacterial material in medicine, etc. [18, 37]. 

Anodizing of pure zinc in the KOH [38], NaOH [39], and H2O [40] electrolytes and in the 

electrolytes with other additives was studied in [38, 41]. The resulting oxide coatings exhibit 

higher corrosion resistance than pure zinc does [42]. In order to increase wear resistance, service 

life coatings may be doped with submicron and nanometric particles. 

  

http://dx.doi.org/10.1016/S0022-0728%2897%2900354-9
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1.6. Types of anodic coating 

In general, anodizing of non-ferrous metals can result in two different types of anodic coatings, 

depending on the type and concentration of electrolyte, current density or voltage: (i) compact 

barrier type (Fig. 5a) or (ii) porous type (Fig. 5b) [7, 14, 43, 44]. 
 

 

Fig. 5 Two different types of anodic aluminium oxide coatings: (a) compact barrier type, and 

(b) porous type, along with the respective current (j) vs time (t) transients under potentiostatic 

conditions [14]. 

 

1.6.1. Compact barrier coating 

A compact non-porous, barrier type, anodic aluminium oxide coating can be formed  

in electrolytes (pH 5-7) such as borate, oxalate, citrate, and phosphate solutions, in which  

the oxide is practically insoluble. These coatings are thin (< 700 nm) and dielectrically compact. 

The commercial use of barrier type coatings is in the field of dielectric capacitors, which cannot 

be achieved by using porous type coatings [45-47]. The high dielectric constant and the stability 

of amorphous Al2O3, even at high temperatures, make this compound a good candidate for gate 

insulator materials [7, 14, 46]. Compact barrier type coatings, which support high electric fields, 

can also be formed on Mg in a glycerol/fluoride electrolyte with water [48]. The resulting 

thickness of the compact barrier coating is mainly determined by the applied voltage and  

the type and concentration of the electrolyte [46, 49, 50]. 
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1.6.2. Porous coating 

By contrast, the porous type of anodic aluminium oxide can be formed in strongly acidic 

electrolytes (pH < 4) such as sulfuric acid (H2SO4), oxalic acid (C2H2O4) or phosphoric  

acid (H3PO4), in which the resulting coating can be only sparingly soluble in electrolyte [7, 34].  

The porous type of anodic magnesium coating can be formed in the NaOH electrolyte [2, 44], 

alkaline borate electrolyte [51], etc. Porous ZnO coatings can be formed in H2O [40],  

C2H2O4 [52] or NaOH [21] electrolytes. The resulting thickness of the porous coating  

is controlled by the applied current density/voltage, anodizing time and the temperature  

of electrolyte [53]. Such type of coating is more widespread in the industry, nanoscience, and 

nanotechnology. Especially the development of electron microscopy led to a deeper 

understanding of the porous aluminium oxide structures. In 1953, Keller et al. [50] described 

the porous anodic aluminium oxide coating model as a close-packed array of hexagonally 

arranged cells containing pores in each cell centre (Fig. 6) [7]. The porous type anodic coating 

consists of a compact barrier coating on the bottom and a relatively regular porous structure  

on top of the coating. The porous anodic coating can be characterized by parameters such as 

pore diameter, wall thickness, interpore distance (cell diameter), thickness of the compact 

barrier coating and the porous coating. The pore diameter increases with applied voltage, 

concentration and temperature of the electrolyte and with decreasing pH of the electrolyte.  

The high porosity of porous coatings results in a decrease in corrosion resistance, abrasion 

resistance and hardness of the coating. Such anodic coatings are, on the other hand, more 

convenient for easy dyeing for decorative purposes.  
 

 

Fig. 6 Idealized structure of the porous type (a), and (b) a cross-sectional view of the anodic 

oxide coating on aluminium [7]. 

 

The mechanism of the pore growth of anodic aluminium oxide coating has been continuously 

investigated for decades, and currently, it is still studied and discussed [7, 54-56]. Typical 

voltage-time (V-t) or current-time (I-t) curves that are recorded during the galvanostatic  
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or potentiostatic anodizing process of high purity aluminium are shown in Fig. 7. The growth 

process of the porous anodic aluminium oxide coating can be divided into four stages [56]  

as illustrated in Fig. 7. During the beginning of the process, a thin and compact barrier coating 

(stage I in Fig. 7 [8]) is formed on the aluminium surface. Initial pores are developed in the 

barrier coating during stage II, while the conventional porous coating morphology starts to form 

during stage III and stage IV. 
 

 

Fig. 7 Schematic diagrams showing the development of porous anodic aluminium oxide 

coating growth on aluminium substrate during (a) the galvanostatic,  

and (b) the potentiostatic anodizing process [8]. 
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1.7. Common properties and parameters of anodic 

coatings 

Appearance  

In general, it is known that the anodizing process increases the resulting surface roughness.  

The increase in roughness is influenced by the type of substrate material, pre-treatment, 

anodizing conditions such as voltage/current density, anodizing time, temperature and type  

of the electrolyte [57]. The pre-treatment creating a smoother surface and removing all 

impurities from the substrate and therefore, is used before anodizing, which reduces the risk  

of undesirable appearance [58]. Alloying elements in the substrate material which dissolve 

during the anodizing process have no effect on the final appearance of the coatings but can 

contribute to the formation of defects such as cavities and pores, and deteriorate corrosion 

resistance of produced anodic coatings [59, 60]. Elements that are soluble in the electrolyte 

have a negative influence on the final coating appearance and can lead to a local change in the 

coating colour [61]. 

 

Coating thickness 

The thickness of the coatings produced by standard anodizing methods is one of the most 

important criteria defining the corrosion resistance of anodic coatings. A thick anodized coating 

is usually more corrosion-resistant than a thin one [2]. Furthermore, fatigue strength decreases 

with increasing thickness of the anodized coating [62]. The coating thickness is determined  

by calculation using Faraday's law equation (21) [63]: 
 

h = 0.4 × ƞ × I × S-1,                             (21) 
 

where h is the thickness of the anodic coating (μm), ƞ is the degree of electrolyte efficiency 

(0.6-0.7), t is the anodizing time (min), I is the current (A), and S is the anodized area (dm-2). 

For anodizing of Al and its alloys in the sulfuric acid electrolyte (Type II, Type III), a very 

simple calculation (see Eq. 22) can also be used to predict the thickness of the anodic coating.  

In most cases, Eq. 22 applies to anodizing conditions 12-20% H2SO4 at 4-27 oC [64]: 

                                                             h = (I × t)/3.12,                                          (22) 
 

where h is the thickness of the anodic coating (μm), I is the current (A), and t is the anodizing 

time (min). 

Generally, the thickness of an anodic coating depends on the type, concentration, and 

temperature of the electrolyte, the voltage/current density, anodizing time and chemical 

composition of the substrate. For example, Theohari et al. [65] studied the effect of temperature 

on the anodizing process of pure aluminium and AA5050 alloys. The porous anodic aluminium 

oxide coatings formed on the aluminium alloy after 40 min of anodizing exhibited a higher 

thickness than the coating formed on pure aluminium under the same anodizing conditions  

(15 V, 10 and 20 oC). Oliveira et al. [66] studied anodizing of AZ91D magnesium alloy  
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at different voltages (3, 5, 8, 10 V) at room temperature in the 3 M NaOH electrolyte with  

an Na2SiO3 addition. The anodic coatings obtained at 3 and 5 V were thicker than coatings 

obtained at 8 and 10 V. The corrosion resistance of the samples was higher for coatings 

produced at a lower voltage (3 and 5 V), and the resulting porosity was also lower. 

The anodic coating formed usually has a larger elementary cell volume than the substrate 

has. Therefore, the anodic coating grows above the original size of the component (substrate). 

Typical for Type II, or decorative anodizing, of aluminium is a growth ratio of 2/3 of the coating 

under and 1/3 above the original surface of the substrate (Fig. 8a). For Type III, or hard 

anodizing, a typical growth ratio is 1:1 (Fig. 8b) [58]. 
 

 

Fig. 8 Schematic diagram of porous anodic aluminium oxide coating growth for  

(a) decorative anodizing (Type II), and (b) hard anodizing (Type III) [58]. 

 

Porosity of the coating 

The coating porosity depends on the conditions of the anodizing process. It is not to be seen as 

a negative property because it allows filling the pores with dyes or with various particles (PTFE, 

SiC, etc.), which improves the appearance of the anodic coating or its adhesion, corrosion  

and wear resistance. Generally, increasing the electrolyte temperature and anodizing time leads 

to an increase in porosity, but a decrease in hardness [67, 68]. 

 

Corrosion resistance 

The corrosion resistance depends on the pH of the corrosive environment, the thickness of the 

anodic coating and its homogeneity [34]. It is well known that Mg and its alloys are not 

corrosion-resistant unlike Al, Zn and its alloys. Many authors studied the corrosion behaviour 

of Al, Zn and Mg before and after the anodizing process. In all of the studies [1, 2, 8, 23],  

the anodizing technique increased the corrosion resistance of the sample in comparison with 

the uncoated sample. As mentioned before, anodic coatings produced at a low voltage or current 
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density are thinner and less porous than coatings produced at a high voltage or current density, 

which leads to a lower corrosion resistance [2, 7]. Sealing of anodic coating or addition of SiC, 

TiO2, and Al2O3 particles to the electrolyte improve the corrosion resistance. These particles 

could be adsorbed on the surface of the coating, embedded in the coating and stored into 

micropores during anodizing [67, 70]. 

 

Hardness of anodic coating 

An anodic coating is relatively brittle and very sensitive to cracking. Variables such as  

the chemical composition of the substrate and the conditions of the anodizing process influence 

the hardness of the anodic coating [68, 71]. Guezmil et al. [72] reported that the Vickers 

microhardness values of anodized Al 1050A and Al 5756 alloys decrease with the increase in 

current density and electrolyte temperature. Porous anodic aluminium oxide coatings produced 

on Al 1050A showed higher Vickers microhardness values than coatings on Al 5754 did. 

Porous anodic aluminium oxide coatings produced in the sulfuric-oxalic acid electrolyte 

have a higher microhardness compared with coatings produced in the sulfuric acid electrolyte. 

The particles of Al2O3 contained in the electrolyte have a positive influence on hardness [67]. 
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1.8. Influence of substrate chemical compositions on the 

growth of anodic coatings 

The presence of alloying elements or additives in the form of chemical compounds 

(intermetallic phase within the substrate) has a strong effect on the non-uniform growth of the 

anodic coating. It also has a considerable influence on the resulting corrosion resistance, 

mechanical properties, and appearance of the produced coating. As shown in Table 5, it is well 

known that some components of the aluminium alloy can influence the final colour of the 

anodic coating produced in the conventional sulfuric acid electrolyte [58]. 

 

Table 5 Effect of the alloying elements on the appearance and properties of the produced 

porous anodic aluminium oxide coatings [58]. 

Elements Effect 

Silicon  

(Si) 
> 5 %, dark grey to black coatings are produced 

Magnesium 

(Mg) 

≤ 3%, clear, colourless coatings are produced 

> 3%, nonstandard colouring of oxide coatings is produced  

(not suitable for further dyeing)  

Copper 

(Cu) 

< 2%, colourless coatings are produced 

higher amounts of Cu will result in discolouration, and the anodizing 

process becomes more difficult 

Zinc 

(Zn) 

good and protective coatings are produced with contents of up to 5%,  

colourless when the microstructure is homogeneous,  

quite brown when second phase precipitates are present 

 

The behaviour of second phase particles during anodizing of Al and Mg alloys was  

studied [73, 74]. During the anodizing process in the sulfuric acid, intermetallic phases in the 

aluminium substrate, namely MgZn2, AlCuMg, and Al2CuMg can be dissolved or oxidized, 

which leads to the formation of nanocavities and cracks in the coatings [59, 74, 75].  

The behaviour of intermetallic phases during the anodizing process and their influence on the 

process also depend on the process conditions such as pH electrolyte, voltage/current density. 

The formation and growth of the porous anodic aluminium oxide coating on cast  

Al-Si alloys were studied by Zhu et al. [76], Forn et al. [77], Li et al. [78], and Fratila-Apachitei 

et al. [79, 80]. The influence of Si particles on the growth of anodic oxide coatings is shown  

in Fig. 9 [80]. During the anodizing process, the Si particle is anodized, but at a lower rate than 

the Al phase. The oxidation of the Si particle stops when it becomes isolated from the initial 

material. The growth of the anodic coating also relates to the microstructure of the initial 

material. The eutectic phase plays a significant role in the growth of the anodic aluminium oxide 
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coating (Fig. 10 [76]). The change of Si particle morphology from flakes to fibres reduces  

the amount of the unanodized Al phase and also the number of cracks and cavities in the  

coating [76]. 
 

 

Fig. 9 Influence of Si particles on the growth of porous anodic aluminium oxide coating 

produced in the 2.25M H2SO4 at 4.2 A/dm2, 0 oC for 10 min [80]. 

 

 

Fig. 10 Influence of the eutectic phase and of the modification process on the growth of 

porous anodic aluminium oxide coating (a) unmodified condition,  

and (b) modified condition [76]. 

 

Heat treatment (solid solution annealing) prior to the anodizing process may be used to 

increase the uniformity and thickness of the produced anodic coating. The heat treatment 

process changes the shape, distribution, and size of the particles of intermetallic phase within 

the substrate. 
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1.9. Technological process  

The technological process of anodizing is a multiple-step process that includes pre-treatment, 

anodizing process and post-treatment, as shown in the diagram in Fig. 11. It is necessary  

to consider the fact that anodization will highlight the texture of the substrate. Therefore, it is 

necessary to select a suitable pre-treatment method for surface preparation. Also, it is essential 

to consider if the individual substrates can fulfil the requirements, i.e. enhancement of surface 

properties and/or decorative finish. 
 

 

Fig. 11 Technological process of anodizing. 

 

1.9.1. Pre-treatment 

Surface pre-treatment has a significant effect on the final appearance and properties of anodic 

coatings (homogeneity and thickness of the coating, fatigue life, corrosion resistance, etc.). 

Several authors [81, 82, 87] investigated the influence of pre-treatment on fatigue life.  

Results obtained from fatigue testing showed that etching and high surface roughness resulted 

in a significant decrease in fatigue life. 
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1.9.1.1. Mechanical pre-treatment 

Mechanical pre-treatment (blasting, sanding, polishing, ultrasonic cleaning, etc.) removes  

the surface defects of components (e.g. burrs in the dividing plane of the castings, the surface 

texture after forming, the corrosion products on the surface of the component, etc.) and 

produces the required quality of the surface. 

 

1.9.1.2. Chemical pre-treatment 

Chemical or electrochemical pre-treatments of the surface are intended to remove polishing 

agents, oils, greases and general dirt from the surface of components in order to leave a clean 

surface ready for a subsequent process. Chemical treatments include degreasing, etching, 

activation, and other steps [64]. 

 

Degreasing 

Degreasing is used to remove impurities (oils and greases, solid particles from abrasive grits 

and metal chips, polishing agents, etc.) from the surface. Degreasing methods are (i) alkaline 

degreasing, (ii) emulsion degreasing, (iii) solvent degreasing and (iv) ultrasonic degreasing. 

During the process, there is no change in the chemical composition or structure of the substrate. 

An alkaline degreasing solution consists of low-cost, water-soluble salts such as NaOH, KOH, 

and Na2CO3 combined with dispersants and surfactants in water. The degreasing is commonly 

carried out by immersion or spraying, usually at a temperature of 50-95 °C [32, 83].  
The operating temperature is very important. Complete removal of impurities from the surface 

does not occur at lower temperatures. During the process, it is important to eliminate impurities 

that float on the surface of the degreasing solution. 

 

Chemical etching 

During etching, a natural oxide layer, corrosion products, and old chemical coating are 

removed, and the surface is made slightly rougher. Besides the surface impurities, the substrate 

is dissolved too, which leads to undesirable penetration of hydrogen into the substrate.  

Dilute acids (H2SO4, HCl, and H3PO4), or alkali (NaOH, KOH) are used for etching. Nitric and 

hydrofluoric acids are used in mixtures with other acids. Inhibitors are added into the etching 

bath in order to minimize hydrogen entry into the metal, and their use should also bring 

economic and environmental benefits [84]. Prolonged etching can cause pitting and have  

a negative effect on fatigue life. 

 

Deoxidizing 

When alloying elements (Cu, Ni, Mg, Si, etc.) and inorganic salts are not dissolved during  

the etching process, a dark-spotted coating is formed on the component surface. Previously used 

HNO3 is nowadays replaced by H2SO4 and HF acids. The deoxidizing operation takes place for 



25 
 

several minutes at a moderate temperature. After the deoxidizing process, the surface of the 

component must be clean, bright and wettable [64, 83]. 

 

Rinsing 

Rinsing is a significant step after immersion in each chemical tank. Tap water is contaminated 

with salts, usually based on Ca, Mg, Na, Cl, which can cause spots on the surface of cleaned 

parts, and these spots can interfere with the anodizing surface quality. Therefore, only deionized 

water or sequential rinsing in tap and then deionized water is used. The purpose of the rinsing 

is to remove undesirable residues of chemicals that remained on the surface or in the cavities 

of components after the previous operations. Unwanted residues could contaminate the solution 

in the next step and influence the appearance and properties of the produced coating. Extended 

rinsing time after the anodizing procedure is recommended [64, 83]. 

 

1.9.2. Anodizing process itself 

Anodizing tank is commonly made of reinforced PVC, PP, HDPE or stainless steel. The tank 

is usually equipped with cooling, heating, stirring, temperature sensor and sensor of electrolyte 

level, pH meter, power source, and cathode. 

 

Power supply 

Although DC anodizing provides many of the desirable features required for optimized 

bonding, alternating current (AC), pulse current (PC) or mixed current offer some further 

advantages [45]. Bononi et al. [85] studied the effect of electrical parameters (DC, PC  

and combination DC/PC) on AA2024-T3 anodic coating growth mechanisms. The pulse  

current anodizing process reduces the coating defectiveness, and a combined DC/PC process 

leads to optimized microhardness. Saijo et al. [86] studied anodizing of AZ91D alloy  

in an environmentally friendly electrolyte using AC and DC. The results showed that using AC 

resulted in a lower porosity and a higher corrosion resistance of anodic coating in comparison 

with the coating produced by DC anodizing. 

 

Cathodes 

Stainless steel, carbon, aluminium, lead or platinum are used as the cathodes. The cathode can 

be used in the shape of sheet, plate or rod. The anode-to-cathode surface area ratio for hard 

anodizing of aluminium is 2:1 or 3:1. Regarding the anode-cathode ratios for anodizing of Zn, 

Mg and their alloys, scientific publications recommend an anode-to-cathode ratio of 1:1.  

The position of the cathode in the tank is also significant. The cathode is often placed inside  

the tank, along its sides at a certain distance from the anodizing component (i.e. the anode).  

The recommended working depth of the cathodes is slightly larger than the working depth  

of the components [64]. 

 

 



26 
 

Temperature of electrolyte 

The electrolyte temperature is an important parameter affecting the properties of anodic coating 

(thickness, porosity, microhardness, etc.) and must be controlled [65, 68]. Aerts et al. [68] 

investigated the influence of electrolyte temperature on the porosity and the mechanical 

properties of porous anodic aluminium oxide coating on AA1050. With increasing electrolyte 

temperature, microhardness and porosity decreased. 

It is recommended to keep the bath temperature homogeneous with an accuracy of ±1 oC.  

The electrolyte may be agitated by means of compressed air. Recently, acid sprayers located  

on the bottom of the tanks have been used, which provides better circulation of the acid and 

temperature control [31]. 

 

1.9.3. Post-treatment 

Dyeing of anodized coating 

Porous anodic aluminium oxide coatings produced by Type II method can be dyed for 

decorative purposes (architecture, sports equipment, pens, etc.). The colour appearance of the 

porous anodic aluminium oxide coatings obtained can be achieved either directly, during  

the process of anodizing (integral colouring, self-colouring), or during post-treatment processes 

such as dyeing (adsorption) or electrolytic colouring (Fig. 12) [34]. 
 

 

Fig. 12 Colouring of porous type anodic aluminium oxide coating [34]. 
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Sealing 

The sealing of anodic coatings is the final operation of the technological process, which  

leads to the closing of the pores and cracks present in the coating, in order to achieve  

the desired corrosion resistance and mechanical properties. For coloured coatings, the sealing 

process is essential to retain pigments and also to increase the UV resistance of dyes in coatings 

[87, 88]. Typically, sealing methods for aluminium and its alloys used in the industrial  

practice are implemented in hot deionized water (≥97 °C) (so-called hot DI sealing  

or hydrothermal sealing). Other options are cold or hot nickel acetate sealing and sodium 

silicate sealing [89, 90]. In past decades, various sealing techniques have been developed, and 

new environment-friendly and low energy consumption processes are continually being 

developed, and the existing ones are improved [87, 91]. Cold sealing, or cold impregnation, 

(25-30 oC) often utilizes nickel fluoride solution. The fluoride in the solution dissolves 

the porous anodic aluminium oxide coating and then is deposited as fluoro-aluminate [92].  

The advantage of the cold seal is low energy consumption, on the other hand, there is a high 

demand for chemicals, and there are special rules for environmentally friendly disposal  

of nickel from wastewater. Kim et al. [87] investigated a non-toxic sealing method based on the 

use of NaAlO2 solution for porous anodic aluminium oxide coating. When the NaAlO2 solution 

(85 °C, pH 7, and sealing time 5 min) was neutralized with H2SO4, precipitates that act as nuclei 

for the growth of boehmite (AlOOH) were produced. Porous anodic aluminium oxide coating 

sealed by this method showed high Vickers hardness, corrosion resistance, and low mass loss 

of the oxide in a sealing quality test. This method could be a potential non-toxic low-cost  

and rapid sealing procedure that can replace the commonly used Ni-based sealing method  

in the future. 

For each method of Al, Mg and Zn anodizing, it is preferable to use a different type of sealing 

process, depending on the desired final properties. Anodic coatings produced on Mg substrate 

are usually sealed in phosphate, silicate or borate containing solutions [2, 93]. 
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1.10. Future trends 

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAO), is a relatively 

novel and attractive surface treatment technology similar to the anodizing process but it requires 

high voltage (over 200 V) and current density, see Fig. 13 [8, 94]. 
 

 

Fig. 13 Schematic illustration of discharge phenomena and the coating microstructure 

developed during the plasma electrolytic oxidation process [8].  

 

A higher voltage applied in combination with a suitable electrolyte creates plasma discharges 

at the anode substrate interface. These discharges are short, often in the range of nanoseconds 

to milliseconds. The mechanism of the PEO coatings is complicated because it requires  

an understanding of several electrochemical, chemical and chemical-thermal reactions [2, 9, 

95]. Compared to the conventional anodizing, the PEO process produces crystalline ceramic 

oxide coatings on various metal surfaces such as Al, Mg, Ti and their alloys with higher 

microhardness, wear resistance, corrosion resistance, dielectric properties and better thermal 

stability [2, 96]. PEO is a unique and irreplaceable technique for the fabrication of functional 

coatings for specific applications. The equipment for the PEO process includes a special  

power supply generating positive and negative pulses, and a cooled electrolyte tank. This 

process is more expensive in terms of equipment than conventional anodizing. 
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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, 

Raman spectroscopy 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 (Fig. 14a) 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. All rinsing tanks were equipped  

with overflow pipes to avoid potential surface contamination. A PVC pipe with holes  

for compressed air distribution was placed at the bottom of all tanks. The etching tank was 

equipped with a controlled heating system. Finally, the anodizing tank was equipped with  

an external cooling system (EuroCold, Italy), a thermocouple (as shown in Fig. 14b) and the 

direct current (DC) power supply unit QPX 1200 (Aim-TTi, United Kingdom) operating 

between 0-60 V and 0-50 A. 
 

 

Fig. 14 Experimental apparatus used for all experiments: (a) overall view of the apparatus, 

and (b) schematic illustration of the anodizing tank set up. 
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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).  

The chemical composition of the alloy was determined using the optical spectrometer  

Q4 Tasman (Bruker, Germany). The measurement revealed the presence of 0.1 Si, 0.3 Fe,  

0.004 Cu, 0.005 Zn, 0.008 Mg, 0.01 Ti, and Al balance (wt.%). Two series of the samples with 

different mechanical pre-treatment were prepared. The first series of samples was ground  

with #800 and #1200 grit silicon carbide (SiC) papers (Struers) and the second one was ground 

with SiC papers from #800 up to #4000 grit, and further mechanically polished with 3 and  

1 μm diamond pastes (Urdiamant, Šumperk) using ethanol as a lubricant to obtain a mirror-like 

surface. The samples were masked with a polyester “acid-resistant” tape, so the resulting 
working electrode size was 50 mm × 60 mm × 6 mm (Fig. 15a). 

 

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, as shown in Fig. 15b. Two series of the samples with different mechanical  

pre-treatment were prepared. The first series of samples was ground with #800 and #1200 grit 

SiC papers, and the second series of samples was ground with SiC papers from #800 up to 

#4000 grit, and further mechanically polished with 3 and 1 μm diamond pastes using ethanol 

as a lubricant to obtain a mirror-like surface. 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, as shown in Fig. 15c. The chemical composition of the zinc 

alloy, according to the supplier, was 2% Ti and 98% Zn (wt.%). 
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Fig. 15 Schematic representation of the initial samples: (a) AA1050 sheet, (b) 99.9% Mg rod, 

and (c) ZnTi2 sheet. 
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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. 
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3.4. Anodizing process 

3.4.1. Preparation of a stable electrolyte containing Al2O3/PTFE 

particles 

For the initial experiments, in which Al2O3 and PTFE particles were used for doping  

the produced anodic coatings, the particles were just added to the 15% H2SO4 electrolyte.  

After the anodizing process, the particles were observed on the bottom of the anodizing tank. 

SEM observation and EDX analysis did not reveal the presence of secondary particles in the 

produced anodic coating. Based on the available data in the literature [70, 97, 98] 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 [70]. 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 reported by Chen et al. [70] and Li et al. [98]. 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 AISI 316L of 50 mm × 60 mm × 2 mm in dimension, which were 

used as cathodes. The distance between the anode and the cathode was 65 mm. During  

the anodizing process, current density/voltage vs anodizing time was recorded at intervals  

of 5 and 1 s. The electrolyte was agitated with compressed air to improve the temperature  

distribution on the sample surface and in the electrolyte bath. The temperature of the electrolyte 

bath was controlled using a digital thermometer and cooled with a water-glycol chiller. After  

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

 

 

 

 

https://doi.org/10.1016/j.apsusc.2010.04.040
https://doi.org/10.1016/j.apsusc.2010.04.040
https://doi.org/10.1016/j.apsusc.2010.04.040
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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 with of 50 mm × 18 mm × 1 mm in dimension 

were used as the cathodes in the experiment. The distance between the anode and the cathode 

was 64 mm. 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; 

• 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 and in the potentiostatic regime 

ranging from 4 to 50 V using DC power supply. The ZnTi2 samples and two stainless steel 
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plates with of 56 mm × 18 mm × 1 mm in dimension were used as the anode and the cathode 

in the experiment, respectively. The distance between the anode and the cathode was 70 mm 

for experiments utilized agitation with compressed air, and 40 mm for experiments in which 

magnetic stirring was used. During the anodizing process, the current density vs anodizing  

time was recorded at time intervals of 5 s. 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 (λ = 1.54059 Å generated at 30 mA and 40 keV). The 
assessment of the peaks was performed utilizing the software HighScore Plus (PANalytical). 

 

Scanning electron microscopy 

Prior to the scanning electron microscopy (SEM) examination, the samples were cut into 

smaller samples on a precise cut-off machine Secotom (Struers, Denmark) using (i) intensive 

water cooling for AA1050 and ZnTi2, and (ii) without cooling for 99.9% Mg. After cutting,  

all samples were rinsed in an ethanol ultrasonic bath for 300 s. 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. 

Before the microstructural observations, all samples were coated with a 10 nm carbon layer 

using a Leica EM ACE600 (Leica, Germany) evaporation coating unit. The surface morphology 

evaluation was carried out using the secondary electrons (SE) mode and the backscattered 

electrons (BSE) mode with an electron beam acceleration voltage of (i) 10 keV (AA1050 

samples), and (ii) 15 keV (99.9% Mg and ZnTi2 samples). 

Samples for cross-sectional microstructural observation were produced using the cold 

mounting technique followed by conventional metallographic procedures - wet grinding  

with SiC papers from #800 up to #4000 grit and polishing with 3 and 1 µm diamond pastes with 
ethanol as a lubricant. The AA1050 samples were finally chemical-mechanical polished  

with OPS suspension (Struers). 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 [99]. 

 

Transmission electron microscopy 

Transmission electron microscopy (TEM) 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) from each region of interest with an approximate 

dimension of 12 µm × 2 µm ×10 µm. A 500 nm platinum layer was deposited on the top  

of each lamella in order to prevent subsequent damage from sputtering. To prevent Ga+ 

implantation, coarse and fine sputtering was performed with a maximum current of 430 V  

and 41 pA with a subsequent cleaning process at 5 keV on each side of the lamella.  

The estimated thickness of the final lamellae was 50-100 nm. The analyses were carried out  



38 
 

using a high-resolution transmission electron microscope (HRTEM, FEI Titan Themis 60-300, 

ThermoFisher Scientific, Netherlands) operated at 300 keV, equipped with (i) a high angle 

annular dark-field (HAADF) detector (Fischione) and with a Cs-image corrector for TEM 

imaging, (ii) a Super-X detector (ThermoFisher Scientific, Netherlands) for EDX spectroscopy, 

and (iii) a Gatan GIF Quantum 966 ERS for electron energy loss spectroscopy (EELS). 

 

Thickness of anodic coatings 

The average thickness of anodic coatings was measured on cross-sectional SEM micrographs 

at twenty randomly selected positions on each sample, using the Olympus Stream Image 

Analyses Software. 

 

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) under constant loads of 0.49 N (HV0.05) and 0.0245 N (HV0.025), with a testing 

time of 10 s. 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. Alumina was chosen as the counterpart material since it  

is very hard and chemically inert [100]. 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. 

 

Raman spectroscopy 

The Raman spectra of ZnO coatings were measured at room temperature by an In Via Reflex 

Raman spectrometer (Renishaw, United Kingdom) containing grating with 2400 g/mm. A CCD 

camera was used as the detector, and for the excitation the 442 nm line of a He-Cd laser was 

used. For each recorded spectrum, the background was subtracted. 
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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. Utilizing 

the sulfuric acid electrolyte results in the formation of the porous type of AAO coatings, and 

sulfuric acid was therefore chosen as the primary electrolyte. 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 

Figures 16 to 18 show the scanning electron micrographs of the substrate surface morphology 

of the initial sample and after the mechanical and chemical pre-treatment. As can be observed 

in Fig. 16a-c, the initial substrate surface is relatively smooth with apparent scratches and 

rolling lines. The mechanically ground samples consisted of rough, parallel lines from the final 

manual grinding oriented in one direction, as shown in Fig. 17. The surface of the polished 

samples was nearly smooth and contained only a small number of scratches, which were 

produced during mechanical polishing, as shown in Fig. 18. Tiny featureless white spots,  

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

of the initial material [101-103]. Specifically, two types of intermetallic phase particles were 

observed: (i) irregular-shaped and (ii) round-shaped particles. The number of irregular-shaped 

particles was higher than that of the round-shaped ones. 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, as shown in Table 6. The EDX analysis also confirmed that  

the round-shaped particles contained more Si, compared to the irregular-shaped ones. After the 

chemical pre-treatment, the intermetallic phase particles were more visible with scalloped 

surface appearance (Figs. 16d-f, 17d-f, 18d-i), because of the lower rate of its dissolution within 

the aluminium matrix in the NaOH solution. The aluminium matrix dissolution rate was higher 

than the dissolution rate of Fe and Si, as was also confirmed in the works [104, 105].  

After chemical pre-treatment, the initial samples contained rolling lines and a higher  

number of scallops (Fig. 16d-f) when compared to the polished and chemically pre-treated 

samples (Fig. 18d-i). In the cross-section of the initial material, intermetallic particles were 

observed, especially in the rolling direction, see Fig. 19. 
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Fig. 16 Micrographs of the AA1050 surface: (a-c) in the initial state, 

 and (d-f) after the chemical pre-treatment process. 

 

Fig. 17 Micrographs of the AA1050 surface after mechanical grinding with #1200 SiC paper: 

(a-c) before, and (d-f) after the chemical pre-treatment process. 
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Fig. 18 Micrographs of the AA1050 surface: (a-c) after mechanical polishing, (d-i) after 

chemical pre-treatment process, and (f-i) detail of intermetallic phase particles morphology. 

 

Table 6 EDX analysis of selected spots (1-10) and areas (A6 and A9) before (1-3) and  

after (4-10) the chemical pre-treatment process. The locations of the EDX analysis are clearly 

indicated in Fig. 18. 

Position 
Element (wt.%) 

O Al Fe Si Fe/Si 

1 1.2 97.4 1.4 - - 

2 0.9 89.5 8.9 0.7 12.7 

3 1.6 83.5 9.8 5.1 1.9 

4 1.1 67.5 28.7 2.7 10.6 

5 0.9 80.4 17.3 1.4 12.4 

A6 1.2 95.7 2.4 0.7 3.4 

7 1.0 64.3 33.6 1.1 32.4 

8 2.2 64.1 24.2 9.5 2.5 

A9 1.7 72.8 19.6 5.9 3.3 

10 1.3 79.6 17.6 1.5 11.7 
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Fig. 19 Cross-section micrographs of experimental material AA1050: (a) overview,  

(b, c) higher magnification, and (c) detail of intermetallic phase particles. 

 

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 7, 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 7 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 
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Anodizing process of AA1050 sheet at 24 oC 

Constant voltage - AA1050 sheet 

Figure 20 shows current density vs anodizing time curves, obtained during the potentiostatic 

anodizing process of AA1050 in the 15% H2SO4 electrolyte at 24 oC and different voltages, 

namely 16, 17, 18 and 20 V. As shown in Fig. 20a, increasing the voltage leads to an increase 

in the current density. Such similar progress of current density vs anodizing time curves  

in the sulfuric, oxalic acid electrolytes and their mixture was also observed by other authors 

[106-108] during the potentiostatic anodizing process. Since the current density was recorded 

every 5 s, the beginning of the anodizing process, i.e. information about the formation  

of the compact barrier type of coating, was not recorded in detail. Therefore, the further 

experiments were set to record second by second to obtain a detailed record of the shape  

of voltage curves. When 20 V was applied, the experiment was manually stopped after 600 s 

because the current density increased rapidly with anodizing time. In addition, the reaction was 

intense, more gas bubbles were observed when compared to the previous experiments, and the 

electrolyte temperature increased by 4 oC during the anodizing process. 
 

 

Fig. 20 Current density vs anodizing time curves recorded during anodizing of AA1050  

in the 15% H2SO4 electrolyte at 24 oC, and different applied voltages (a) after 1800 s,  

and (b) detail of the record up to 50 s. 

 

Constant current density - AA1050 sheet 

Figure 21 shows the voltage vs anodizing time curves for AA1050 recorded during the 

galvanostatic anodizing process in the 15% H2SO4 electrolyte at 24 oC and 3 A/dm2 provided 

on the different mechanically pre-treated sample surface. The voltage during the anodizing 

process was recorded every 1 s. From this curve, an important piece of information about PAAO 

coating formation was obtained. Generally, the anodizing process can be divided into four 

stages [7]. All four main stages, which correspond to the mechanism of PAAO coating 

formation and growth, were recorded. At the beginning of the anodizing process, the voltage 

increased almost linearly with anodizing time, and compact barrier type of AAO coating was 
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produced (first stage). With the anodizing process continuing, the nucleation of pores began to 

form (second stage). After reaching the maximum voltage, the voltage decreased gradually with 

time and the porous type of AAO coating was formed (third stage). Finally, the voltage plateau 

was reached and indicated a steady-state growth of the PAAO coating thickness (fourth stage). 

A similar type of behaviour in the sulfuric, oxalic and chromic acid electrolytes confirms  

the preliminary studies of Sulka et al. [7] and Rehim et al. [109]. 
 

 

Fig. 21 Voltage vs anodizing time curves recorded during galvanostatic anodizing in  

the 15% H2SO4 electrolyte at 24 oC and 3 A/dm2 on different mechanically pre-treated 

substrates (a) after 1800 s, and (b) detail of the record up to 50 s. 

 

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 as can be seen in Fig. 22  

and Fig. 16. The morphology of porous structure was more homogenous in areas where  

the initial surface was smoother before the anodizing process (Fig. 22c). In the cross-section, 

an irregular pore structure was found (Fig. 22d). The most regular porous structure could be 

achieved by mechanical polishing or electropolishing pre-treatment of the initial substrate  

and two-step anodizing process. Sulka et al. [110] found that the two-step anodizing process in 

the 20% H2SO4 electrolyte at 15-25 V had a significant effect on the improved the formation of 

a more regular porous structure (with the ideal, hexagonal pore arrangement and high 

uniformity of pore sizes). Thus, the three-step anodizing process did not have such a positive 

effect on regular porous structure formation as the two-step anodizing process had. 
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Fig. 22 Micrographs of the coating surface (a-c) and (d) detail of PAAO coating structures  

in cross-section of AA1050 after anodizing in the 15% H2SO4 electrolyte for  

1800 s at 24 oC and 16 V. 

 

With increasing voltage, the growth of PAAO coating thickness was expected. As can be 

seen in Fig. 23 and in Table 8, 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. 23a,b). The EDX analysis of PAAO coatings confirmed the presence of aluminium, 

oxygen and sulfur. 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 PAAO coating during the 

anodizing process. As has been reported [108, 111, 112], 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 8). 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. 

Figure 24 shows the XRD patterns obtained from the initial AA1050 material and anodized 

samples Al 1, Al 3 and Al 4. The results show three peaks related to the aluminium substrate 

and two peaks related to intermetallic phase particles. The type of intermetallic phase particles 

cannot be determined from XRD measurements because the phases in the alloy are small,  

and their distribution is low. The identification of these intermetallic phase particles is below 

the detection limit of the device. Amorphous Al2O3 phase formation was confirmed after 

anodizing and observed at 2theta angles between 20 and 35 degrees. Microhardness 

measurements revealed that the anodic coating Al 1 was about ten times harder than the initial 

material. Measuring the HV0.05 hardness for the Al 2-Al 4 coatings was not possible due to 

the very thin PAAO coatings. 

 



46 
 

 

Fig. 23 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. 
 

 

Fig. 24 X-ray diffraction patterns of the initial material (AA1050) and the anodized samples 

in the 15% H2SO4 electrolyte and at 24 oC in the potentiostatic regime: sample Al 1 (16 V), 

sample Al 3 (18 V), and sample Al 4 (20 V). 

 

Constant current density - AA1050 sheet 

Figure 25 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. 25g) 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 
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authors [102, 113]. 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 [80]. This 

phenomenon was also apparent in the cross-section of the produced PAAO coating (Fig. 25i, 

arrow), where the coating thickness dropped in the near vicinity of the round-shaped 

intermetallic phase particle. The local chemical composition analyses (Fig. 35 and Table 15) 

revealed a significantly lower Fe content within the intermetallic phase, and also confirmed  

the higher dissolution rate of Fe compared to Si during the anodizing process. The oxygen was 

also detected in the coating cross-section at the site of intermetallic phase particles, which 

indicated its partial oxidation. The behaviour of the intermetallic phase particles contained  

in AA1050 is studied in more detail in section 4.1.7. 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 8. Results of EDX 

analysis shown in Table 8 confirmed the presence of aluminium, oxygen and sulfur. 

 
Fig. 25 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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Table 8 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 

 

Figure 26 shows the XRD patterns obtained from the initial material and anodized samples 

Al 5-Al 7. The results show three peaks related to the aluminium substrate and two peaks related 

to intermetallic phase particles. Amorphous Al2O3 phase formation was confirmed after 

anodizing and observed at 2theta angles between 20 and 35 degrees. 

 

Fig. 26 X-ray diffraction patterns of the initial material (AA1050) and anodized samples 

(Al 5-Al 7) in the 15% H2SO4 electrolyte at 3 A/dm2 and at 24 oC for 1800 s with different 

mechanical pre-treatment (Al 5) as-received, (Al 6) ground, (Al 7) polished. 
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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 and then at 10 oC. The conditions for this experimental set-up are summarized 

in Table 9. This subchapter is focused on the study of the influence of anodizing temperature 

on the thickness, hardness and morphology of the produced PAAO coatings. 

 

Table 9 Conditions for the experimental set-up to study the effect of the electrolyte temperature. 

Sample 
Mechanical 

pre-treatment 

Electrolyte 

(% H2SO4
×) 

Bath 

temperature 

(oC) 

Voltage 

(V) 

Current 

density  

(A/dm2) 

Anodizing 

time 

(s) 

Al 8 grinding #1200 15  18 16 - 1800 

Al 9 polishing 15 18 16 - 1800 

Al 10 polishing 15  18 - 3 1800 

Al 11 polishing 15  10 - 3 1800 

×H2SO4 - sulfuric acid 

 

Porous AAO coatings produced at a constant voltage of 16 V and electrolyte temperature  

of 18 oC on the AA1050 with different mechanical pre-treatments, (i) grinding (Fig. 27a, sample 

Al 8) and (ii) polishing (Fig. 27b, sample Al 9), were of a lower thickness (9.5 µm and  
12.8 µm, Table 10) than the PAAO coatings formed at 24 oC (29.5 µm). With increasing 

temperature, the current density increases, and the oxidation rate is higher; therefore,  

the produced PAAO coatings become thicker [65]. The PAAO coatings formed at a constant 

current density of 3 A/dm2 and at lower temperatures (18 and 10 oC) were found to have  

a coating thickness of 29.8 and 33.5 µm (Fig. 27c,d and Table 10), respectively. 

Porous AAO coatings produced at a constant current density of 3 A/dm2 and different 

temperatures 18 and 10 oC are shown in Fig. 27c,d. 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. The increase in coating thickness with decreasing 

electrolyte temperature can be explained by the increase in voltage, see Fig. 28b. 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, 65, 

68, 72] studied the influence of electrolyte temperature on the thickness, porosity and hardness 

of the produced PAAO coatings. Aerts et al. [68] found that the PAAO coating formed at  

a temperature of 5 °C had a dense structure with small pores which were separated by thick 

walls while increasing the electrolyte temperature (10-50 °C) led to increased pore diameters, 
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decreased wall thickness and increased porosity of the formed PAAO coating. For this  

reason, while the electrolyte temperature is decreasing, the hardness and wear volume is 

increasing [68, 72]. 

The PAAO coating formed at a constant current density contained a higher amount of sulfur 

than the coating produced at a constant voltage. On the surface and in the cross-section 

of the coating Al 11, produced at a lower temperature, hillocks were found, as can be seen  

in Fig. 27d and Fig. 28. 
 

 

Fig. 27 Micrographs (SEM-BSE) of the cross-section of AA1050 after the mechanical 

 pre-treatment (a) grinding, (b-d) polishing and anodized in the 15% H2SO4 electrolyte for 

1800 s at (a-b) 16 V, 18 oC, (c, d) 3 A/dm2, and at (c) 18 oC, (d) 10 oC. 

 

Table 10 EDX analysis of anodized samples estimated from a surface area of 0.21 mm2,  

and the thickness and microhardness of PAAO coatings. 

Sample 
Element (wt.%) Thickness of 

anodic coating 

(µm)  

Microhardness 

HV0.05 Al O S 

Al 8 50.5 44.2 5.3 9.5 - 

Al 9 50.7 43.9 5.4 12.8 - 

Al 10 50.1 44.0 5.9 29.8 417±5.4 

Al 11 49.9 43.8 6.3 33.5 451±15.4 

 

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 [101, 114, 115]. 

Hillocks indicate a local burning during the anodizing process, and this local phenomenon was 

observed under different anodizing conditions during both the laboratory-scale experiments  

and the industrial processing [54]. 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 [115]. 

https://doi.org/10.1016/j.electacta.2008.08.004
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Gastón-García et al. [101] suggested that the presence of Fe- and Si-based intermetallic phase 

particles in the aluminium alloy initiate the local burning, which causes the hillocks formation.  

Michalska-Domanska et al. [108] also 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 into the appearance of hillocks on the surface and in the cross-section  

(Fig. 35e,g and Table 15) confirmed that the hillocks contained more sulfur and oxygen than 

the hillock-free PAAO coating did. Figure 28d-f shows details of the structure of the PAAO 

coating in cross-section near the hillock area. Roa et al. [116] investigated the mechanical 

properties of the PAAO coating, which contained hillocks, using the nanoindentation technique. 

The results showed that in the areas where excessive current density was concentrated highly 

degraded PAAO hillocks were formed. These hillocks were found be to of lower hardness than 

the surrounding PAAO coating [116]. Cracks were predominantly observed on the hillock 

surfaces (Fig. 28b-c), and the depth of the cracks was only up to 0.5 µm below the anodized 

surface coating, i.e. in the vicinity of the hillocks and intermetallic particles. The cracks 

observed in the hillocks can be attributed to high internal stress accompanied by the 

concentration of high local current density. The result is a fast growth of PAAO coating on the 

site of the hillocks [115]. 
 

 

Fig. 28 Micrographs of (a-c) the coating surface and (d-f) a detail of hillocks in cross-section 

sample Al 7 produced in the 15% H2SO4 electrolyte for 1800 s at 10 oC and 3 A/dm2. 
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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 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 [117]. 

 

Table 11 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 
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Anodizing process 

Figure 29 shows the effect of anodizing conditions (electrolyte composition and current  

density) on the shape of the voltage vs anodizing time curves for AA1050, recorded  

during the galvanostatic anodizing process. A change in anodizing conditions and also in the 

type of aluminium alloys strongly influences the slope appearance in the voltage vs anodizing 

time curves, which is related to the formation rate and thickness of compact barrier and porous 

anodic aluminium oxide (PAAO) coatings. 

The use of the lower electrolyte temperature of 10 oC and the constant current density  

of 3 A/dm2 (curve Al 12) led to an increase in the voltage and resulted in the formation  

of thicker PAAO coatings containing smaller pores when compared to the coating Al 7  

(see Fig. 29a), i.e. that one produced at 24 oC (curve Al 7) [72]. 

Addition of 20 g/L of C2H2O4 (oxalic acid) to the 15% H2SO4 electrolyte (curve Al 13) led 

to a slight increase in voltage when compared to the same process without C2H2O4 addition 

(curve Al 12). Abdel Rehim et al. [109] studied the effect of anodizing conditions on the shape 

of the current density vs time curve and found that adding oxalic acid to the sulfuric acid 

electrolyte reduced oxide dissolution and produced less porous and more compact PAAO 

coatings. 

When the lower current density of 2 A/dm2 was applied, only a small drop in the voltage 

(curve Al 15) was recorded. A further decrease in current density down to 1 A/dm2  

(curve Al 17) led to a significant voltage drop in comparison with anodizing at higher  

current densities (2 and 3 A/dm2, curves Al 15 and Al 13, respectively). From a comparison of 

the voltage vs anodizing time curves (Fig. 29b), it follows that anodization at higher current 

densities (curves Al 13 and Al 15) took less time in the linear part (first stage), in which the 

compact barrier type of coating is formed when compared to those at 1 A/dm2 (curve 17).  

This means that the compact barrier coating formed at a higher current density (3 or 2 A/dm2) 

is less dense than the compact barrier coating formed at 1 A/dm2. With increasing current 

density in the linear part, an increase in voltage was recorded. This behaviour can be explained 

by the increase in the growth rate of the compact barrier coating. Chung et al. [118] studied  

the influence of current density and electrolyte concentration on the growth of PAAO  

coatings. Results showed that the decreasing current density led to a decrease in ionic mobility 

in the electrolyte, confirming the presence of the O2- and OH- ions at the electrolyte/AAO 

coating interface and Al3+ ions from the oxidation process of substrate AA1050. Higher current 

densities led to higher O2-, OH- and Al3+ mobility for the formation of thicker PAAO coatings. 

The electrolyte concentration (1-5 M H2SO4) did not influence the coating growth rate as the 

applied current density (0.3-3 A/dm2) did. 

Addition of 40 g/L C2H2O4 to the 15% H2SO4 electrolyte at a current density of 3 A/dm2  

led to a slight increase in the local voltage maximum (curve Al 14) when compared to the curve 

of sample Al 13. The voltage value in the stage of steady-state growth was found to be the same 

as for the sample Al 13, where only half the amount was added, i.e. 20 g/L of C2H2O4. 

The use of a higher electrolyte concentration, i.e. 18% H2SO4 with 20 g/L of C2H2O4, led to 

a voltage decrease (curve Al 18). Opposite behaviour was observed at a lower electrolyte 
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concentration, i.e. 10% H2SO4, where the voltage significantly increased (curve Al 19)  

in comparison with the curve Al 13. Due to the increase in voltage (curve Al 19), higher ion 

mobility can be expected, and thicker PAAO coating can be produced. 

Also, it was found that during the anodizing processes with higher current densities (3 and 

2 A/dm2) and a lower electrolyte temperature of 10 oC, see curves Al 12-15, Al 18 and Al 19, 

when the maximum voltage was reached, there was some deflection in the continuous descent 

slope when compared to curves Al 7 and Al 17. This type of deflection in the voltage vs 

anodizing time curves was also observed by Aerts et al. [115], where they proposed that  

the deflection indicated a local burning on the interface of electrolyte; as a result, PAAO 

coatings with the hillocks are formed. 
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Fig. 29 Voltage vs anodizing time curves for samples Al 7, Al 12-Al 15, Al 18 and Al 19 

recorded during galvanostatic anodizing of AA1050 in different process conditions  

(a) after 3600 s, and (b-d) detail of the record up to 50 s. 
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Effect of anodizing conditions on the PAAO coating microstructure, 

thickness and hardness 

Figures 30 and 31, as well as Table 12, show 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. 30a-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. 30d-f, Table 12). Some researchers [72, 119, 120] 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. [72] 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. [121] found that for 

anodized 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. 30g-i. 

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

(456 HV0.05) PAAO coating Al 15 with a lower number of hillocks was formed, see Table 12. 

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. 30j-l. With the anodizing  

time increasing from 1800 to 3600 s, the thickness of the porous AAO coating increased from 

9.9 to 18.9 µm, as could be expected. 

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. [116] 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. [72] 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. Fratila-Apachitei et al. [121] anodized AlSi(Cu) alloy in the range  

from 3 to 6 A/dm2 at a fixed anodizing time and studied microhardness across the increased 

https://www.sciencedirect.com/science/article/pii/S0257897202007508#!
https://doi.org/10.1016/S0257-8972(02)00750-8
https://www.sciencedirect.com/science/article/pii/S0257897202007508#!
https://doi.org/10.1016/S0257-8972(02)00750-8
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coating thickness. Results showed that the microhardness decreased with decreasing distance 

from the substrate while increasing the current density resulted in no beneficial effects  

for average PAAO coating microhardness. Increasing the anodizing time resulted in the 

formation of a thicker PAAO coating with lower average 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. 30 and Table 12. 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. It was expected that by increasing the electrolyte concentration, a thinner  

and less hard PAAO coating without hillocks would be formed. As can be seen from the results, 

it would be desirable to increase the electrolyte concentration even more, but then a less hard 

coating would be produced. 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, see Fig. 31 and Table 12. With 

decreasing concentration of the electrolyte, the production of the hard coating was expected. 

Zhang et al. [122] studied the influence of the concentration of electrolyte (100-400 g/L)  

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. [118]. 

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,  

see Table 12. 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 [101, 108, 118]. Chung et al. [118] 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 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. Detailed information on this is given  

in section 4.1.7. 

https://www.sciencedirect.com/science/article/pii/S0257897217301202#!
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Fig. 30 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, (ii) composition of the electrolyte (a-c) 15% H2SO4
 + 10 mL/L C3H8O3,  

(d-f, j-l) 15% H2SO4
 + 20 g/L C2H2O4

 + 10 mL/L C3H8O3,  

and (g-i) 15% H2SO4
 + 40 g/L C2H2O4

 + 10 mL/L C3H8O3. 
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Fig. 31 Micrographs of the coating surface (left and middle) and its cross-section (right) after 

anodizing based on the variation of sulfuric acid concentration: (a-c) 10% H2SO4,  

and (d-f) 18% H2SO4. 

 

Table 12 EDX analysis of PAAO coatings estimated from a surface area of 0.21 mm2,  

and the thickness and microhardness of PAAO coatings. 

Sample 

Element (wt.%) Thickness of 

PAAO coating 

(µm)  

Microhardness  

Al O S HV0.05 HV0.025 

Al 12 49.0 44.7 6.3 32.8 472±13.1 485±10.1 

Al 13 49.6 44.0 6.4 34.4 489±12.1 504±10.2 

Al 14 49.0 44.5 6.5 29.5 412±13.2 429±9.9 

Al 15 49.9 44.1 6.0 22.4 456±10.2 471±10.9 

Al 16 50.0 44.8 5.2 9.9 - - 

Al 17 51.0 43.5 5.5 18.9 - 502±5.8 

Al 18 49.4 44.1 6.5 32.3 459±10.9 472±6.6 

Al 19 49.5 44.4 6.1 34.8 460±13.7 476±12.2 
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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.  

Based on previous experiments, these conditions were selected: 15% H2SO4 electrolyte  

with 10 mL/L C3H8O3 and 20 g/L C2H2O4; current densities 3 and 1 A/dm2; and temperature  

10 oC. All detailed information about the experiment is listed in Table 13. 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 [67, 70, 123-125]. Earlier reported 

studies showed that the addition of SiC, Al2O3, and TiO2 particles led to an increase in the 

microhardness of produced composite PAAO coatings. In contrast, the addition of PTFE 

particles improved their friction coefficient and wear resistance. The effect of mechanical 

pre-treatment on particles deposition during anodizing was also studied in detail. 

 

Table 13 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 
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Anodizing process 

As can be seen in Fig. 32, the addition of 6 g/L Al2O3 and 15 mL/L 60 wt.% PTFE particles 

and 0.6 g/L SDBS to the sulfuric-oxalic acid-based electrolyte (curves Al 20 and Al 22) led to 

a voltage decrease in comparison with the experiments without additional secondary particles 

(curves Al 13 and Al 17). It is apparent that the voltage evolution in the electrolyte containing 

Al2O3 and PTFE particles was relatively slower (Fig. 32, curves Al 20 and Al 22) in comparison 

with curves Al 13 and Al 17, which pointed out the reduced rate of the composite PAAO coating 

formation. 
 

 

Fig. 32 Voltage vs anodizing time curves for samples Al 13, Al 17, Al 20 and Al 22 recorded 

during anodizing of AA1050 in different process conditions after (a) 3600 s and (b) detailed 

magnification of the record up to 50 s. 

 

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 14. Figure 32 shows the surface morphologies and cross-sections of the 

composite PAAO coatings formed directly from the dispersion in the electrolyte at 3 A/dm2  

for 1800 s and at 1 A/dm2 for 3600 s. The addition of Al2O3 and PTFE particles makes  

no significant difference on the coating surface morphology, see PAAO coatings Al 13 and  

Al 17 without the secondary particles (Fig. 30d-f and Fig. 30j-l) and composite PAAO coatings 

Al 20 and Al 22 containing the particles (Fig. 33a-c, Fig. 33g-i). From Fig. 33b,e,h,k it can  

be seen that the Al2O3 and PTFE particles are non-uniformly distributed on the surfaces of the 

coatings and are 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 (Fig. 32), where the voltage was found 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 
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hardness and containing a higher amount of Al2O3 and PTFE particles on the surface,  

Fig. 32d-f, 32j-l and Table 14. 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 14. A similar effect 

was observed by Chen et al. [70] 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 14 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 - - 
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Fig. 33 Micrographs of surface topography (left and middle) and cross-section (right)  

of composite anodic coatings formed on from different mechanically pre-treated  

samples (a-c, g-i) polished, (d-f, j-l) ground, and anodized at (a-f) 3 A/dm2 for 1800 s  

and (g-l) 1 A/dm2 for 3600 s. 
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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 (Fig. 34a).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 [70, 126]. Escobar et al. [126] used PTFE aqueous dispersions as the sealing  

post-treatment for PAAO coatings, and Chen et al. [70] added Al2O3 and PTFE particles directly 

to the electrolyte to produce a composite coating. A small increase in COF was found when 

compared to these studies, which can be explained by: (i) the relatively low concentration  

and uneven distribution of PTFE particles on the surface of the composite anodic coating.  

This amount was probably not high enough for the formation of a stable self-lubricating layer, 

so the rubbing of the counterface was easier to achieve on the porous AAO coating surface 

rather than on the PTFE film, and (ii) the different anodizing conditions (concentration, 

composition, and temperature of the electrolyte, the distance between anode and cathode, etc.) 

used for the experiment. 

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 reasons for this behaviour can be related to the difference in pore 

diameters, coating morphology and lower internal stresses as compared to the rest of the studied 

coatings. However, a precise explanation of this phenomenon requires more in-depth 

investigation and is beyond the scope of this thesis. 

An analysis of the wear loss revealed a two-orders-of-magnitude difference in the wear 

resistance of anodic coatings in comparison with the initial substrate. As can be seen from wear 

trace depth measurements (Fig. 34b), during the wear test the substrate was not exposed in any 

of the tested samples, so the wear loss occurred only in the coating. 

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, see also Fig. 34b. 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. [127], 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 

https://doi.org/10.1016/j.apsusc.2010.04.040
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coating. Contrary to data reported by Guezmil et al. [72], 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. 
 

 

Fig. 34 (a) Friction coefficient, (b) wear volume along with the depth of wear tracks for 

studied anodic coatings. 
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4.1.7. Effect of anodizing conditions (electrolyte temperature and 

current density) on the behaviour of intermetallic particles 

in AA1050 

Experimental material AA1050 contains small intermetallic phase particles based on  

Al-Fe-Si and Al-Fe with round and irregular shape. The behaviour of these particles after 

anodizing was studied in detail, as can be seen in Fig. 35 and Table 15. It was observed that 

these phase particles had during anodizing a significantly different electrochemical behaviour 

than pure aluminium had. 

When the higher electrolyte temperature of 24 oC and current density of 3 A/dm2 were used, 

the surface of the coatings after anodizing contained negligible microcavities (see Fig. 35a,b), 

whose shape and dimension were similar to those of the intermetallic phase particles observed 

on the surface after the chemical pre-treatment (Fig. 18). The presence of microcavities on the 

surface of produced coating can be explained by the preferred dissolution of the intermetallic 

phase particles during the anodizing process in the 15% H2SO4 electrolyte at room temperature 

and can be supported by the following studies [54, 102, 113, 128]. 

When the lower electrolyte temperature of 10 oC and current densities of 3 and 2 A/dm2 were 

used on the PAOO coating surfaces, oxidized particles and hillocks with cracks were observed, 

see Fig. 35e-l. Cracks were also observed in the vicinity of oxidized particles, which were 

caused by an increase in the volume of the oxidized intermetallic phase particles during  

the anodizing process [103]. On the surface of the PAAO coating produced at a lower current 

density of 1 A/dm2 and temperature of 10 oC no hillocks and no cracks were formed  

near oxidized particles, see Fig. 35i,j. That is why the intermetallic phase particles on the 

surface of the coating were found to oxidize faster during the anodizing process at higher 

current densities (3 and 2 A/dm2). 

As can be noticed from the EDX analysis measurements (see Fig. 35 and Table 15),  

the PAAO coatings produced at a higher temperature of the electrolyte contained lower amounts 

of Fe and Si in comparison with the coatings produced at a lower electrolyte temperature.  

An analysis of the chemical composition reveals a significantly lower Fe content within  

the intermetallic phase particles, which confirms the higher dissolution rate of Fe compared to 

Si during the anodizing process. Zhu et al. [128] found that Fe-rich intermetallic particles were 

faster dissolved during the anodizing process at room temperature in contrast to Si particles. 

Intermetallic phase particles based on Al-Fe and Al-Fe-Si are of lower oxidation rates than  

the aluminium matrix and therefore, can be occluded while the coating is formed during  

the anodizing process, see [80]. As can be seen in the cross-section Fig. 35, and from local 

chemical composition analyses, Table 8, the intermetallic phase particles were trapped in the 

coating during the anodizing process, and depending on the temperature, were preferably 

dissolved or oxidized. During anodizing at a higher temperature, intermetallic phase  

particles were preferably dissolved and partially oxidized. A higher dissolution rate of Fe 

compared to Si was detected for the anodizing process at the higher electrolyte temperature than 

anodizing at the lower electrolyte temperature. During anodizing at the lower electrolyte 
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temperature, the intermetallic phase particles were oxidized faster than those oxidizing during 

anodizing at the higher electrolyte temperature. The results proved that the electrolyte 

temperature had a significant effect on the oxidation/dissolution rate of intermetallic phase 

particles. 

The effect of current density on oxidation of intermetallic phase particles was  

observed at a lower temperature. Higher anodizing current density (Fig. 35e-f) led to faster  

oxidation of intermetallic particles than lower current density (Fig. 35i,j), which is related to 

faster ion migration/reaction in the electrolyte during the anodizing process. 

The incorporation of intermetallic phase particles in the PAAO coating disrupted the local 

growth direction of the parallel pores (Fig. 35d,h,k,l), locally modified the surrounding  

porous structure, and produced microcavities (Fig. 35a-c), which have also been reported  

in earlier researches [103, 129, 130]. For a more detailed and precise study of the behaviour  

of intermetallic phase particles during anodizing, an analysis by TEM is required.  

Montero-Moreno et al. [103] described the incorporation of the intermetallic phase particles 

into PAAO coating according to the mechanism presented in Fig. 36 [54]. Here is apparent that 

as soon as the intermetallic particle reached the initial substrate/porous AAO coating interface, 

the growth of regular parallel pores placed over the particle is terminated. Continuation of the 

anodizing process leads to the regular parallel pores being substituted by the non-parallel pores, 

sometimes referred to as branched and deviated neighbouring pores. This deviation is caused 

by a natural tendency of pores to grow perpendicular to the aluminium surface. With the further 

continuation of the anodizing process, this local disorder caused by intermetallic phase particles 

incorporated into the growing coating is finished, and anodic coating with parallel pores 

arrangement continues above the particle [54]. 

https://www.sciencedirect.com/science/article/pii/S138718111000243X#!
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Fig. 35 Micrographs demonstrating the behaviour of intermetallic phase particles after the 

anodizing process under different: (i) temperature (a-d) 24 oC, (e-l) 10 oC, (ii) constant 

current densities (a-h) 3 A/dm2, (i-l) 1 A/dm2, and (iii) composition of the electrolyte  

(a-d) 15% H2SO4, (e-l) 15% H2SO4
 + 20 g/L C2H2O4

 + 10 mL/L C3H8O3. 

 

 

Fig. 36 Schematic illustration of the incorporation of intermetallic particles during  

the anodizing process of AA1050 [54]. 
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Table 15 Point and area (marked as A) EDX analysis of intermetallic phase particles and larger 

areas after the anodizing process under different conditions. The point of EDX measurement  

is indicated in Fig. 35. 

Position 

Element (wt. %) 

O Al S Fe Si Fe/Si 

1 34.5 58.9 4.8 - 1.8 - 

A2 41.5 52.2 6.0 - 0.3 - 

A3 41.1 51.5 5.9 0.7 0.8 0.9 

A4 40.6 51.7 6.0 0.4 1.3 0.3 

5 41.0 50.7 5.9 0.3 2.1 0.1 

6 33.5 57.4 7.2 0.3 1.6 0.2 

A7 46.7 43.1 7.8 2.1 0.3 7.0 

8 46.3 34.2 5.9 12.3 1.3 9.5 

9 48.8 36.2 4.7 9.7 0.6 16.2 

A10 49.6 35.5 4.8 9.4 0.7 13.4 

A11 47.7 46.2 6.1 - - - 

A12 50.3 41.7 8.0 - - - 

13 42.7 39.9 7.3 9.5 0.6 15.8 

A14 43.0 44.1 5.8 4.9 2.2 2.2 

15 40.6 44.5 5.9 6.4 2.6 2.5 

A16 44.7 38.6 5.3 10.2 1.2 8.5 

17 42.4 43.9 4.3 8.7 0.7 12.4 

A18 43.0 46.7 5.1 3.9 1.3 3.0 

19 12.7 55.2 1.0 29.7 1.4 21.2 

20 34.6 44.4 4.9 14.3 1.8 7.9 

21 18.0 52.5 1.9 23.5 4.1 5.7 

22 38.2 51.6 5.3 3.1 1.8 1.7 

23 45.1 47.9 5.4 0.9 0.7 1.3 

A24 43.4 47.6 5.4 2.4 1.2 2.0 
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4.1.8. 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 aluminium alloy AA1050 substrate 

to produce porous anodic aluminium oxide coatings. The effect of the conditions mentioned 

above on the resulting morphology, hardness, and tribological properties of the PAAO coatings 

was extensively and systematically studied. 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- 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. 

• Alkaline etching in the NaOH solution and neutralizing in the HNO3 solution resulted 

in the scalloped appearance of sample surfaces, and intermetallic particles were more 

visible on the surface, due to the higher dissolution rate of the aluminium matrix in the 

NaOH solution compared to the dissolution rate of Fe and Si. 

 

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. 

• A coating produced at 16 V and 3 A/dm2 had similar values of thickness and hardness. 

The produced PAAO coatings were ten times harder than the initial material. 

• Decreasing the electrolyte temperature from 24 to 18 °C led to reducing the thickness 

of the coatings produced in the potentiostatic regime at 16 V. On the other hand, coatings 

produced in the galvanostatic regime at 3 A/dm2 were thicker and harder. 

• 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. 
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• 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. 

• The most regular porous AAO structure was achieved by mechanical polishing of the 

initial substrate. 

 

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. 

• The formation of hillocks is strongly associated with the applied current density and 

with the incorporation of sulfate ions. 

• Increasing or decreasing concentration of the sulfuric acid had a negative effect  

on hardness. 

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

produced on AA1050 

 

• The produced PAAO coatings have a much lower coefficient of friction (COF) and wear 

resistance in comparison with the initial substrate material. 

• No significant effect of any anodizing condition such as reducing the anodizing 

temperature and current density, adding oxalic acid on the COF of PAAO coatings was 

observed. Similarly, the addition of Al2O3 and PTFE particles to the sulfuric-oxalic acid 

electrolyte did not have a significant effect on changes in the COF for the anodic 

composite coating. The friction coefficient was not improved strongly, apparently due 

to the insufficient concentration of PTFE in the surface tribo-film. 

• 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. 

 

Effect of anodizing conditions (current density, electrolyte temperature and 

concentration) on the behaviour of intermetallic particles in AA1050 

 

• Intermetallic phase particles had significantly different electrochemical behaviour 

during anodizing than pure aluminium had. 

• Intermetallic phase particles based on Al-Fe and Al-Fe-Si have lower oxidation rates 

than the aluminium matrix and therefore, can be occluded in the growing coating during 

the anodizing process. 

• Iron-rich intermetallic particles were dissolved faster during the anodizing process  

at a higher temperature of 24 oC compared to Si particles. 

• During the anodizing process at a higher electrolyte temperature, the intermetallic phase 

particles were preferably dissolved than oxidized. On the surface as well as in the cross-

section of the coating, the intermetallic phase caused the formation of microcavities. 

• During anodizing at 10 oC, the intermetallic phase particles rather oxidized than 

dissolved. 

• Higher anodizing current densities and lower electrolyte temperatures led to faster 

oxidation of intermetallic phase particles than lower current density did, which is related 

to the faster ion migration/reaction in the electrolyte during the anodizing process. 

• Incorporating intermetallic phase particles into the PAAO coating locally distorted 

growth direction of parallel pores, locally modified the surrounding porous structure and 

produced microcavities. 



73 
 

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 16 and were chosen based on earlier results [131]. 

 

Table 16 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 

 

Effect of mechanical and chemical pre-treatment on the surface morphology 

of the substrate 

Scanning electron micrographs of the initial material surface microstructure after different types 

of mechanical pre-treatment (grinding/polishing) and identical chemical pre-treatment  

(0.5% HF for 30 s) are depicted in Fig. 37. On the surface of pure Mg sample, after grinding 

and chemical pre-treatment, parallel lines were observed due to the grinding process.  

By contrast, the surface of the polished sample was smoother and contained a number of narrow 

scratches, as shown in Fig. 37b. In both cases, no clear evidence of surface corrosion was 

observed. 
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Fig. 37 Micrographs (SEM-SE) of the pure Mg surface after the mechanical  

and chemical pre-treatment process: (a) ground, and (b) polished. 

 

Anodizing process 

Figure 38 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. [44] 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. 38). The current density did not increase 

immediately that the voltage was applied, i.e. the electrical circuit was closed, as in the case of 

higher voltages. 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. 38b), 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  

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. 38) 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 [132]. 
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The mechanical pre-treatment affected the value of the results of the current density. Lower 

values of current density were recorded for the polished samples (Mg 2 and Mg 5) when 

compared to the ground samples (Mg 3 and Mg 6). 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. 38 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 

Figures 39 and 40 show the effect of different anodizing conditions such as mechanical  

pre-treatment and anodizing voltage on the microstructure of coatings produced on pure 

magnesium at 24 oC in the 1 M NaOH electrolyte. Anodic magnesium hydroxide coatings  

(Mg 1-Mg 3) produced at a low voltage of 4 V (Fig. 39a,b and 40a) and 5 V (Fig. 38c,d), 

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, Fig. 39e-l and Fig. 40b,c). 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 (see Fig. 40d), 

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, as shown in Fig. 41. The AMHC was formed preferably 

in the dimples area, and the morphology of coatings was similar to the coating  

Mg 1 (Fig. 38a,b). The presence of dimples can be explained by the local dissolution of pure 
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magnesium matrix that initiates the formation 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 [133]. This 

mechanism was observed for coating Mg 1 (Fig. 39a,b), and these results are in correlation with 

the AMHC growth theory proposed by Kim et al. [133]. Mechanically ground pre-treated 

samples contained deeper dimples as compared to the mechanically polished ones. 

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 (Fig. 39c,d 

and 39g,h). With the voltage increasing from 10 to 50 V, more oxygen was detected in AMHC, 

see Table 17. In the cross-section of the coating Mg 6 (Fig. 40f), a very thin AMHC was found 

compared to the anodic coating Mg 1 produced at 4 V. Increasing the voltage from 10 to 50 V 

resulted in the formation of denser and smoother coatings with larger micropores, which  

can be related to intensive oxygen gas evolution. 

As can be seen from the EDX analysis (Table 17), 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. 
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Fig. 39 Micrographs (SEM-SE) of the free surface after mechanical and chemical  

pre-treatment (a-d, g, h) ground, (c-f, i, j) polished and anodized in the 1 M NaOH at 24 oC 

and (a, b) 4 V, (c, d) 5 V, (e, f) 10 V, (g-j) 20 V, (k, l) 50 V. 
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Fig. 40 Detailed micrographs of the (a-c) free surface, and (d-f) cross-section of anodic 

hydroxide coatings formed on mechanically and chemically pre-treated samples  

(a, c, d, f) ground, (b) polished and anodized in the 1 M NaOH at 24 oC  

for 1200 s and different voltages. 

 

 

Fig. 41 Micrographs (SEM-BSE) of the (a) free surface, and (b, c) cross-section of anodic 

coating Mg 2 formed at 5 V in the 1 M NaOH at 24 oC for 1200 s. 
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Table 17 EDX analysis of the anodized samples estimated from a surface area of 0.0016 mm2. 

Sample 

Element (wt.%) 

O Na Mg 

Mg 1 56.6 1.0 42.4 

Mg 2  

(dimples) 
60.7 1.2 38.1 

Mg 2  

(outside the dimples) 
3.0 - 97.0 

Mg 4 27.9 - 72.1 

Mg 5 29.8 - 70.2 

Mg 6 31.6 - 68.4 

Mg 7 33.4 0.4 66.2 

 

The phase composition of pure magnesium substrate and anodic magnesium hydroxide 

coatings produced at different voltages (4, 10 and 20 V) is shown in Fig. 42. 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. [17]. The MgO phase is preferentially formed during plasma 

electrolytic oxidation at higher voltages (> 80 V) [17]. 
 

 

Fig. 42 XRD patterns of initial material (pure Mg) and AMHCs obtained after anodizing  

at different voltages, i.e. 4 V (Mg 1), 10 V (Mg 4) and 20 V (Mg 5). 
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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 18. 

 

Table 18 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 

 

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. 43. The progress of the curves was  

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

see Fig. 38. 
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Fig. 43 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, see Figs. 44, 45 and Table 19. 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 (Fig. 44b,e region D) and (ii) partially oxidized magnesium matrix 

with Al2O3 and PTFE particles (Fig. 44d). 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 (Fig. 44h) and (ii) a coating containing  

Al2O3 and PTFE particles (Fig. 44i) 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. 
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Fig. 44 Micrographs of the composite anodic coating Mg 1P: (a-f) free surface,  

and (g-i) cross-section; (a, g-i) SEM-BSE and (b-f) SEM-SE. 

 

Figure 45 shows the surface morphology of a composite anodic coating with Al2O3  

and PTFE particles. The surface morphology of both produced coatings without particles 

(Fig. 39g-j) and with particles (Fig. 45a,b), exhibited some similar features. When comparing 

high magnification micrographs without (Fig. 40b,c) and with Al2O3 and PTFE particles  

(Fig. 45c,f), 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. 
 

 

Fig. 45 Free-surface topography micrographs (SEM-SE) of composite anodic coatings 

produced on different mechanically pre-treated samples (a-c) polished, (d-f) ground  

and anodized in the 1 M NaOH with Al2O3 and PTFE particles at 20 V, 24 oC for 1200 s. 

 

Table 19 EDX analysis of anodized samples estimated from a surface area of 0.0016 mm2. 

Sample 
Element (wt.%) 

O Na Al F Mg 

Mg 1P 

(dimples) 
56.5 1.3 1.0 4.4 36.8 

Mg 1P 

(outside the dimples) 
6.2 0.5 3.5 1.6 88.2 

Mg 5P 31.4 0.4 1.1 1.3 65.8 

Mg 6P 32.8 0.9 1.6 4.3 60.4 
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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. Optimization of anodizing conditions for ZnTi2 sheet 

Prior to the process, the samples were chemically pre-treated. The electrolyte for anodizing 

consisted of sodium hydroxide (NaOH), potassium hydroxide (KOH) or oxalic acid (C2H2O4). 

This synthesis of the electrolyte was inspired by the literature [18, 38, 39, 134]. The electrolyte 

temperature was 21 oC, and the process conditions were selected based on the previous 

experiments at work [135] and are summarized in Table 20. 

 

Table 20 Summary of the initial experimental conditions for anodizing the ZnTi2 alloy,  

and resulting coatings thickness. 

¶NaOH - sodium hydroxide; +KOH - potassium hydroxide; *C2H2O4 - oxalic acid 

 

Influence of chemical pre-treatment on the surface morphology of initial 

material 

Scanning electron micrographs (SEM-SE) of the surface morphology of initial material  

prior to and after the chemical pre-treatment are shown in Fig. 46. On the free surface of the 

samples before and after the pre-treatment, rolling lines and scratches from the alloy 

manufacture are present. An analysis of the chemical composition showed that Ti is present  

in the initial material in the form of the intermetallic phase, which was mostly removed during 

the chemical pre-treatment (etching). The vicinity of these intermetallic phases was  

Sample Electrolyte 
Voltage 

(V) 

Anodizing time 

(s) 
pH 

Thickness of 

anodic coating 

(µm) 

Zn 1 0.04 M NaOH¶ 50 900 12.6 8.3 

Zn 2 0.1 M NaOH 50 900 13.0 11.0 

Zn 3 0.1 M NaOH 6 900 13.0 - 

Zn 4 0.3 M NaOH 6 900 13.3 1.1 

Zn 5 0.3 M NaOH 4 900 13.3 1.4 

Zn 6 0.3 M KOH+ 6 900 13.3 1.4 

Zn 7 0.3 M KOH 4 900 13.3 1.5 

Zn 8 0.3 M C2H2O4
* 30 600 2.3 2.3 

Zn 9 0.025 M C2H2O4 10 400 2.0 - 

http://dx.doi.org/10.1016/S0022-0728(97)00354-9
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dissolved, and these phases fell out from the surface, leaving distinctive dimples as shown  

in the micrograph Fig. 46b. 
 

 

Fig. 46 Micrographs (SEM-SE) of the free initial material surface (a) prior to,  

and (b) after the chemical pre-treatment. 

 

Anodizing process 

During the anodizing processes, the current density vs anodizing time curves were recorded 

(see Fig. 47). When the 0.04 and 0.1 M NaOH electrolyte and 50 V were used (Fig. 47a),  

the current density decreased with anodizing time more rapidly than in the case of lower applied 

voltages (≤ 6 V), as shown in Fig. 47b. It was found that by increasing the voltage, the current 

density also significantly increased. Moreover, the intensity of gas bubbling evolution was 

significantly higher during anodizing at 50 V when compared to lower voltages (≤ 6 V). 

When a 0.3 M concentration of the NaOH and KOH electrolytes and 4 V were used (samples 

Zn 4-Zn 7), a similar electrochemical behaviour was observed (see Fig. 47b). But when a less 

diluted solution of 0.1 M NaOH was used, the anodizing process did not even start at voltages 

below 6 V. 

In the end, two different types of the anodic coating were produced, referred to as “white” 

and “black”. The white anodic coatings Zn 1 and Zn 2 were produced when a low concentration 

of the NaOH electrolyte and 50 V were used. The black anodic coatings Zn 3-Zn 7 were 

produced when lower voltages (≤ 6 V) and a higher concentration of the NaOH and KOH 

electrolytes were utilized. Dark black anodic coatings were produced at 4 V and 0.3 M in either 

the NaOH or the KOH electrolyte. 

Completely different electrochemical behaviour was recorded for the C2H2O4 electrolyte 

when compared to the NaOH and KOH electrolytes. The current density rapidly decreased  

with anodizing time (Fig. 47c) and the process finished after 400 s and 600 s (samples Zn 8 and  

Zn 9, respectively). It occurred due to the faster dissolution of zinc in the electrolyte and  

the much faster anodic coating growth. It was found that a higher voltage must be applied to 

start the process when the concentration of C2H2O4 in the electrolyte is increased. The resulting 

coating was of light grey colour. 
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Fig. 47 Current density vs anodizing time curves of ZnTi2 alloys anodized at 21 oC in the  

(a) NaOH electrolyte at 50 V (samples Zn 1 and Zn 2), (b) NaOH or KOH electrolyte at 4 and 

6 V (samples Zn 3-Zn 7), and (c) C2H2O4 electrolyte at 30 and 10 V (samples Zn 8 and Zn 9). 

 

Morphology, structure and thickness of anodic coatings 

Anodic coatings produced under different anodizing conditions (voltage, type and 

concentration of the electrolyte), were found to have different morphology, microstructure,  

and thickness (see Figs. 48-50). Anodic coatings Zn 1 and Zn 2 produced at 50 V,  

in the 0.04 and 0.1 M NaOH electrolyte contained numerous horizontal microcracks, distributed 

across the whole cross-section of the coating (Fig. 48a-f). The formation of cracks in ZnO  

anodic coatings produced at high voltages, i.e. 50 V, was also reported by Rocca et al. [38] for 

the 0.05 M KOH electrolyte, and by Dong et al. [136] for the 0.05-0.2 M NaOH electrolyte and 

a higher voltage ≥ 20 V. The presence of horizontal cracks and gaps can be caused by the rapid 

growth of coatings together with vigorous oxygen gas evolution during the anodizing process.  

The vigorous oxygen evolution caused local stresses in the coating/substrate interface, and 

therefore the brittle coating cracked in the horizontal direction. In the cross-section, a bulk-like 

structure with horizontal cracks, gaps and local vertical cracks was observed (Fig. 48c,f).  
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A detailed analysis of the surface coatings morphology showed a granular appearance  

(Fig. 48a,e). 

Increasing the electrolyte concentration of sodium hydroxide from 0.04 (sample Zn 1)  

to 1 M (sample Zn 2) led to the formation of a coating with more bulk-like structure appearance 

and lower number of cracks. The anodic coating thickness increased from 8.3 to 11 µm  
(Fig. 48c,f). The surface coating morphology showed finer granular appearance. 

With the voltage decreased from 50 to 6 V while the electrolyte concentration remained  

the same, i.e. 0.1 M NaOH, the black, thinner and porous anodic coating Zn 3 was  

produced (Fig. 48d-i). 

Increasing the electrolyte concentration of sodium hydroxide from 0.1 (sample Zn 3)  

to 0.3 M (Zn 4) resulted in the production of a thicker and porous coating. 

Decreasing the voltage from 6 to 4 V (electrolyte concentration was kept constant,  

i.e. 0.3 M NaOH) resulted in the production of a coating with bigger pores, as shown  

in cross-section in Figs. 49c and 49f. A small increase in the coating thickness was observed, 

from 1.1 to 1.4 µm. Hence, the comparison of anodic coatings produced in the NaOH and KOH 

electrolytes at 4 V showed similar coating morphologies and thicknesses. 

Anodic coatings produced at ≤ 6 V in the 0.3 M NaOH and KOH electrolytes exhibited  

a sponge-like structure (Figs. 48g-i and 49), rather than a channel-like porous structure typically 

observed in porous anodic aluminium oxide coatings [7]. 

Coatings produced at a higher voltage of 50 V were white, with a bulk-like structure  

that contained horizontal cracks and gaps (Fig. 48d-f), while coatings produced at lower 

voltages of ≤ 6 V were black and thinner, with sponge-like structure, and without cracks  

(Fig. 48g-i). The voltage significantly influenced the resulting morphology, thickness and  

the overall appearance of the produced anodic coatings. 

Anodic coatings produced in the C2H2O4 electrolyte (see Fig. 50) exhibited a different 

morphology than the coatings produced in the NaOH and KOH electrolytes. The morphology 

looks like a nano-rock or nano-flower structure. As can be seen in the cross-section in Fig. 50c, 

the anodic coating was delaminated during the metallography preparation (cold mounting 

technique) and exhibited a low adhesion compared to the coatings produced in the NaOH and 

KOH electrolytes. The anodic coating Zn 9 was found to be very thin, and no metallographic 

cross-section sample could be prepared by conventional metallographic procedures. 
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Fig. 48 Micrographs of the coating surface (left and middle) and its cross-section (right) after 

anodizing at 21 oC for 900 s in the: (a-c) 0.04 M NaOH at 50 V,  

(d-f) 0.1 M NaOH at 50 V, and (g-i) 0.1 M NaOH at 6 V. 
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Fig. 49 Micrographs of the coating surface (left and middle) and its cross-section (right) after 

anodizing at 21 oC for 900 s in the: (a-c) 0.3 M NaOH at 6 V, (d-f) 0.3 M NaOH at 4 V,  

(g-i) 0.3 M KOH at 6 V, and (j-l) 0.3 M KOH at 4 V. 
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Fig. 50 Micrographs of the coating surface (left and middle) and its cross-section (right) after 

anodizing at 21 oC in the: (a-c) 0.3 M C2H2O4 at 6 V for 600 s,  

and (d, e) 0.025 M C2H2O4 at 10 V for 400 s. 
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4.3.2. Effect of voltage, NaOH electrolyte concentration and 

anodizing time on the resulting morphology, structure and 

thickness of anodic coatings 

In the previous set of experiments, it was easier to control the anodizing process that was carried 

out in the NaOH electrolyte, compared to other electrolytes. Therefore, further 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. Coatings produced at 6 V 

exhibited a very low thickness; therefore, only 4 and 50 V were further used. Preferential 

anodizing conditions are summarized in Table 21. 

 

Table 21 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 

 

Anodizing process 

The current density vs anodizing time curves recorded during the anodizing process of the 

ZnTi2 at different voltages and concentrations of the NaOH electrolyte, are in Fig. 51. When 

50 V was applied, the current density rapidly decreased with anodizing time (Fig. 51a), 

compared to the case of lower voltage (4 V), as can be seen in Fig. 51b. With increasing 
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electrolyte concentration, the current density significantly increased, which can be explained 

by the presence of a higher amount of OH-, O2- ions and the mobility of the ions in the 

electrolyte, which are involved in the reaction. Also, the oxygen gas evolution was intense  

at 50 V, when compared to the lower voltage 4 V. Similar behaviour was observed  

by Rocca et al. [38] during their experiments in the 0.05 M KOH electrolyte at 50 V.  

The formation mechanism of ZnO coatings is still unclear and not well described in the 

literature. Anodic coatings produced under the same conditions (namely samples Zn 15, Zn 5 

and Zn 14 anodized for 300, 900 and 1800 s) exhibited similar electrochemical behaviour. 
 

 

Fig. 51 Current density vs time curves recorded during anodizing of ZnTi2 alloys at different 

NaOH electrolyte concentrations at 21 oC and at (a) 50 V and (b) 4 V. 

 

Characterization of the produced ZnO coatings 

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

phase composition 

The appearance of the initial material is shown in Fig. 52a. Due to the anodizing process,  

two different types of ZnO anodic coating were formed and referred to as “black” and  
“white” respectively, as shown in Figs. 52b and 52c, respectively. Samples anodized in the 

0.04-0.1 M NaOH electrolytes at 50 V were white in appearance (Fig. 52b). The samples 

anodized in the 0.3-1 M NaOH electrolytes at 4 V were found to be black colour (Fig. 52c). 

The used voltage influenced the appearance of the produced anodic coatings, which can also 

relate to the evolution of oxygen. Mabon et al. [137] 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 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. [38] observed the formation of grey ZnO 

anodic coatings in the 0.05 M KOH at 50 V. Zhang et al. [21] described that anodic coatings  
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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. [138] 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. 

 

Fig. 52 Influence of voltage on the appearance: (a) initial material, and samples anodized 

(b) in the 0.04 M NaOH electrolyte at 50 V (sample Zn 1), and (c) in the  0.3 M NaOH 

electrolyte at 4 V (sample Zn 5). 

 

X-ray diffraction was employed to confirm the crystal structure of the produced anodic 

coatings. As shown in Fig. 53, the less pronounced diffraction peaks (dots) can be indexed  

as ZnO (JCPDS card number 01-080-0075), while the more distinctive peaks (diamonds) 

correspond to the zinc substrate (JCPDS card number 03-065-5973). The diffraction peaks  

of coatings Zn 1, Zn 2 and Zn 5 correspond to (100), (002), (101), (102), (110), (103) and (112) 

Miller indices, indicating polycrystalline ZnO with hexagonal (wurtzite) structure. The EDX 

analysis confirmed the presence of Zn, O and Na. 

Fig. 53 XRD pattern of the initial material (ZnTi2) and ZnO anodic coatings obtained  

by anodizing for 900 s (samples: Zn 1 - 0.04 M NaOH, 50 V;  

Zn 2 - 0.1 M NaOH, 50 V; Zn 5 - 0.3 M NaOH, 4 V). 
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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. 54 and 55, 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 Fig. 54. In the high magnification micrographs of the coating surface (Fig. 54a,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. 54c,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. 54c,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. 
 

 

Fig. 54 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. 



96 
 

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

different in structure and appearance, see Fig. 55. 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. 55d-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. 55d-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. [136] 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. [136] 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 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. 
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Fig. 55 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. 

In Fig. 56 is shown a detail of the coating surface morphology of the samples Zn 11  

and Zn 14. As can be seen in Fig. 56a, the coating surface morphology of Zn 11 contained 

densely arranged and piled up smaller globular nanoparticles compared to the coating  

Zn 14 (Fig. 56b). 
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Fig. 56 FESEM micrographs of the free surface of ZnO coatings after anodizing  

at 21 oC for 1800 s (a, b) in the 0.1 M NaOH at 50 V (sample Zn 11),  

and (c, d) in the 0.3 M NaOH at 4 V (sample Zn 14). 

 

A detailed analysis of Zn 11 coating is shown in Fig. 57. As can be seen in the cross-section, 

Figs. 57b and 57e, the produced coating is a channel-like structure which contains cracks  

and gaps. Inside the gaps, numerous granular nanoparticles were found that had a similar 

appearance to the granular surface. On the bottom of the lamella, a different structure of the 

coating, reminiscent of a compact coating, was found. Further and more detailed studies, 

focused on a careful examination of morphology and growth, are necessary. From the results, 

it is not possible to determine exactly whether the structure contained nanotubes or nanorods  

or a combination of both. 

FESEM cross-section micrographs of the coating Zn 14 are shown in Fig. 58. All over  

the cross-section of the coating, numerous small pores were found. On the bottom part  

of the coating Zn 14, no different structure or compact coating was observed when compared 

to the coating Zn 11 produced at 50 V. 
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Fig. 57 FESEM micrographs of ZnO coating Zn 11 formed in the 0.1 M NaOH at 50 V, 21 oC 

for 1800 s: (a-d) cross-section, and (e) bottom part; FESEM-SE. 
 

 

Fig. 58 FESEM cross-section micrographs of ZnO coating Zn 14 formed in the 0.3 M NaOH 

at 4 V, 21 oC for 1800 s: (a) overview, and (b) detail of lamella - middle part; FESEM-SE. 
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Figure 59 shows the TEM micrographs of the cross-sections of anodic coatings Zn 11 

(Fig. 59a,b) and Zn 14 (Fig. 59c,d). Both ZnO coatings 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. 
 

 

Fig. 59 TEM cross-section micrographs of ZnO coatings (a, b) Zn 11, and (b, c) Zn 14. 

 

Further analysis of the Zn 11 (“white”) and Zn 14 (“black”) coating was performed  

by Raman spectra, and the results are shown in Fig. 60. The Raman spectra were found  

to be almost identical and are in agreement with the Raman spectra which were recorded  

by Mika et al. [138], who then anodized pure zinc in the 1 M NaOH at 2 and 4 V. In general, 

spectra were recorded in the range between 300 cm-1 and 650 cm-1 (LO mode). These bands are 

related to the vibrations of Zn and oxygen sub-lattices. In addition, a low-intensity signal  
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at ∼435 cm−1 is a high-frequency E2 mode associated with vibrations of the oxygen sub-lattice. 

This peak typically dominates the spectra of crystalline zinc oxide [138]. 
 

 

Fig. 60 Raman spectra of ZnTi2 substrate and ZnO coatings. 

 

4.3.3. 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 23. 

 

Table 23 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 
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Anodizing process 

The current density vs anodizing time curves for ZnTi2 alloy in the 0.5 M NaOH electrolyte 

with or without Al2O3 particles, utilizing different agitation mechanisms for anodic composition 

coating formation, are shown in Fig. 61. Addition of 6 g/L Al2O3 particles and 0.6 g/L sodium 

dodecylbenzenesulfonate (SDBS) to the 0.5 M NaOH electrolyte (Zn 17, Fig. 61), agitated  

by compressed air, led to a slight decrease in the current density when compared to the process 

without Al2O3 particles and SDBS addition (Zn 13, Fig. 61). Magnetic stirring and the shorter 

distance between the cathode and the anode led to a decrease in the current density (Zn 18,  

Fig. 61), and the anodizing curve was found to be much smoother than for the sample Zn 17. 

The decrease in current density can lead to the formation of a thinner coating. 
 

 

Fig. 61 Current density vs anodizing time curves recorded during anodizing of ZnTi2 alloys 

at 21 oC, 4 V in the 0.5 M NaOH without Al2O3 particles (sample Zn13) and with Al2O3 

particles under different agitation mechanisms, i.e. compressed air (sample Zn 13  

and Zn 17) and magnetic stirring (sample Zn 18). 

 

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. 62a-c and Fig. 62d-i, respectively. On the coating surface (Fig. 62a,b) 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 (Fig. 55b,e). On the other hand, magnetic stirring affected the 

morphology of the produced anodic composite coating. On the coating surface (Fig. 62d-h), 
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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 (see Table 24). 
 

Fig. 62 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-d) compressed air, (a-h) magnetic stirring; 

 (a, b, d, f-h) SEM-SE, (c, e, i) SEM-BSE. 
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Table 24 EDX analysis of anodized samples (Zn 17 and Zn 18) and selected points and larger 

areas after anodizing under different conditions. The points and areas are shown in Fig. 62.  

 

 

 

 

 

 

 

 

 

 

  

 Position 

Element (wt.%) 

O Zn Na Al 

surface 

analysis 

(0.64 mm2) 

compressed air 16.7 76.4 3.3 3.6 

magnetic stirring 17.2 78.1 4.1 0.6 

local 

analysis 

A1 26.2 48.6 1.6 23.6 

2 30.1 40.3 1.1 28.5 

3 15.1 82.2 1.8 0.9 

A4 14.6 83.0 1.3 1.1 

5 15.7 79.6 2.5 2.2 

A6 22.3 74.4 2.1 1.2 

7 25.7 69.8 4.0 0.5 

A8 20.9 76.9 1.8 0.4 
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4.3.4. 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 the type of electrolyte: 

 

• Anodic coatings were successfully produced via a one-step potentiostatic  

anodizing process of ZnTi2 sheet in the NaOH, KOH, and C2H2O4 electrolytes  

at 21 oC and in a voltage range of 4-50 V. 

• Using the NaOH and KOH electrolyte, a similar electrochemical behaviour during  

the anodizing processes was recorded (i.e. current density decreased with anodizing 

time) and similar coatings with granular surface morphology were produced. 

• When the C2H2O4 electrolyte was used, the anodizing process was speedy (i.e. current 

density rapidly decreased with anodizing time). Thinner coatings with nano-rock  

or nano-flower surface morphology were produced.  

• Based on earlier results, the NaOH solution was selected as a suitable electrolyte  

for the following experiments.  

 

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. 
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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 
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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  

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 voltaklage 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. 
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6. Suggested future work 

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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List of abbreviations and symbols 

Abbreviations 

AA aluminium alloy 

AAO anodic aluminium oxide 

AC alternating current 

AMHC anodic magnesium hydroxide coating 

CAC composite anodic coating 

COF coefficient of friction 

DC direct current 

EDX energy-dispersive X-ray spectroscopy 

EELS electron energy loss spectroscopy 

FESEM field emission scanning electron microscope/microscopy 

FIB focused ion beam 

HRTEM high-resolution transmission electron microscope 

HV Vicker hardness 

MAO micro-arc oxidation 

PAAO porous anodic aluminium oxide 

PC pulse current 

PEO plasma electrolytic oxidation 

PTFE polytetrafluoroethylene 

SDBS sodium dodecylbenzenesulfonate 

SEM scanning electron microscope/microscopy 

SEM-BSE backscattered electron mode of scanning electron microscope/microscopy 

SEM-SE secondary electron mode of scanning electron microscope/microscopy 

TEM transmission electron microscope/microscopy 

XRD X-ray difraction  
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Symbols 

A Ampere 

CNaOH concentration of sodium hydroxide 

cm centimetre 

dm2 squere decimeter 

g gram 

I current 

keV kiloectron volts 

L litre 

M molar concentration 

min minute/minutes 

mL mililitre 

mm milimeter 

N Newton 

nm nanomilimeter 

oC degree Celsium 

pH potential of hydrogen 

s seconds 

t time 

V Volt 

wt.% weight percent 

µm micrometre 
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