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Abstract  

The subject of this doctoral dissertation is the corrosion 

protection of aluminium alloys. Aluminium alloys are important 

technological materials with excellent mechanical properties but 

prone to corrosion in chloride and other aggressive environments 

which may provoke the localized or uniform dissolution of the alloy 

surface. The susceptibility to corrosion originates from the 

microstructure of aluminium alloys which contain intermetallic 

particles added to improve aluminiumôs mechanical properties; 

however, the presence of these particles stimulates the corrosion 

due to the difference in their electrochemical activity. 

Understanding the corrosion mechanism of aluminium alloys is 

important as it serves as a basis for postulating the subsequent 

methodology of their protection in aggressive environments. This 

dissertation was devoted to the (i) study of corrosion of aluminium 

alloys in a chloride environment with and without added sulphide 

as a pollutant, and the (ii) development and study of zirconium 

conversion coatings as a contemporary protection method for 

aluminium alloys. The methodology was versatile, including 

electrochemical measurements in 0.5 M NaCl solution and 

microstructural and surface analysis carried out using SEM-EDXS, 

TEM, XPS, ToF-SIMS, XRD and digital imaging technique. 

 

Aluminium alloys containing silicon are suitable for the use in the 

marine environment. Under such conditions not only chloride ions 

are provoking corrosion; other pollutants may be aggressive as 

well. For example sulphide ions which are known to promote the 

corrosion of copper- and steel-based alloys. The behaviour of 

aluminium alloys in the presence of sulphide has not been 

investigated in detail. In this dissertation, the corrosion 

behaviour of AlSi7Mg0.3 cast alloy (A356.0) was studied in 

artificial seawater with and without added sodium sulphide. It 

simulated sulphide which can form as a product of decaying of a 

biological compound as a result of the action of sulphate-reducing 

bacteria. The addition of Na2S to artificial seawater was studied 

for concentrations from 20 to 100 ppm in the period of 40 days. Low 

sulphide concentration (<50 ppm) in seawater improved the corrosion 

resistance of the substrate which was ascribed to the slower 

kinetics of oxide formation leading to a more dense, crystalline 

and compact aluminium-based oxide layer. At higher concentrations, 

the surface layers formed were thicker and contained an increased 

content of magnesium hydroxide. These layers initially provided 

increased protection but became porous with immersion time. 

Therefore, in terms of corrosion protection, most compact layers 

were formed in the presence of lower sulphide concentrations in 

seawater. 
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In order to outperform traditional corrosion protection based on 

chromate conversion coatings, contemporary methods have to be as 

efficient but environmentally friendly. An example of the 

contemporary coatings are zirconium conversion coatings (ZrCCs). 

Their formation was investigated as a parameter of a conversion 

bath: concentration of hexafluoric acid and conversion time. 

Appropriate conversion conditions were determined for different 

aluminium alloys. It was reported herein for the first time that 

ZrCCs applied on aluminium alloys show a self-sealing/active 

corrosion effect during immersion in 0.5 M NaCl resulting in 

improved corrosion resistance with time. This effect was ascribed 

to the leaching of fluorine out from the ZrCC, which leads to the 

transformation of ZrF4 / ZrOxFy into ZrO2ĀxH2O and the formation of 

aluminium oxide/hydroxide; the latter also reacts with major 

elements from the substrate, i.e. Mn and Si. These changes resulted 

in the closing of nanopores in ZrCC and reinforced the 

coating/substrate interface against dissolution. The self-sealing 

effect depends on conversion time and the type of aluminium alloy 

substrate, i.e. the major alloying elements in the alloy. At 

appropriate conversion time, the self-sealing effect was most 

pronounced for AA3005 (Mn-containing alloy) followed by AA356.0 

(Si-containing alloy) and AA5754 (Mg-containing alloy). In 

contrast, corrosion resistance of ZrCC applied on AA2024 (Cu-

containing alloy), and AA7075 (Zn-containing alloy) decreased 

during immersion in 0.5 M NaCl solution. Therefore, self-sealing 

zirconium conversion coatings provide excellent corrosion 

protection of aluminium alloys containing manganese and good 

protection for those containing silicon and magnesium. The same 

coatings provide only poor protection of aluminium alloys 

containing copper and zinc. 
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Povzetek  

 
 

Predmet doktorske disertacije je protikorozijska zaġļita 

aluminijevih zlitin. Aluminijeve zlitine so pomembni tehnoloġki 

materiali z odliļnimi mehanskimi lastnostmi, vendar so nagnjeni k 

koroziji v kloridnih in drugih agresivnih okoljih, kar lahko izzove 

l okalizirano ali enakomerno raztapljanje povrġine zlitine. 

Dovzetnost za korozijo izvira iz mikrostrukture aluminijevih 

zlitin, ki vsebujejo intermetalne delce, dodane za izboljġanje 

mehanskih lastnosti aluminija, vendar pa prisotnost teh delcev 

spodbuja ko rozijo zaradi razlike v njihovi elektrokemijski 

aktivnosti. Razumevanje korozijskega mehanizma aluminijevih zlitin 

je pomembno, saj je podlaga za doloļanje metodologije njihove 

zaġļite v agresivnih okoljih. Ta disertacija je bila namenjena (a) 

preuļevanju korozije aluminijevih zlitin v kloridnem okolju z in 

brez dodanega sulfida kot onesnaģevalca ter (b) razvoju in 

preuļevanju cirkonijevih konverzijskih  prevlek kot sodobne zaġļitne 

metode za aluminijeve zlitine. Metodologija je bila vsestranska, 

vkljuļno z elektrokemijskimi meritvami v 0,5 M raztopini NaCl ter 

mikrostrukturno in povrġinsko analizo, izvedeno s pomoļjo SEM- EDXS, 

TEM, XPS, ToF - SIMS, XRD in digitalne tehnike slikanja.  

Aluminijeve zlitine, ki vsebujejo silicij, so primerne za uporabo 

v morskem ok olju. V takġnih pogojih so poleg kloridnih ionov tudi 

druga onesnaģevala lahko agresivna in povzroļajo korozijo. Eden od 

njih so sulfidni ioni, za katere je znano, da spodbujajo korozijo 

zlitin na osnovi bakra in jekla, njihov vpliv na aluminijeve zlitine 

pa ni bil podrobno raziskan. V tej disertaciji smo prouļevali 

korozijsko vedenje zlitine AlSi7Mg0,3 (A356.0) v umetni morski vodi 

z in brez dodanega natrijevega sulfida. Slednji je simuliral 

sulfid, ki se lahko tvori kot produkt razpada bioloġkih spojin kot 

posledica delovanja bakterij, ki reducirajo sulfat. Ġtudija je 

preuļevala korozijsko vedenje zlitine AlSi7Mg0,3 v obdobju 40 dni 

v umetnem morju z in brez dodanega Na 2S v razponu koncentracij od 

20 do 100 ppm. Nizka koncentracija sulfida (<50 ppm) v mors ki vodi 

je izboljġala korozijsko odpornost podlage, ki je bila posledica 

poļasnejġe kinetike tvorbe oksida, kar je vodilo do bolj goste, 

kristaliniļne in kompaktne oksidne plasti. Pri viġjih 

koncentracijah so bile tvorjene povrġinske plasti debelejġe in so 

vsebovale poveļano vsebnost magnezijevega hidroksida. Te plasti so 

sprva zagotavljale veļjo zaġļito, vendar so postale porozne s ļasom 

potopitve. Glede na protikorozijsko zaġļito se je ob prisotnosti 

niģjih koncentracij sulfida v morski vodi oblikovala bolj kompaktna 

in zaġļitna oksidna plast.  
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Da bi presegli tradicionalno protikorozijsko zaġļito na osnovi 

pretvornih kromatnih prevlek, morajo biti sodobne metode enako 

uļinkovite, a okolju prijazne. Cirkonijeve konverzijskih  prevleke 

( CKP) so sodobna, okol ju prijazna razliļica kromatnih pretvornih 

prevlek. Prvi korak je bil raziskati lastnosti konverzijskih  

prevlek v odvisnosti od parametrov pretvorbene kopeli: 

koncentracije heksafluorne kisline in ļasa konverzije . Za razliļne 

aluminijeve zlitine so bili do loļeni ustrezni pogoji konverzije . V 

tej disertaciji smo prviļ poroļali, da CKP, nanesene na aluminijeve 

zlitine, izkazujejo samotesnjenje ali aktivno korozijsko zaġļito 

med potapljanjem v 0,5 M NaCl, kar se izkazuje kot izboljġanje 

protikorozijske odporno sti s ļasom. Ta uļinek je bil pripisan 

izloļanju fluora iz CKP, kar vodi k pretvorbi ZrF 4 / ZrO xFy v ZrO 2 

Ā xH2O in tvorbi aluminijevega oksida / hidroksida; slednji reagira 

tudi z glavnimi elementi iz podlage, kot sta Mn in Si. Te spremembe 

povzroļijo zapiranje nanopor v prevleki in dodatno zaġļitijo vmesno 

plast med prevleko in podlaga zoper raztapljanje. Uļinek 

samotesnjenja je odvisen od ļasa pretvorbe in vrste aluminijeve 

zlitine, to je glavnih legirnih elementov v zlitini. Ob ustreznem 

ļasu pretvorbe je bil uļinek samotesnjenja najbolj izrazit za 

AA3005 (zlitina, ki vsebuje Mn), nato AA356.0 (zlitina, ki vsebu je 

Si) in AA5754 (zlitina, ki vsebuje Mg). Nasprotno pa se je med 

potopitvijo v 0,5 M raztopino NaCl korozijska odpornost CPP 

slabġala na zlitinah AA2024 (zlitina, ki vsebuje Cu) in AA7075 

(zlitina, ki vsebuje Zn). Torej cirkonijeve konverzijske  prevleke 

zagotavljajo odliļno protikorozijsko zaġļito aluminijevih zlitin, 

ki vsebujejo mangan, in dobro zaġļito za tiste, ki vsebujejo silicij 

in magnezij. Enake prevleke zagotavljajo le slabo zaġļito 

aluminijevih zlitin, ki vsebujejo baker in cink.  
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Chapter 1  

1 Introduction  

1.1 Aluminium and Aluminium Alloys  

Aluminium alloys  (AAs)  are the most important  lightweight 
constructio n materials. Aluminium is a metal with unique 
properties : density of 2.7 kg/m 3, non - magnetic,  excellent 
electrical and thermal conductivity, good ductility  [1] . Another 
advantage of aluminium is its excellent corrosion r esistance du e 
to spontaneous passivation and formation of 10 nm thick aluminium 
oxide passive film when being exposed to air  [2] . On the other 
hand, aluminium is a soft metal and lacks strength and hardness 
required in many applications.  

Aluminium is mainly present as bauxite ore in the earth crust.  
With 8 wt. %, i t  i s the thi rd most abundant element  in general  and  
most abundant metal in the earth crust. It  i s produced  by 
electrolysis from molten salt of aluminium oxide in cryolite ( Hall ï
H®roult process), where aluminium  oxide is pre - obtained from 
bauxite ore  in the Bayer process  [3] .  Alloying of aluminium with 
other elements improves i ts hardness, strength, ductility, 
machinability and other properties. Cu, Mn, Si, Mg, Zn are add ed 
in aluminium alloys up to 10% (major alloying elements) while Cr, 
Ni, Zr, V, Ti, Pb, Sb, Ca, Ce up to 1% (minor alloying elements). 
Some aluminium alloys can  reach and even exc eed  the strength of 
steel (yield  strengths Ó 500 MPa, AA 7 xxx  series ). Thanks  to their 
unique properties ,  aluminium alloys are used in: aerospace  
industry , transportation  industry , automotive  industry, 
architectural  and construction industry , food packaging, 
shipbuilding, marine construction and many other industries  [4] . 
In transportation , automotive  and sh i pbuilding  industries ,  the 
trend is to replace traditional construction materials , such as  
iron, steel  and  galvanized steel ,  with lightweight materials such 
as aluminium and magnesium to reduce gasoline consumption and CO 2 
emission.  In the aerospace industr y,  aluminium alloys are the 
primary  construction material since 19 10 (duralumini um) and 
especially since the discovery of AA 7xxx series in the 1930s. 
However, even in the aerospace industr y,  the  trend is to replace 
heavy construction materials used in engin e construction with novel 
aluminium alloys.  Due to this trend , the  production of aluminium 
was tripled since 2000 and reached 63.7 million tonnes annual 
production of primary aluminium in 2019 with a tendency for  further 
growth  ( Figure 1.1 ) . Another advantage of aluminium is that it 
could be readily recycled. In 2019 ,  approximately 12 million tonnes 
(15.9 % of the global market) of aluminium were recycled. To 
summarize ,  the total global demand for  aluminium reached 75.7 
million tonnes in 2019. World ôs most significan t producer of 
aluminium is  China ,  with 5 5% of the annual production of primary 
aluminium in 2019  [5] .  Expect ations are that global demand for 
aluminium will further increase in years to come.  
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Figure 1. 1: Annual production of aluminium for the period 1900 -
2020 with the most significant world producers of aluminium in 2018 

[5].  

1.1.1 Classification, designation and application   

Aluminium alloys are divided in to  two main categories based on 

their production process: wrought alloys and cast alloys .  Further 

differentiation is based on the mechanism of property  development. 

An a luminium alloy that respond s to different thermal treatments 

based on phase solubility is  referred to as  heat - treatable alloys. 

Another group of aluminium alloys are non - heat treatable and 

develop properties by work hardening through mech anical reduction ,  

usually in combination with various annealing procedures. There  are  

more than 400 wrought alloys and more than 200 cast alloy s currently 

on the market. Proper designation and classification of aluminium 

alloy s are  crucial. The m ost recogn ized and used nomenclature 

system is the one developed by the Aluminium  Association in the 

United States  [4, 6] .  

Wrought alloys are designate d with  a 4- digit nomenclature system 

( xxxx ) while cast alloys are designated with a 3- digit with one 

decimal place system ( xxx . xX).  Designation of aluminium alloy 

series, hardening method and application are presented in Table 

1.1 . In the wrought designatio n system ( Xxxx ) ,  the  first digit  

identifies the principal alloying element,  the seco nd digit  

identifies  the  modification of alloy from the primary  alloy in that 

series ( xXxx )  and the last two  digits  ( xx XX)  defin e the  exact all oy 

composition. Example: alloy 7175 - T6:  the  first digit  ( 7175- T6)  

means that the principal alloying element is Zn,  the  seco nd digit  

(7 175- T6) implie s that it fir st modification from primary  alloy 

7075 and the last two  digits  ( 7175- T6) identif y the  exact alloy 

composition.  The l etter at the end ( 7175 - T6) identifies the 

property development treatment.  The o nly ex ce ption from  this rule 

is the aluminium alloy series 1000 w here the last t wo digit s show 

the  minimum aluminium percentage above 99%, for example ,  the last 

two digits  in AA10 50 mean that th ese  alloys contain minimum 99.50% 

aluminium.   

In the cast alloy designation system,  the first digit ( Xxx.x) 

identifie s the  principal alloying element, the  second and third 

digits (x XX.x) are arbitrary numbers given to recognise  a spe cific 

alloy in the series. The digit  following the decimal point indicates 

whether the alloy is a casting (.0) or an ingot (.1 or .2). The 

capital letter prefix indicates a modification to a specific alloy. 
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Example: alloy A356.0 :  the capital A (Axxx.x) indicates a 

modification of alloy 356.0. The number 3 (A3xx.x) indicates that 

it is of the silicon plus copper and/or magnesium series. 56 

(Ax56.0) identifies the alloy within the 3xx.x series, and  .0 

(Axxx.0) indicates that it is a final shape casting and  not an 

ingot.   

The temper designation system is used for all product forms (both 

wrought and cast), except for  ingot  (Table 1. 2) . The system is 

based on the sequences of mechanical or thermal treatments,  or 

both, used to produce various tempers.  The temper designation 

follows the alloy designation and is separated from it by a hyphen .   

 

Table 1. 1: Wrought and cast aluminium alloy series with the 

principal alloying element, strengthening method and application 

areas [4].  

Aluminium 

alloy  

Principal 

alloying 

element  

Strengthening 

method  
Application  

Wrought alloys  

1xxx  
Ó 99.000 % of 

Al  
Cold - work  

Electrical and chemical 

industries  

2xxx  Cu Heat - treat  

Aerospace industry  

 Yield strength of å 

450 MPa  

3xxx  Mn Cold - work  
Architectural and 

general applications  

4xxx  Si  

Cold - work /  

some heat -

treat  

Welding rods and 

brazing sheet  

5xxx  Mg Cold - work  

Boat hulls, gangplanks 

and other marine 

applications  

6xxx  Si + Mg  Heat - treat  

Architectural 

extrusions and 

automotive industry  

7xxx  Zn Heat - treat  

Aerospace industry  

the strongest aluminium 

alloy, Yield strength Ó 

550 MPa  

8xxx  
Sn, Li and/or 

Fe 
Heat - treat   

9xxx  
Reserved for 

future use  
/  /  

Cast alloys  

1xx.x  
Ó 99.000 % of 

Al  
Cold - work  Electrical rotors  

2xx.x  Cu Heat - treat  

Automotive and 

aerospace industry  

pumps, pistons, 

cylinders, aircraft 

generator housing  



4                                                                Chapter 1 Introduction 

3xx.x  
Si + Cu 

and/or Mg  
Cold - work  

Automotive and 

aerospace industry  

impellers, aircraft 

wheels, gasoline and 

oil tanks, airframe, 

machine parts, pump 

bodies, jet engine 

compressor cases  

4xx.x  Si  

Cold - work /  

some heat -

treat  

Architectural, food 

packaging, dental 

equipment, marine 

industry , etc.  

5xx.x  Mg Cold - work  

Architectural, 

automotive and marine 

industries  

6xx.x  Unused  Heat - treat  /  

7xx.x  Zn Heat - treat  

General - purpose casting 

that requires 

subsequent brazing, 

automotive parts, 

pumps, mining equipment  

8xx.x  Sn Heat - treat  
Bushings and journal 

bearings for railroads  

9xx.x  
Reserved for 

future use  
/  /  
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Table 1. 2: Temper designation for aluminium alloys [4].  

 

Symbol  Meaning  

F 

As- fabricated  ï applies to products of a forming 

process in which no special control over thermal or 

strain hardening conditions is employed.  

O 

Annealed  ï appli es to a product which has been heated 

to produce the lowest strength condition to improve 

ductility and dimensional stability.  

H 

Strain - Hardened  ï applies to products which are 

strengthened through cold - working. The strain hardening 

may be followed by add itional thermal treatment, which 

produces some reduction in strength. The ñHò is always 

followed by two or more digits.   

W 

Solution Heat - Treated  ï an unstable temper applicable 

only to alloys which age spontaneously at room 

temperature after solution heat - treatment.  

T 

Thermally Treated  ï applies to a product which has been 

heat - treated, sometimes with supplementary strain -

hardening, to produce a stable temper. The ñTò is 

always followed by one or more digits.  

Subdivision of H tempers  

H1 Strain - Hardened Only.  

H2 Strain - Hardened and Partially Annealed.  

H3 Strain - Hardened and Stabilized.  

H4 Strain - Hardened and Lacquered or Painted.  

HX2 Quarter Hard  

HX4 Half Hard  

HX6 Three - Quarters Hard  

HX8 Full Hard  

HX9 Extra hard  

HXx ï The first digit after the H indicates a basic operation .    

HxX ï The second digit after the H indicates the degree of 

strain hardening .  

Subdivision of T tempers  

T1 
Naturally aged after cooling from an elevated 

temperature shaping process, such as extruding.  

T2 
Cold - worked after cooling from an elevated temperature 

shaping process and then naturally aged.  

T3 Solution heat - treated, cold - worked and naturally aged.  

T4 Solution heat - treated and naturally aged.  

T5 
Artificially aged after cooling from an elevated 

temperature shaping process.  

T6 Solution heat - treated and artificially aged.  

T7 Solution heat - treated and stabilized (overaged).  

T8 
Solution heat - treated, cold - worked and artificially 

aged.  

T9 
Solution heat - treated, artificially aged and cold -

worked.  

T10 
Cold - worked after cooling from an elevated temperature 

shaping process and then artificially aged.  

Additional digits indicate stress relief:  

TX51 ï Stress - relieved by stretching.  

TX52 ï Stress - relieved by compressing.  
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1.2 Corrosion Behaviour  of Aluminium and Aluminium 

Alloys  

Aluminium should spontaneously dissolve in aqueous solution 

according to electrode potential for the electrochemical reaction 

of aluminium oxidation:  

Among construction metals, o nly Be and Mg are  more reactive than 

aluminium according to electromotive force series for metals.  

However, aluminium is thermodynamically stable in air  environment 

due to the formation of 10 nm thick passive film of Al 2O3 [4, 7] .  

This  aluminium oxide film is spontaneously formed in a few seconds 

when pure Al is ex posed to the air  environment .  Thanks to this ,  

aluminium ha s excellent corrosion resistance and can be used 

without maintain ing  service for many years.  Even if the surface of 

aluminium is damaged,  Al 2O3 film  will self - repair in  a few seconds 

and continue  to protect a luminium from corrosion.  These aluminium 

oxides consist of an  inner barrier layer 3 - 5 nm thick and  an outer 

porous layer 5 - 7 nm thick ( Figure 1.2 ) .  

 

Figure 1. 2: Natural aluminium oxide formed on the surface of 

aluminium in the air.  

During exposure to  water ,  it will slowly  corrode and form an outer 
porous aluminium oxide film ,  20- 200 nm thick, that will together 
with  the inner  barrier  Al 2O3 protect aluminium from further 
corrosion.  Depending on environment al  conditions ,  this outer -
amorphous aluminium oxide film could be bayerite /  Ŭ- Al(OH) 3, 
gibbsite  / ɔ- Al(OH)3, hydralgite /  Al(OH) 3Ā3H2O or boehmite  /  ɔ-
AlO(OH)  [2] .  To summarize, when expos ed to water aluminium  it  will 
be protected by the formation of a thicker aluminium oxide film 
that is thermodynamically stable in 4  Ò pH Ò 8.5  ( Figure  1. 3).  
Aluminium will corrode out side  of this pH range or even in this pH 
range if Cl -  ions are present in  accordance with  the  following  
electrochemical reactions:  

Oxidation of Al:  

Reduction of hydrogen:  

 

Al 3+
(aq)  + 3e -  Ÿ Al(s) ,   ESHE = - 1.66 V  

   

(1)  

Al (S) Ÿ Al3+
(aq) + 3e -  (2)  

2H+
(aq)  + 2e -  Ÿ H2 (g)  (3)  
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or the reduction of O 2:  

In excess of OH -  ions , the  formation of amorphous aluminium oxide 

will occur :  

 

 

Figure 1. 3: Electrode potential vs. pH (so - called Pourbaix) 
diagram for aluminium [2, 8].  

However, aluminium and aluminium alloys are susceptible to 
localized corrosion when exposed to water ,  even in a 
thermodynamically stable range  [2] .  Corrosion rate and corrosion 
mechanism depend on the alloy type.  The l ocalized form of corrosion 
is mainly in the form of pitting ,  but intergranular corrosion, 
exfoliatio n corrosion and stress corrosion cracking could occur 
depending on the alloy type and environment al  conditions.  Ultra -
pure 99.99% Al ha s the best resistance to corrosion. However, the 
presence of little contamination in the alloy or environment spe eds 
up the corrosion rate and cause s pitting.  Localized corrosion of 
aluminium alloys is  caused by  the presence of alloying elements in 
the aluminium matrix. These alloying elements could be completely 
dissolved in aluminium or form the second phase in the form o f 
intermetallic particles  (IMPs)  [9 - 13] .  By the size ,  IMPs can be 
divided into small ï dispersoids ( 0.05 to 0.5 Õm), medium (å1 Õm), 
large (1 -10 Õm). Intermetallic particles improve the mechanical 
properties of aluminium alloys, resistance to corrosion stress 
cracking, wear resistance, and so forth, b ut decrease the corrosion 
resistance of aluminium alloys. IMPs are made of aluminium and one 
or more alloying elements and form binary, tern ary or quaternary 
second phase s. All metals are nobler than Al except Zn and Mg.  

The g eneral rule is that metals nobler than Al create cathodic 
IMPs while Zn and Mg create anodic IMPs. Corrosion  potentials of 
most common IMPs found in aluminium alloys are  given in Table 1. 3.  

O2(g)  + 2H 2O + 4e -  Ÿ 4OH-
(aq) , alkaline or neutral media  (4)  

2O2(g)  + 4H +
( aq) 

 +4e -  Ÿ 4OH-
(aq) , acidic media   

Al 3+
(aq) + 3OH -  Ÿ Al(OH)3 (s)  (5)  
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Dispersoids are small particles comprising alloying elements that 
are highly insoluble in aluminium . Dispersoid  sizes typically range 
from 0.05 to 0.5 Õm. Cr, Ti, Zr, and Mn are standard  dispersoid 
formers.  With the possible exception of Mn ,  the alloying elements 
concentrated in dispersoids are entirely  passive in environments 
where Al alloys are regularly used. These particles form at high 
temperatures and are present to control grain - size and 
recrystalliza tion behaviour, hence are homogeneously dispersed. 
Typical examples include Al 3Ti, Al 6Mn, Al 20Cu2Mn3, and Al 3Zr.  

On the other hand ,  larger  IMPs have the determinat ive  rol e on 
the corrosion behaviour of aluminium alloys. Intermetallic 
particles induce weak spots in aluminium oxide ,  where the corrosion 
process is initiated. The reason for this is the difference in 
Volta potential between the aluminium matrix and intermetallic 
particles. This potential difference produces  a current flow 
(micro - galvanic cell) i n a cond uct ive environment and cause s a 
local breakdown of the passive film. By electrochemical activity ,  
intermetallic particles could be divided into  [9] :  

¶ Noble particles with high electrochemical activity, e.g., 
Al 2Cu, Al 7Cu2Fe. Ecorr  Ó Ecorr  of alloy, with the ability to 
sustain  a large cathodic current.  

¶ Noble particles with low electrochemical activity, e.g., 
Al 3Zr. Ecorr  Ó Ecorr  of alloy, however, these particles do not 
sustain l arge cathodic currents and may be too small to impact 
corrosion kinetics adversely . Pitting is not often associated 
with these intermetallic s.  

¶ Active particles with high self - dissolution rates, e.g., 
MgZn2. Ecorr  Ò Ecorr  of alloy, with the ability to undergo anodic 
dissolution at high rates.  

¶ Active particles with low self - dissolution rates ,  e.g., 
Mg2Al 3.  

¶ Active particles with a noble elemental component, e.g., 
Al 2CuMg. Dealloying and incongruent dissolution may lead to 
polarity reversal. These particles could  be selectively 
dissolved or lead to peripheral pitting.  

Most intermetallic particles are nobler than  the aluminium matrix 
and act as local cathodes for hydrog en reduction reaction  (HER)  or 
oxygen reduction reaction  (ORR). In contrast,  the surrounding 
aluminium matrix acts  as a local anode were  aluminium is dissolved. 
Some of the intermetallic particles are an odic with respect to the 
surrounding aluminium matrix and will dissolve. Some intermetallic 
particles  can change the polarity of the micro - galvanic cell during 
corrosion. T he t ypical example of  this case is S - phase  (Al 2CuMg) in 
AA 2024 . S - phase first act s as a local anode  where Mg is dissolved ;  
when all Mg has dissolved ,  the  potential of  IMPs is changed from 
anodic  (less noble)  to cathodic (more noble) due to the presence 
of an excess of the Cu  [11, 14, 15] .  
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Table 1. 3: Corrosion potentials of most common intermetallic 
particles and metals in 0.5 M NaCl solution [4, 16].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1 The mechanism of  pitting corrosion in aluminium alloys  

Pitting is the most common type of corrosion  in  aluminium alloys. 
All other types of corrosion in the aluminium ,  such as intergranular  
and  exfoliation  corrosion ,  start with  pitting and breakdown of the 
aluminium oxide passive layer  [2, 17 - 23] . Understanding the 
mechanism of pitting corrosion  (Figure 1. 4) is  of paramount  
importance  for understanding the corrosion behaviour of aluminium 
alloys and their protection  [17, 22, 23] .  

Pitting occurs in 2 stages:  

¶ Pit initiation  

¶ Pit propagation  

Intermetallic 
particle  

Phase  Ecorr,  (V vs 
SCE) 

Al 3Fe ɓ - 0.566  

Al 2Cu ɗ - 0.695  

Al 3Zr  ɓ - 0.801  

Al 6Mn  - 0.913  

Al 3Ti  ɓ - 0.799  

Al 33Zn49 Tô - 1.063  

Mg2Al 3 ɓ - 1.162  

MgZn2 M, ɖ - 1.095  

Mg2Si  ɓ - 1.536  

Al 7Cu2Fe  - 0.654  

Mg(AlCu)   - 0.936  

Al 2CuMg S - 1.061  

Al 20Cu2Mn3  - 0.617  

Al 12Mn3Si   - 0.858  

Al   - 0.849  

Cu  - 0.220  

Si  Ŭ - 0.452  

Mg  - 1.688  

Mn  - 1.318  

Cr   - 0.571  

Zn  - 1.028  

Al - 2%Cu Ŭ - 0.744  

Al - 4%Cu Ŭ - 0.642  

1050   - 0.84  

2024   - 0.69  

3003   - 0.83  

356.0   - 0.82  

380.0   - 0.63  

5754   - 0.77  

6063   - 0.83  

7075   - 0.83  
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Figure 1. 4: The mechanism of pitting in aluminium alloys.  

The p it initiation  occurs due to passive film breakdown at weak 
spots (IMPs)  [9, 17, 19] . The a dsorption or incorporation of Cl -  
ions in to the  passive film is respons ible for passive film 
breakdown. The p assive film will be stable in the absence of Cl -  

ions in the electrolyte.  The p it initiation is a dynamic process 
that  occurs a few hundreds of millivolts below  the  pitting potential 
in a process called ñmetastable pittingò in which  pits  are  initiated 
and re - passivated in a few seconds . The f requency of metastable 
pitting depends on the stability of the passive film, the Cl -  ions 
concentration and other environmental factors. Lower passive film 
stability or higher  co ncentration of Cl -  ions will increase the 
frequency of metastable pitting and increase the chance for pit 
stabilization  and growth.  When the alloy surface reaches  a 
sufficiently high potential ï ñpitting potentialò, the pit  will no t 
be re - passivated ,  and the pit propagation will start. During the 
pit propagation ,  HER/ ORR will occur outside the pit at IMPs (local 
cathodes) ,  causing the Al - matrix dissolution as anodic reaction and 
pit growth.  HER/ORR reactions at IMPs outside the pit will cause 
local alkalization. Hydroxide ions will migrate towards the pit  
opening  and react with the Al 3+ ions producing  Al(OH) 3 white 
deposits. Cl -  ions will migrate inside  the  pit to compensate 
positive charge caused by an excess of Al 3+ ions ,  and AlCl -

4 
cor rosion products will form at the pit bottom.  The water will 
hydrolyse AlCl -

4 deposits producing  Al(OH) 3 and excess H + ions at the 
pit bottom. Excess of H + ions will cause  local acidification  (pHÒ3) 
at the pit bottom and speed up Al dissolution causing the pit growth 
ï ñself-propagating processò.  Hydrogen evolution reaction will also 
occur inside the pit producing H 2 microbubbles  that will push Al(OH) 3 

towards the pit opening ,  causing the growth of the Al(OH) 3 deposits .  
The accumulation of corrosion products at the pit  opening , forming 
the dome of a volcano, will progressively block the entry opening 
of the pit. This will hinder the exchange of ions, especially when 
chloride Cl -  ions are involved, which explains why pitting slows 
down or even stops.  

Oxidation of aluminium alloy inside the pit cavity:  

Reduction reactions at the IMPS outside the pit cavity:  

2Al (S) Ÿ 2Al3+
(aq) + 6e -  (6)  
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Deposition of aluminium hydroxide at the pit opening:  

Formation and hydrolysis of aluminium chloride complex at the 
bottom of the pit:  

For years, t here has been  debate over question ñwhat step is crucial 
in the pitting ?ò: a passive film breakdown or a pit growth  [20, 24 -
27] . According to a novel unified theory of pitting , in a more 
aggressi ve environment ,  the passive film breakdown and the pit 
initiation will be  determining  the  step ,  while in a less aggressive 
environment the pit growth will be determining  the  step (Table 
1. 4).  The s usceptibility to pitting corrosion, intergranular 
corrosion and exfoliation corrosion of aluminium alloy series is 
given in Table 1. 5.  

Table 1. 4: The rate - controlling step in the pitting .  

 

Table 1. 5: The susceptibility of aluminium alloys to pitting 
corrosion, intergranular corrosion and exfoliation corrosion [4].  

Pitting 

susceptibility  
Intergranular corrosion  

Exfoliation 

corrosion  

Low 1xxx  No No 

 5xxx  Yes (if alloy contains 

Ó 3% Mg)  

No 

3xxx  No No 

6xxx  Yes No 

7xxx  Yes Yes 

High  2xxx  Yes Yes 

1.2.2 Corrosion of aluminium alloys in seawater with 
increased concentration of sulfides  

Aluminium alloys have excellent corrosion resistance when exposed 
to air or natural freshwater. However, in a coastal region or 
seawater, they are susceptible to pitting corrosion due to the 
presence of NaCl  [17, 28] . Aluminium wrought alloy series 3xxx, 
5xxx, 6xxx and cast alloys 3xx.x, 5xx.x have excellent corrosion 
resistance even in seawater  [4, 29, 30] . Thanks to superior 
mechanical strength/weight ratio, thermal conductivity and 
excellent corrosion resistance they are used in desalination 
plants,  off - shore oil and gas industries, shipbuilding, off - shore 
platforms and other marine applications. Nowadays, military and 
police patrol boats that require high speed are entirely made from 

1.5O 2(g)  + 3H 2O + 6e -  Ÿ 6OH-
(aq)   (7)  

or  6H +
(aq)  + 6e -  Ÿ 3H2 (g)   (8)  

2 Al 3+
(aq)  + 6OH-Ÿ Al(OH)3 (s)  (9)  

2Al 3+
(aq) + 8Cl -

(aq) Ÿ 2[AlCl4] -  
(aq) + 6H 2O Ÿ 2Al(OH)3 (s) + 8Cl -  

(aq) + 6H +
(aq)  ,  pH Ò 3  

(10)  

Environment  
Passive f ilm 

breakdown  

Metastable 

pitting  
Pit growth  

More 

aggressive  

Slow (rate -

controlling)  
Fast  Fast  

Less 

aggressive  
Fast  Fast  

Slow (rate -

controlling)  
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aluminium alloys. Considering the composition of aluminium alloys ,  
magnesium provides better re - passivation of pits than manganese. 
Still, when the content of magnesium is higher than 3%, aluminium 
alloys are prone to intergranular corrosion. Environmental 
parameters of seawater : pH [31] , temperature  [32] , salinity, the 
concentration of organic compounds, the concentration of dissolved 
CO2 [33] , the concentration of dissolved O 2, biofouling and 
pollution  have a significant influence on the corrosion rate of 
aluminium alloys in seawater  [34 - 36] . The most corrosive 
combination is low pH, low temperature and high concentrations of 
dissolved oxygen. Sulphides are one of the mos t common pollutants 
in natural se awaters  [36 - 39] . The concentration of sulphides in 
harbours, near coastal power plants, off - shore oil platforms, 
shipyards can reach and exc eed  50 ppm  [37, 39] . Sulphides could 
origin ate  from the natural sulphur cycle where sulphur spec ies  with 
higher oxidation states are reduced to sul phide by the action of 
sulphate - reducing bacteria  [38] . Some researcher s proposed that 
sulphides are responsible for microbiolo gical induced corrosion of 
aluminium alloys caused by the action of sulphate - reducing bacteria  

(Figure 1. 5)  [38, 40] .  

 

Figure 1. 5: Mechanism of mic robiologically induced corrosion of 
aluminium and aluminium alloys by sulphate - reducing bacteria 

(SRB) [38, 40].  

Sulphides are highly corrosive for most metal s and their alloys: 
Fe, Cu, Ni, Cr, stainless steel, mild steel, carbon steel, cop per -
nickel alloy, aluminium bronze, and so forth  [41 - 47] . Contrary to 
steels and copper - based alloys, s ul phides and H 2S have a beneficial 
effect on corrosion resistance of aluminium alloys in various 
environments (water - oil mixtures, oil, dry and moist environment, 
fresh, natural water and natural sea waters). It is believed that 
sul phides improve passivation and barrier properties of the 
aluminium oxide film  [48 - 51] . The concentration of sulphur species 
and sul phides is especially increased in oil  and gas explanation 
facilities and plants. There are only a few articles about this 
topic in the scientific literature probably because these s tudies  
are closely correlated with the oil and gas industry and 
confidential.  
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1.3 Corrosion Protection of Alumi nium and Aluminium 
Alloys  

As shown in previous chapters, a luminium alloys are susceptible 
to localized corrosion in the natural environment, and they 
require additional corrosion protection.  They  are protected by 
the application of organic paints and the use of corrosion 
inhibitors. Corrosion inhibitors are used in a closed system like 
re - boilers, condensers, evaporators, pipes , etc. In open systems 
like aircraft, car bodies, architectural constructions ,  etc. ,  
organic paints are applied. Full paint system is complex  [52]  
( Figure  1. 6)  and con sist s of:  

¶ conversion treatment or anodization  or cladding  

¶ primer  

¶ topcoat  

 

Figure 1. 6: Scheme of a complete coat system applied on an 

aluminium alloy.  

Each part of this system has a differen t role in corrosion 
protection. Conversion coatings provide essential  corrosion 
protection ,  preferably active corrosion protection. However, the 
primary  purpos e of conversion coating is  to improve adhesion of 
primers/ organic coatings  [53] . In some case s,  when better corrosion 
resistance is required ,  the anodization process of aluminium is 
employed. Anodization i s electrochemical oxidation of aluminium 
where  a thick protective anodic oxide film is formed  [54] . Anodic 
oxide film consists of an inner barrier oxide layer and an outer 
porous aluminium oxide layer.  Post - treatment that seal s the  porous 
aluminium oxide layer is often applied when excellent corrosion 
resistance is required.  Sealed anodic oxide coating  provides better 
corrosion protection in comparison with conversion coatings. 
Sometimes ,  instead of anodization cladding of aluminium  alloys ,  
2xxx and 7xxx with pure aluminium  is  applied. It combines excellent  
mechanical properties of core 2xxx, 7xxx alloys and superior  
corrosion resistance of outer coating of pure aluminium.  The p rimer 
has a role in providing  active corrosion protectio n and improves 
the adhesion of the topcoat .  

For many years ,  the organic primer with strontium chromate 
corrosion inhibitor pigments has been used  [55] .  When damage in the 
co ating happens ,  chromates will leach  inside the damaged area and 
inh i bit corros ion. Du e to ca r cin ogeni city  and toxicity of 
chromates, strontium chromate is being replaced on the market with 
green corrosion pigment s [16] . The most promising and already 
commercialized primer technology for aluminium alloys is lithium 
leaching  primer  technology  [56, 57]  and magnesium - r i ch primer 
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technology  [58 - 60] . There is a broad  spectr um of potential 
replacements for chromate - based primers like organic or sol - gel 
coating filled with corrosion inhibitor based on cerium salts  [61,  
62] , layer - double hydroxides pigments doped with organic / inorganic 
inhibitors  [63] , etc. The thickness of the p rimer is usually from 
few Õm to 20  Õm. On top of the primer ,  the topcoat  is applied ,  
which  should provide excellent barrier protection to  prevent 
diffusion of water, oxygen and Cl -  ions towards the substrate .  

Additionally,  it  should provide excellent  resistance against UV 

radiation and weathering.  The t opcoat is usually 100 -250 Õm thick 
and is based on epoxy, urethane, ester or alkyds polymers. This 
complex paint system should work as a good team and also  provide a 
synergi stic effect.  Sometimes every single coating can  meet the 
corrosion protection requirement but  once  joined in the whole 
system ,  it may not necessarily  provide proper  corrosion protection.  

1.4 Zirconium Conversion Coatings  

Chemical conversion coating is applied before  the application of 
primers or organic coatings . It should provide essential  corrosion 
protection  for a metal su bstrate and improve the adhesion of 
topcoats  [53] .  Chemical conversion coatings are mainly applied by 
immersion in conversion baths. It  i s also possible to appl y them 
by spraying. Contemporary chemical conversion coating process 
should meet the next requirements:  

¶ green process  

¶ economical process  

¶ short conversion time ( Ű Ò 10 minutes )  

¶ multi - metal process  

¶ provide active corrosion protection and improve adhesion of 
topcoats .  

Schematic presentation of a t ypical conversion coating process is 
present ed in Figure 1. 7.  

 

Figure 1. 7: Scheme of pre - treatment of a metal surface.  

Before the application of conversion coating ,  the metal substrate 
has to be pre - treated. Surface pre - treatments consist of mechanical 
and chemical pre - treatmen ts  [64 - 68] .  In the industry ,  usually ,  only 
chemical pre - treatment is applied. Chemical pre - treatment typically 
consist s of alkaline cleaning, acid cleaning/pickling and de -
smutting .  After each of th ese  steps ,  the substrate has to be 
properly  rinsed in water.  Mechanical pre - treatment is applied to 
remove old paint / sever e corrosion  damage and could be: grinding, 
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polishing, pin - shooting, dry - ice shooting, sandblasting , etc.  Mild 
alkaline cleaners  with  pH=8.5 - 10 are employed to degrease and clean 
the surface of aluminium alloys ,  while strong alkaline cleaners 
will etch i t  since  they  contain alkaline active component s such as 
sodium silicate, sodium hydroxide, potassium hydroxide, ammonium 
hydroxide, phosphates and spe cific  corrosion inhibitor . A cid 
cleaners etch the surface of the aluminium to remove individual  
intermetallic particles and modify the surface composition and 
morphology . They contain some acid s as an active component: HF, 
H2SO4, HNO 3, HC l  alone or in combination.  De- smutt ers have a role 
in removing  surface products of acid cleaning and etching ;  most of 
them are based on a mixture  of HF and H 2SO4.  

For the last 80 years , chromate conversion coatings (CCCs) were 
state - of - the - art in corrosion protection of aluminium alloys  and 
light metals  [16, 55] . For corrosion protection of iron, steel  and 
galvanized steel ,  phosphate conversion coatings  were used  [69, 70] .  
CCCs are banned in the EU and USA since 2019 du e to their  
carcinogenicity and toxicity  of compounds used for t heir 
production . They are allowed to be used only in military and space 
industries with a special allowance. Phosphate conversion coatings 
are being replaced in the industry du e to the ban of the use of 
heavy metals, eutrophication caused by the presence of P in 
wastewaters and high economic cost. Phosphate conversion bath 

operates at temperatures of 60 - 80 C̄ and requires additional cost 
for wastewater treatments and disposal of heavy metals.   

During the last 30 years ,  there are considerable  efforts in the  
scientific community and industry to find an equivalent replacement 
for CCCs [16] . Zirconium conversion coatings (ZrCCs)  [53]  and 
trivalent chromium process (TCP)  [71 - 74]  are the most promising 
alternatives. Trivalent chromium process is zirconium conversion 
coating loaded with Cr(III) salts as active corros ion protection 
agents, while zirconium conversion coatings are  a completely 
chromium - free conversion coating.  When better corrosion protection 
is required ,  TCP is used in aerospace and military industry. 
However, cases were reported  when ZrCC painted with topcoat system 
performed equally as TCP conversion coatings  painted with the same 
topcoat system  [75 - 78] . Zirconium conversion coating is typically 
used in automotive, transportation, construction and other similar 
industries.  The r eason why ZrCC is a preferable choice in the 
automotive industry is that  it works for all metals ï ñmulti-metalñ 
conversion coating  [53, 79 - 81] .  Thanks to that ,  the whole car  and 
tr uck bodies could be coated with ZrCC in a single step.  

Early works on ZrCC started in  the beginning of  the 1990s and 
resulted in the commercialization of  the  1st  generation ZrCC  
technology in 2004 in the automotive industry  [82 - 86] .  In 2010 ,  the  
2nd generation of ZrCC w as  introduced on the market. It had better 
uniformity, improved corrosion resistance and shorter conversion 
time in comparison with the 1st  generation  of ZrCC  [80, 81, 87, 88] . 
In the l ast 30 y ears ,  there w ere  more than 100 scientific papers 
published about ZrCC .  Zirconium conversion coatings meet all the 
requirements for excellent conversion coating except  active 
corrosion protection. Currently, there are  a lot  of  efforts and 
studies  on the development of a 3rd  generation of ZrCC in the 
industry and scientific community. The 3rd  generation of ZrCC should 
pose active corrosion protection ability and performance at the 
same or better level as chromate conversion coatings.  

Zirconium conversion baths contain H 2ZrF 6 as an active component 
and minor addition of accelerators and /or  organic additives  [53, 
89, 90] .  The coatings  are applied on the substrate by immersion in 
ZrCC baths or by spraying.  Optimal ZrCC  process parameters for 
protection of aluminium alloys are: T= 25 - 40 ǓC, concentration of 
0.1 M H 2ZrF 6, pH = 4.5 - 4.8  and stirring speed of 450 rpm. One of the 
most important ZrCC process parameters is conversion time ,  and it 
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has to be tuned for each alumin ium alloy  or metal  [91] .  The o ptimal 
conversion time will provide the best performance of ZrCC. Process 
time  depends on other process parameters and bath composition. The 
higher concentration of H 2ZrF 6 or the presence of accelerator will 
require shorter optimal conversion time.  Kinetic s of ZrCC process  
could be monitored by measuring the  open circuit potential (OCP) 
of the substrate durin g conversion coating formation ( Figure 1. 8)  
[91 - 93] .  Process of ZrCC formation has three  steps:  

¶ activation of the substrate s urface    

¶ conversion coating formation  

¶ conversion coating overgrowth .  

 

 

Figure 1. 8: Open circuit potential and SEM images of aluminium 
alloy A365.0 during immersion in H2ZrF6 conversion bath.  

Al 2O3 (s)   + 3F -
(aq)  

 + 3H + (aq)  Ÿ  AlF 3 (soluble)  + 1.5H 2O(aq)  ( 11)  

O2(g)  + 2H 2O + 4e - Ÿ 4OH-(aq)  (12)  

2H+
(aq)  + 2e - Ÿ H2(g)  (13)  

[ZrF 6] 2-
(aq) + 4OH-(aq) Ÿ ZrO2Ö2H2O (s)  + 6F -

(aq)  (14)  

 

In the activation  step ,  natural aluminium oxide /metal oxide  is 
removed by the free fluoride ions  (reaction 11) ,  allowing the 
formation of the zirconium conversion coating  [94, 95] . In essence,  
this step correspond s to a negative shift  of OCP (region I, Figure 
1. 8).  After activation ,  HER and ORR occur at IMP s (reaction 12-
13) ,  causing high local alkalization (pH=8 .5 )  [96] . In the alkaline 

environment ,  ZrF 6
- ions are precipitated into ZrO 2 ĀxH2O at IMPs  

(reaction 14) ;  this is reflected in  a positive shift  of OCP (region  
II, Figure 1. 8). Together with zirconium oxide aluminium oxy -
fluoride is formed, especially in the inner part of the coating.  
Optimal conversion time is marked as maximum / plateau in OCP 
diagram. At this point ,  the conversion coating is fully  formed. 
After this point ,  coating continues  to grow further ,  but internal 
stress will cause cracks in the coating (region III, Figure 1. 8) 
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and coating will lose its barrier protection properties  [91, 97, 
98] .  

Formation of zirconium conversion coatings is the 
electrochemical process and is caused by  t he difference in Volta 
potential between the aluminium matrix and intermetallic particles  
[93] . The c oating formation will be initiated at IMPs or grain 
boundaries with higher Volta potential  [91, 93, 99, 100] . In  th ese 
spots ,  HER and ORR will occur ,  causing high local alkalization 
at/in the proximity of IMPs and precipitation of ZrCC in  these 
areas. ZrCC will grow in a lateral direction from initiation sites 
covering the alloy matrix. When the whole surface is covered by the 
coating, the difference in Volta potential will disappear. Due to 
the nature of this process, ZrCC will be significantly thicker at 
IMPs/initiation sites  [91, 92] . However, the formation of ZrCC is 
a dynamic process ,  balancing between the  coating formation and 
coating dissolution du e to the presence of free fluoride ions.  

After the complete formation of ZrCC, H + and F- ions  will be able 
to migrate towards the substrate and HER together with coating 
overgrowth will continue . This will lead to cracking du e to internal 
stress in the coating  and evolution of H2 microbubbles.  In order t o 
increase the speed and uniformity of ZrCC formation ,  accelerators 
are often added  to bath formulations . A small  addition of non -
hazardous Cu or some other particle nobler than  aluminium/or metal 
substrate will deposit on aluminium matrix surface introducing new 
cathodic sites  [90, 101, 102] . These cathodic site s will be 
uniformly spread across the substrate surface ,  inc reasing the speed 
of ZrCC process and producing more uniform ZrCC.  Increasing the 
concentration of free fluoride ions by adding HF will only increase 
the speed of the conversion coating process.  Surface pre - treatments 
are very important for ZrCC formation ,  and final performance , e.g. 
the most hydroxylated surface will pro vid e ZrCC with the best final 
properties  [103] .  

ZrCC usually has a 2- layer /3 - layer  structure w here the outer 
layer is mainly composed of  ZrO2ĀxH2O,  and the inner layer s contain  
a higher concentration of aluminium oxy fluoride  and aluminium oxide 
( Figure  1. 9)  [91, 92, 104] .  

 

Figure 1. 9: SEM and TEM image s of the cross - section of ZrCC 
applied on AA 3005.  

Average thickn es s of ZrCC on aluminium alloys is between 30 and  100 
nm and  depends on bath conditions, process parameters and the type 
of aluminium alloy substrate.  Zirco nium conversion coating s provide  
barrier corrosion protection for substrates and improve adhesion 
of topcoats  [53, 78, 105, 106] . Recent studies  showed that ZrCC 
poses ses  self - sealing/active corrosion protection properties on 
certain alumin ium alloys  [91, 92, 107, 108] .  
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1.4.1 Testing performance of conversion coatings  

The corrosion resistance of conversion coating should be evaluated 
by performing the following  electrochemical measurements in 0.5 M 
NaCl:  

¶ Potentiodynamic  polarization  measurements after a 1- h and at 
least 24 - hour immersion .  

¶ Electrochemical impedance spectroscopy  measurements  ( from 105 
kHz to 5 mHz) for at least two  days, preferably for five  days 
to obtain a trend of polarization resistance.  

If corrosion current density decreases, and polarization resistance 
increa se s after a 24- h immersion in 0.5 M NaCl solution compared 
to a 1- h immersion ,  the conversion coating should be further 
evaluated with:  

¶ Neut ral Salt Spray Test  

¶ Dry and Wet Adhesion Test .  

Corrosion resistance, self - sealing effect and active corrosion 
protec tion of zirconium conversion coatings can be estimated with 
impedance modulus at low frequencies (1 mHz) which is approximately 
equal to total polarization resistance ( ƅZƅ1mHz å Rp) [109, 110] .  

Experimental data obtained from EIS measurements can be used to 
estimate the natural salt spray test results. Buchheit et al. 
developed a st atistical model for the approximation of natural salt 
spray test results  [111] . In this model ,  they used a simplified 
equivalent electrical circuit Rs( RcC) to fit EIS data measured from 
10 - 2 Hz to 10 4 Hz. Rc is defined as apparent integrated pitting 
resistance. Impedance module at low frequencies is approximately 
equal to integrated pitting resistance ( Rc å ƅZƅ1mHz å Rp, 1mHz). In 
this model parameter ,  R80 is defined as a threshold value that 
determines whethe r the coated material will pass the 168  h mark in 
natural salt spray (NSS) test; its range is listed in Table 1. 6 for 
different aluminium alloys. If the coated metal after a 24- h 
immersion in 0.5 M NaCl exhibit s the Rp, 1mHz within this range, it 
has the pr obability of >80% to pass  the  168 h mark in NSS test 
(Table 1. 6)  [52] .  
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Table 1. 6: Threshold polarization resistance values for 80% 
cumulative passing frequency of natural salt spray test for 
conversion coatings applied on aluminium alloys and immersed in 0.5 
M NaCl for 24 h. (Rc is defined as apparent integrated pitting 
resistance integrated pitting resistance in simplified equivalent 
electrical circuit R s(R cC) used  to fit EIS data) [52] .  

Alloy  
80% CPF 

Threshold  
(ɋĀcm2)  

95% Prediction interval at the 
R80 Threshold ( ɋĀcm2)  

AA 2024 - T3 2.4 Ā106 1.4 Ā106 Ò R80 Ò 4.1 Ā106 

AA 356  4.6 Ā106 1.5 Ā106 Ò R80 Ò 1.5 Ā107 

AA 3003  2.3 Ā107 1.1 Ā107 Ò R80 Ò 4.8 Ā107 

AA 6061 - T6 3.4 Ā106 2.0 Ā106 Ò R80 Ò 6.7 Ā106 

AA 7075 - T6 1.5 Ā107 3.6 Ā106 Ò R80 Ò 3.9 Ā107 

 
Equivalent electric circuit model used to fit Rp values down to 

the frequency of 1 mHz.  

 

 

1.5 Purpose of the Dissertation  

The primary  purpose of this dissertation was to study the formation ,  
and electrochemical behaviour of zirconium conversion coatings 
applied on aluminium alloys 2024, 3005, A365.0, 380.0 , 5754 and 
7075 in 0.5 M NaCl. Another purpose was to study the influence of 
Na2S on corrosion beha viour of AA 365.0 in artificial seawater. The 
final goal was to obtain scientific data that will help to 
understand the corrosion process and to develop conversion coatings 
capable of replacing toxic chromate conversion coatings.  

1.6 Objectives of the Dis sertation  

The objectives of this doctoral dissertation are the following:  

1) To study the influence of Na 2S on the corrosion behaviour of 
AlSi7Mg0.3 aluminium alloy in artificial seawater.  

2) To systematically study and obtain scientific data about  the  
for mation and electrochemical behaviour of zirconium conversion 
coating s applied on aluminium alloys: 1050, 2024, 380.0 , 3005, 
A356.0 , 5754, 7075.  

1.7 Hypothes es of the Dissertation  

This doctoral dissertation builds on the following hypotheses:  
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¶ Specific conce ntrations of sodium sulphide have a beneficial 
effect on corrosion behaviour of AlSi7Mg0.3 aluminium alloy  
in chloride - containing environments such as a solution of 
sodium chloride or artificial seawater.  
 

¶ Zirconium conversion coatings applied to aluminium alloys are 
able to achieve  self - sealing characteristics .  
 

¶ Novel, optimized  zirconium conversion coating s can reach the  
performance to the level similar to chromate conversion 
coatings.  

1.8 Scientific Contr ibution  

The results and findings of the research work presented within this 
doctoral dissertation contribute to the field of pre - treatment of 
aluminium alloys and corrosion protection of aluminium alloys. The 
original scientific contributions are as follow s.  

The effect of sodium sul phide on corrosion behaviour of aluminium 
alloy AlSi7Mg0.3 in artificial seawater.  

Published in : G. Ġekularac and I. Miloġev, ñCorrosion of aluminium 
alloy AlSi7Mg0. 3 in artificial seawater with added sodium 
sulphideò. Corrosio n Science , vol. 144, pp. 54 - 73, 2018  

Influence of sodium sul phide on the corrosion behaviour of 
aluminium alloy AlSi7Mg0.3  in artificial seawater was 
systematically studied. The novelty of this paper is that the 
addition of sodium sul phide has a beneficial  effect on the corrosion 
protection of aluminium alloy AlSi7Mg0.3  exposed to the artificial 
sweater. The a ddition of a small concentration of sodium sul phide 
up to 50 ppm allowed the formation of  a thicker and denser natural 
aluminium oxide, while a higher  concentration of sodium sul phide 
induced incorporation of Mg 2+ ions into  a protective oxide layer 
and provided additional protection for aluminium alloy AlSi7Mg0.3.  

The formation and self - sealing behaviour of zirconium conversion 
coating applied to AA 30 05.  

Published in: G. Ġekularac and I. Miloġev, ñElectrochemical 
Behavior and Self - Sealing Ability of Zirconium Conversion Coating 
Applied on Aluminum Alloy 3005 in 0.5 M NaCl Solution", Journal of 
The Electrochemical Society , vol. 167, No. 2, pp. 021509 - 1- 16, 2020  

Corrosion behaviour of zirconium conversion coating applied to AA 
3005 in 0.5 M NaCl solution was studied in this work. The most 
significant novelty of this work is that for the first time 
zirconium conversion coatings applied on any aluminium all oy 
improved corrosion resistance with immersion time in 0.5 M NaCl 
solution. We named this effect ñself-sealingò.  

The formation and electrochemical behaviour of zirconium conversion 
coating applied to AA AlSi7Mg0.3.   

Published in: G. Ġekularac, J. Kovaļ and I. Miloġev, ñProlonged 
protection of AlSi7Mg0.3 aluminium alloy in chloride solution by 
zirconium conversion coatingsò. Corrosion Science , vol. 169 , pp. 
108615 - 1- 18, 2020  

The formation of zirconium conversion coating applied to aluminium, 
alloy AlSi7Mg0. 3,  was systematically studied. A novelty in this 
work is that  the  processing time depends on the concentration of 
H2ZrF 6 in conversion bath. Optimally prepared zirconium conversion 
coating applied to aluminium alloy AlSi7Mg0.3 showed self - sealing 
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behaviour  and active corrosion protection when exposed  to  0.5 M 
NaCl solution. Another novelty is the detection of Zn - r i ch spots 
in aluminium alloy AlSi7Mg0.3 for the first time. Pitting of ZrCC 
was initiated at Zn - r i ch areas.  

The comparison of electrochemical beha viour and self - sealing effect 
of zirconium conversion coatings applied to aluminium alloys 1050, 
2024, 380.0 , 3005, A356.0 , 5754, 7075.  

To be published:  

In this work ,  the formation of zirconium conversion coatings 
applied to aluminium alloys 1050, 2024, 380.0 , 3005, A356.0 , 5754, 
7075 was studied. Electrochemical behaviour and self - sealing effect 
of optimally formed zirconium conversion coatings were evaluated  
and compared .  Based on their performance, alloys suitable for this 
kind of protection were differe ntiated.  

1.9 Methodology  

Chemicals used for synthetic procedures are commercially available 
(reagent grade or better) from well - known suppliers (Sigma - Aldrich, 
Merck, Across Chemicals, and so forth. )  

 

The following aluminium alloys were used as substrates:  

(1) 1050A- O / EN AW 1- 1050A / EN AW - Al99.5  UNS2- A91050  with nominal 
composition (Al 99.50 wt.%, Fe 0 ï0.4 wt.%, Si 0 ï0.25 wt.%, Zn 
0ï0.07 wt.%, Mn 0 ï0.05 wt.%, Ti 0 ï0.05 wt.%, Cu 0 ï0.05 wt.%, Mg 
0ï0.05 wt.%) produced by Impol 2000 d.d. (Slovenska Bistrica, 
Slov enia) in the form of a 1.5  mm thick sheet. Samples used in 
experiments were cut in a rectangular shape with dimensions 3 

cm ³ 3 cm  

(2) 2024 - T3 / EN AW - 2024 / EN AW - AlCu4Mg1 /  UNS- A92024 with a nominal 
composition (Cu 4.35  wt . %, Mg 1.33  wt . %, Fe 0.25  wt . %, Mn 
0.53  wt . %, Zn 0.1  wt . %, other 0.07  wt . %, Al remaining) produced 
by Kaiser Aluminum in the form of 1  mm thick sheet.  

(3) 3005 - O /  EN AW- 3005/ EN AW - AlMn1Mg0.5 /  UNS- A93005  with nominal 
composition (Mn 1 ï1.5 wt . %, Mg 0.2 ï0.6 wt . %, Fe 0 ï0.7 wt . %, Si 
0ï0.6 wt . %, Cu  0ï0.3, Zn 0 ï0.25 wt . %, Cr 0 ï0.1 wt . %, Ti 0 ï0.1 
wt . %, residuals 0.15 wt . %) in  the  form of foil (thickness 70 
microns) produced by Impol 2000 d.d. (Slovenska Bistrica, 
Slovenia) was used as a substrate. The composition given is 
provided by the supplier. Sam ples used in experiments were cut 

in a rectangular shape with dimensions 3 cm ³ 3 cm.  

(4) A356.0 - T6 / EN AC 3 42100 / EN  AC AlSi7Mg0.3 / UNS - A13560  with 
nominal composition (Si 6.5 ï7.5 wt.%, Fe 0.15 wt . %, Cu 0.03 wt.%, 
Mn 0.10 wt.%, Mg 0.30 ï0.45 wt.%, Zn 0.07 wt.%, Ti 0.18 wt.%) 
produced by TALUM d.d. (Kidriļevo, Slovenia) was used as a 
substrate. This is the alloy used for castings and corresponds 

to the following standards: International ISO 4-A356.0, 

Germany-3.2371,  UNS -A13560, A356.0 and USA -A356.0. Samples used 
in experiments were cut in a rectangular shape with dimensions 

2.5 cm ³ 4 cm ³ 0.3 cm.  

                                                           
1 EN AW = European standard ( Euronorm) aluminium wrought  
2  UNS = Unified numbering system  
3 EN AC = European standard (Euronorm) aluminium cast   
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(5) 380.0 - T6 / EN AC 46000 / EN AC AlSi9Cu3  / UNS - A03800 with nominal 
composition (Si 8.0 ï11.0 wt.%, Cu 2.0 ï4.0 wt.%, Fe 0.6 ï1.1 wt . %, 
Zn 1.2 wt . %, Mn 0 .55 wt.%, Mg 0.15 - 0.55 wt.%, Cr 0.15 wt.%, Ni 
0.55 wt.%, Pb 0.35 wt . %, Sn 0.25 wt . %, Ti 0.20 wt . %) produced 
by TALUM d.d. (Kidriļevo, Slovenia) was used as a substrate. 
Samples used in experiments were cut in a rectangular shape with 

dimensions 2.5 cm ³ 4 cm ³ 0.3 cm.  

(6) 5754 - H18 / EN AW - 5754 / EN AW - AlMg3 / UNS - A95754  with nominal 
composition (Mg 2.6 ï3.6 wt.%, Mn 0 ï0.5 wt.%, Si 0 ï0.4 wt.%, Fe 
0ï0.4 wt.%, Cr 0 ï0.3 wt.%, Zn 0 ï0.2 wt.%, Ti 0 ï0.15 wt.%, Cu 0 ï
0.1 wt.%) produced by Impol 2000 d.d. (Slovenska Bistr ica, 
Slovenia) in the form of a 1.5  mm thick sheet. Samples used in 
experiments were cut in a rectangular shape with dimensions 3 

cm ³ 3 cm  

(7) 7075 - T6 / EN AW - 7075 / EN AW - AlZn5,5MgCu / UNS - A97075 with a 
nominal composition (Zn 5.81  wt . %, Mg 2.55  wt . %, Fe 0.21  wt . %, 
Si 0.08  wt . %, Cu 1.67  wt . %, Al remaining) produced by Kaiser 
Aluminum in the form of a 1 mm thick sheet. Samples used in 
experiments were cut in a rectangular shape with dimensions 3 

cm ³ 3 cm .  

Throughout  the doctoral dissertation, the following  methods were 
used:  

 

¶ Methods for surface/microstructural analysis of coatings and 
aluminium alloys: scanning electron microscopy with energy -
dispersive X - ray spectroscopy (SEM - EDS), high - resolution 
transmission electron microscopy (HRTEM), focus ion beam 
microscopy (FIB), X - ray photoelectron spectroscopy (XPS), 
time - of - flight secondary i on mass spectroscopy (ToF - SIMS), 
digital imaging.  
 

¶ Methods for electrochemical characterization: open circuit 
potential (OCP)  vs. time curves , linear polarization 
resistance (LP R), potentiodynamic polarization curves (PD), 
electrochemical impedance spectroscopy (EIS).  
 

¶ Other methods : immersion test.  

1. 10 Structure of the Dissertation  

The doctoral disser tation is organized as follows:  

¶ Chapter 2 describes the corrosion behaviour of AlSi7Mg0.3 
aluminium alloy ( A356.0 )  in artificial seawater with the 
addition of sodium sul phide.  

¶ Chapter 3  presents the  electrochemical behaviour and self -
sealing ability of zirconium conversion coating applied to  
aluminium alloy 3005 in 0.5 M NaCl.  

¶ Chapter 4 describes the formation and self - sealing ability of 
zirconium conversion coating applied to  alu minium alloy 
AlSi7Mg0.3 ( A356.0 )  in 0.5 M NaCl.  

¶ Chapter 5  compar es the  electrochemical behaviour ,  and self -
sealing ability  of zirconium conversion coating applied on 
aluminium alloys 1050, 2024,  380.0 ,  3005, A356.0 , 5754 and 
7075 in 0.5 M NaC
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Chapter 1 

2 Corrosion of Aluminium Alloy 

AlSi7Mg0.3 in Artificial 

Seawater with Added Sodium 

Sulphide  

This chapter presents the study of the influence of Na2S addition 
on the corrosion behaviour of AlSi7Mg0.3 aluminium alloy in 
artificial seawater. Corrosion behaviour was studied using 
electrochemical techniques: open circuit potential vs. time curves, 
potentiodynamic polarization curves, linear polarization 
resistance and electrochemical impedance spectroscopy. The 
microstructure of samples was analysed with FIB-SEM-EDS microscopy, 
XRD spectroscopy and digital imaging. The main result is that the 
addition of Na2S up to 100 ppm improved corrosion resistance of 
AlSi7Mg0.3 in artificial seawater. The mechanism of formation of 
protection layers in the presence of sulphides was proposed. 
 
This chapter addresses thesis Objective 1) from Chapter 1, Section 
1.6. 

 
Regarding my contribution: I made a literature overview of the 
topic, planned and performed the experiments and jointly prepared 
the manuscript with co-authors. 
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