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Abstract

The subject of this doctor al di ssertation [
protection of aluminium all oys. Al uminium all
technol ogi cal materials with excellent mec hani
prone to corrosion in chloride and other aggr
whihc may provoke the | ocalized or uniform disso
surface. The susceptibility t o corrosion or i
mi crostructure of aluminium all oys whi ch con
particles added to i mpposoveecahamimalumpr opert.
howerv,e the presence of these particles stimula
due to t he di fference i n their el ectroche
Understanding t he corrosion mechanism of al u
i mportant as it serves as a basis for postul a:
met hodol bgyheir protection in aggressive envi.l
di ssertation was devoted to the (i) study of co
alloys in a chloride environment with and wit
as a pollutant, and the (ii) devel opment and
convemng coatings as a contemporary protect.i
alumini um all oys The met hodol ogy was ver s
el ectrochemical measurements i n 0.5 M NaCl
microstructural and surface analysi seBX¥d8ried
TEM, XPS-SIT™MSFE XRB® digital i maging technique.
Al umi nium all oys containing silicon are suitabl
marine environment . Under such conditions not
are provoking corrosion; ot her pollutants may
we l | For esamMphede ions which are known to
corrosion of- angpesrt-babed all oys. The behavio
aluminium all oys i n t he presence of sul phi c
investigated i n det ai | . I n this di ssertatio
behaviour of Al SIi 7TMg0 o0y ¢ &A866 .a0) was studi e
artificial seawater with and without added s
simul ated sul phide which can form as a produc
bi ol ogical compound as a result of -rtéhckuaicng on
bacteria. The addiStitoar taff i dd anatsewas studi ed
for concentrations from 20 to 100 ppm in the pe
sul phide concentration (<50 ppm) in seawater in
resistance of t he substrate which was ascrib
ki netics of oxi dre Ifeoadnarng oto a more dense, Cr
and compac a-bamiedi omi de | ayer. At higher conc
t he surface |l ayers formed were thicker and con
content of magnesium hydroxi de. These | ayers
increased protbedt¢t i menc ame porous wi t h i mmer si
Therefor e, in terms of corrosion protection, |
were formed in the presence of | ower sul phi de
seawater



order to outperform traditional corrosion pr
matrevecrosi on coatings, contemporary methods
cient but environmentall friendly. An e
emporary coatings are zir nium conversion
r formation was investiga d as a parameter
conteobhr aof hexafl uoric acid and convers
priate conversion conditions were deter min
nium all oys. It was reported herein for th
applied on aluminium al-Bewki nsghfoanct avesel:
n effiemgt idmmer si on in 0.5 M NacCl resul
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h

y
co
t e
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d corrosion resistance wit ti me. This ef
|l eaching of fluorine out f om the Zr CC, \
rmati omn/ DG ImMEo A and the formation of
um/ byddexi de; t he l atter al so reacts W
S

o C QD

0

i

t from the substrate, i . e. Mn and Si . The.
e closing of nanopores i n Zr CC and re
g/ substrate interface against-sdaksoguti on.
ependwerosni ccronti me and the type of al umin
e i . e. t he maj or all oyi el ement s i
at e conversion tsiemeel,i ntgh @lcft was mo s
e | oy 0

n

co~o—"To—wsoow—o0 -
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t

d for AAG®DNOO®I n(iMng al Il owed by /
icontaining ald oyAA5am4-c ¢ Miga i ng alloy). I n
ntrast, corrosion resistance f Zr CC applied
ntaining all oy), an-tomMtAZFOTBNng( Zal | oy) decr eac
ring i mmersion in 0.5 M NaCcCl sol wsteiadn.ngTher ef
rconi um conversion cviohe i ngscelplrent corrosio
otection of aluminium alloys containing man
otection for those containing silicon and mac
atings provide onl vy poor protection of al
ntaining copper and zinc.

OO0OTTNOOO™TTOYNODO O FTTFTTTONYIPTHO DO —
co~"TT"TTcoowT"TTCEC™"TOS T T TO30TTT 9SO ™SS



Xi

Povzetek

Predmet doktorske di sertacije j e proti kor ¢
aluminijevih zlitin. Al uminijeve zIlitine so p
materi al|i z odl il ni mi mehanski mi | astnost mi, \Y;
koroziji v kloridnih in drugih agresivnih okoljih, kar lahko izzove

lokalizirano al i enakomerno raztaplijanje po
Dovzetnost za korozijo izvira iz mikrostrukture aluminijevih

z|litin, K i vsebujejo i nter metal ne del ce, dod:

mehanskih lastnosti aluminija, vendar pa prisotnost teh delcev

spodbuja ko rozijo zaradi razlike v njihovi elektrokemijski

aktivnosti. Razumevanje korozijskega mehanizma aluminijevih zlitin

j e pomembno, s aj j e podl aga za dol o]l anj e me t
zaglite v agresivnih okoljih. Ta disertaciija |
pr eul ev &orgzije aluminijevih zlitin v kloridnem okolju z in

brez dodanega sul fida kot onesnagevalca ter
preul evanju cirkooverZigkibvi prevli ek kot sodobne zagl
metode za aluminijeve zlitine. Metodologija je bila vsestranska,

v k | j ul nekektrmkemijskimi meritvami v 0,5 M raztopini NaCl ter

mi krostrukturno in povrginsko anal i zeEDX$,zvedenc
TEM, XPS, ToF - SIMS, XRD in digitalne tehnike slikanja.

Aluminijeve zlitine, ki vsebujejo silicij, so primerne za uporabo

v morskemok ol j u. V takgnih pogojih so poleg kloric
druga onesnagevala | ahko agresivna in povzrol a
njih so sulfidni ioni, za katere je znano, da spodbujajo korozijo

zlitinna osnovibakrainjekla, njihov vpliv na aluminijeve zlitine

pa ni bil podrobno raziskan. V tej di sertaci
korozijsko vedenije zlitine AlSi7Mg0,3 (A356.0) v umetni morski vodi

z in brez dodanega natrijevega sulfida. Slednji je simuliral

sul fid, ki se Il ahko tvor.i kot produkt rtzpada
posl edica delovanja bakterij, K i reducirajo ¢
preulevala korozijsko vedenje zIlitine AI Si7Mgb0
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 izboljgala korozijsko odpornost podl age, K i
pol asnejge kinetike tvorbe oksida, kar je vod
kristalinilne i n kompaktne oksidne pl ast.i
koncentracijah so bile tvorjene povrginske pl a
vsebovale povelano vsebnost magnezijevega hidr
sprva zagotavljale veljo zaglito, vendar so0 pos
potopitve Gl ede na protikorozijsko zaglito st
ni gjih koncentracij sulfida v morlkdnpaknaodi obl i k
in zaglitna oksidna plast.
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Da bi presegl: tradicionalno protikorozijsko z
pretvornih kromatnih previek, morajo biti sodobne metode enako

ulinkovite, a okolju pri | akonverziski®i r kpmeviekej e v e

( CKP) so sodobna, okol ju prijazna razlilica kromatnih pr
previek. Prvi korak je bil raziskati lastnosti konverzijskih

previek v odvisnosti od parametrov  pretvorbene  kopeli:

koncentracije heksafl uor nekowéradgid i .nezZzd nr d alsial ne
aluminijeve zlitine so bili do l ol eni ustr ez nkonverzijeg o.jVi

tej disertaciji smo pr v IiCHP, npnesere haaluminijevel a

zlitine, izkazujejo samotesnjenje ali aktivno Kk
med potapljanjem v 0,5 M NacCl, kar se izkazuj e
protikorozijske odporno st S | asom. Ta ulinek je bil p
izl ol anju f | @KPrkarvadix pretvorbi ZrF 4 1Z2rO xFy v ZrO ;

A x%®lin tvorbi aluminijevega oksida / hidroksida; slednji reagira
tudi z glavnimi elementi iz podlage, kot sta Mn in Si. Te spremembe

povzrolijo zapiranje nanopor Vv prevleki in dodat
pl ast me d prevleko i n podl aga zoper raztapl
samotesnjenja je odvisen od | asa pretvorbe in =
zlitine, to je glavnih legirnih elementov v zlitini. Ob ustreznem

| asu pretvorbe |e bil uli nek samotesnjenja naj
AA3005 (zlitina, ki vsebuje Mn), nato AA356.0 (zlitina, ki vsebu je

Si) in AAS754 (zlitina, ki vsebuje Mg). Nasprotno pa se je med
potopitvio v 0,5 M raztopino NaCl korozijska odpornost CPP

sl abgala na zlitinah AA2024 (zlitina, ki vsebu
(zlitina, ki vsebuje Zn). Torej cirkonijeve konverzijske previeke
zagotavljajo odlilno protikorozijsko zaglito aluwu
ki vsebujejo mangan, in dobro zaglito za tiste, Kk
i n magnezij . Enake prevl eke zagotavljajo | e

aluminijevih zlitin, ki vsebujejo baker in cink.
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Chapter 1

Introduction

1.1 Aluminumand  Aluminium  Alloys

Aluminium alloys (AASs) 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. 9%i t is the thi rd mostabundant element in general and
most abundant metal in the earth crust. It is produced by
electrolysis from molten salt of aluminium oxide in cryolite ( Hall 1
H®r oul t p r,owvheres glliminium 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 O ,6 BA70 xx¥MBeries ). 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 :
In transportation , automotive and shi 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 0 s 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 referredto 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 most 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 alloyinthat
series (xXxx) and the last two digits (xxXX) defin e the exactall oy
composition. Example: alloy 7175-T6: the first digit (7175-T6)
means that  the principal alloying element is Zn, the second 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 | etter at the end ( 7175-T6) identifies the
property development treatment. The o nly ex ception from this rule
is the aluminium alloy series 1000 w here the lastt wodigit s show
the minimum aluminium percentage above 99%, for example , the last
two digits in AA10 50 meanthatth  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 XXXx) are arbitrary numbers given to recognise  aspe cific
alloyinthe series. The digit  followingthe decimal pointindicates
whether the alloy is a casting (.0) or an ingot (.1 or .2). The
capital letter prefix indicates a modification to a specific alloy.



Example:

alloy A356.0

the capital

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

(Axxx.0) indicates that it is a final shape casting and

ingot.

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

wrought and cast),

except for

ingot

based on the sequences of mechanical or thermal treatments,
both, used to produce various tempers.
follows the alloy designation and is separated from it by a hyphen

The

A (AXXX.X) indicates a
.0
not an

(Table 1.2). The system is
or

temper designation

Table 1.1: Wrought and cast aluminium alloy series with the
principal alloying element, strengthening method and application
areas [4].
Aluminium Prlnc[pal Strengthening C
alloying Application
alloy method
element
Wrought alloys
O 99.000 Electrical and chemical
1xXXX Al Cold - work industries
Aerospace industry
2XXX Cu Heat - treat Yield strengt
450 MPa
3XXX Mn Cold - work Architectural and
general applications
Cold - work / ,
4XXX Si some heat - ngdln_g rods and
razing sheet
treat
Boat hulls, gangplanks
BXXX Mg Cold - work and other marine
applications
Architectural
BXXX Si + Mg Heat - treat extrusions and
automotive industry
Aerospace industry
the strongest aluminium
TXXX Zn Heat - treat alloy, Yield st
550 MPa
BXXX Sn, L alrggl/or Heat - treat
9xxX Reserved for / /
future use
Cast alloys
IxXX.X 0 9 9AII 000 Cold - work Electrical rotors
Automotive and
aerospace industry
2XX.X Cu Heat - treat pumps, pistons,
cylinders, aircraft
generator housing
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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
eqguipment, marine

industry , etc.

5xx.x

Mg

Cold - work

Architectural,
automotive and marine
industries

B6XX.X

Unused

Heat - treat

/

TXX.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

OXX.X

Reserved for
future use

/

/




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

Symbol Meaning
As- fabricated T applies to products of a forming
F process in which no special control over thermal or
strain hardening conditions is employed.
Annealed 1 appli esto a product which has been heated
O to produce the lowest strength condition to improve

ductility and dimensional stability.

Strain - Hardened 1 applies to products which are

always followed by one or more digits.

strengthened through cold - working. The strain hardening

H may be followed by add itional thermal treatment, which
produces some reduction in strengt
followed by two or more digits.
Solution Heat - Treated 1 an unstable temper applicable

W only to alloys which age spontaneously at room
temperature after solution heat - treatment.
Thermally Treated I applies to a product which has been

T heat - treated, sometimes with supplementary strain -
hardening, to produce a stable tem

Subdivision of H tempers

H1 Strain - Hardened Only.

H2 Strain - Hardened and Patrtially 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 1 The first digit after the H indicates a basic operation
HxX T 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 i Stress - relieved by stretching.
TX52 i 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:

Al 3"'(aq) + 36 - Y ASJ y ESHE = - 166 V (1)
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 20 [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. Evenif the surface of
aluminium is damaged, Al>G; film  will self - repair in a few seconds
and continue to protect a luminium from corrosion. These aluminium
oxides consist ofan inner barrier layer 3 -5nm thick and an outer
porous layer 5 -7 nm thick (Figurel.2 ).
Pores in oxide layer
Porous oxide /
layer ™~
y ]:\10 nm
Barrier oxide . Aluminium
Aluminium )
layer oxide
Figure 1. 2: Natural aluminium oxide formed on the surface of
aluminium in the air.

During exposure to water , it wil slowly corrode and form an outer
porous aluminium oxide film , 20-200 nm thick, that will together
with  the inner barrier Al 0; protect aluminium from further
corrosion. Depending on environment al conditions , this outer -
amorphous aluminium oxide film could be bayerite / _ U AI(OH) 3,
gibbsite [ 0AI(OH)3, hydralgite !/ Al(OH) 3A3H,O or boehmite [/ 9o-
AIO(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 O pH O 85 (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:
Al Y Alag +3e- (2)

Reduction of hydrogen:
2H+(aq) + Ze - Y ZH(g) (3)



or the reduction of O 2!
Oxg +2H20+4e - Y 4 Qij, alkaline or neutral media 4)
20y +4H*aq +4e- Y 4 Qi , acidic media

In excess of OH - ions , the formation of amorphous aluminium oxide
will  occur :
Al 3*aq + 30H- Y Al ( 22H) (5)
1.2 7
0.8 /
w 04
I /
w 0 1 7 ;
. Corrosion ;ass:vataon Corrosion
> -0.4 %
> 0.8 ]
~
w -1.2
-1.6
-2.0 i
Immunity \
-2 0 2 4 6 8 10 12 14 16
pH
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. Thel 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 elementsin
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 intosmall 1 dispersoids ( 0.05 to 0, me@mum (a1l Om),
large (1 -1 0 O m)ntermetallic 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 givenin Table 1. 3.
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Dispersoids are small particles comprising alloying elements that

are highly insoluble in aluminium . Dispersoid sizestypically range
from O0.05 to 0.5 Om. Cr ,nargéi standard, diaperdoid M
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 eMn, Al 20CuwMng, 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 spotsinaluminium 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 conductive environment and cause S a
local breakdown of the passive film. By electrochemical activity ,
intermetallic particles could be divided into [9] :

1 Noble particles with high electrochemical activity, e.g.,

Al .Cu, Al ;CuFe. Ecor O Ecor of alloy, with the ability to
sustain  a large cathodic current.

1 Noble particles with low electrochemical activity, e.g.,
Al 3Zr.  Ecwor O Ecor of alloy, however, these particles do not

sustainl  arge cathodic currents and may be too small to impact
corrosion kinetics adversely . Pitting is not often associated
with these intermetallic S.

1 Active particles with high self - dissolution rates, e.g.,

MgZre. Ecor O Ecorr  Of alloy, with the ability to undergo anodic
dissolution at high rates.

9 Active particles with low self - dissolution rates ,  e.g.,
MgAI 3.
9 Active particles with a noble elemental component, e.g.,
Al ,CuMg. 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 localanode were aluminium is dissolved.
Some ofthe  intermetallic particles are an odic with respect to the
surrounding aluminium matrix and will dissolve. Some intermetallic
particles canchange the polarity of the micro - galvanic cell during
corrosion. T het ypical example of thiscaseis S - phase (Al ,CuMg) 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]



Table 1. 3: Corrosion potentials of most common intermetallic
particles and metals in 0.5 M NaCl solution [4, 16].

Intermetallic Phase | Ecor, (V VS
particle SCE)
Al sFe b - 0.566
Al ,Cu d -0.695
Al 3Zr b -0.801
Al sMn -0.913
Al 3Ti b -0.799
Al 33ZN4g TO -1.063
M@AI 3 b -1.162
MgZn M, -1.095
Mg Si b -1.536
Al ;Cu.Fe -0.654
Mg(AICu) -0.936
Al ,CuMg S -1.061
Al 20CWwMns -0.617
Al 12MFBSI -0.858
Al -0.849
Cu -0.220
Si ] -0.452
Mg -1.688
Mn -1.318
Cr -0.571
Zn -1.028
Al - 2%Cu ] -0.744
Al - 4%Cu ] -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
1.2.1 The mechanism of pitting corrosion

Pitting is the most

common type of corrosion
the aluminium

Allothertypes of corrosionin

and exfoliation
aluminium oxide

importance

Pitting occurs in 2 stages:
I Pitinitiation
propagation

1 Pit

corrosion

passive
mechanism of pitting corrosion
for understanding
alloys and their protection

layer

start with

[17, 22, 23]

in aluminium alloys

in aluminium alloys.
, suchasintergranular
pitting and breakdown of
Understanding
paramount

[2, 17
(Figure
the corrosion behaviour of aluminium
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6 OH- oy, 1.5H,
1.50, 3 H*
AIOH) Al(OH),
3 H,0
A0 - Al3* IMPs

N\ L2
3e% * ol

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 CI
ions in the electrolyte. The p it initiation is a dynamic process
that occurs a fewhundredsof millivolts below the pitting potential

in a processcalled fimet ast abl & i nngvidich 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 CI- ions
concentration and other environmental factors. Lower passive film
stability or higher concentration of ClI - 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 i Apitting pot,ethepi ahbno t
be re -passivated , and the pit propagation will start. During the
pit propagation , HER ORRwill 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 AlI® 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 jons , and AICI -4
cor rosion products will form at the pit bottom. The water will
hydrolyse AICI -4 deposits producing Al(OH) 3 andexcessH * ionsat the_
pit bottom. Excess of H * ions will cause local acidification (pHO3)
at the pitbottomand speed up Aldissolution causing the pitgrowth

i Aiseltgdropagati ng p Haogeseyolutionreactionwill also
occur inside the pitproducingH > microbubbles  that will pushAI(OH) 3
towards the pitopening , causing the growth of the AI(OH) ; 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 ClI - ions are involved, which explains why pitting slows
down or even stops.

Oxidation of aluminium alloy inside the pit cavity:
2Al s) Y 2 Eg +6e - (6)

Reduction reactions at the IMPs outside the pit cavity:
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150,49 +3H20+6e - Y 6 Qb (7)
or 6H *ag +6e-Y 3 Hy (8)
Deposition of aluminium hydroxide at the pit opening:

2Al 3@ + 60HY Al (£LH) (9)

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

2Al 3+aq) + 8Cl (aq Y 2 [ A Cdg +6H20 Y 2 Al3(sOMHSCI '(10)
(aq) + 6H *(ag) , pH O 3

Foryears,t here hasbeen debate overquestion fiwhat stepis crucial

in the pitting ? 0 :a passive film breakdown or a pitgrowth [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 , whilein a lessaggressive
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:Therate - controlling step in the pitting

Passive f ilm Metastable

Environment breakdown pitting Pit growth
Morg Slow (r_ate - Fast Fast
aggressive controlling)
Lesg Fast Fast Slow (r_ate -
aggressive controlling)
Table 1.5: The susceptibility of aluminium alloys to pitting
corrosion, intergranular corrosion and exfoliation corrosion [4].
Pitting . Exfoliation
susceptibility Intergranular corrosion corrosion
Low Ixxx No No
BXxXX Yes (if alloy contains No
O 3% Mg)
3XXX No No
BXXX Yes No
TXXX Yes Yes
High 2XXX Yes Yes

122 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 NacCl [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



12 Chapter 1 Introduction

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

CQ [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 sulphurcycle 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]

CI 0,

: H
A bi Aerobic 20
NAErodIC  piofilm SO,
Biofilm \ 4
Corrosion
products o
- S%
ALO; H E L A+|;:’ =58 <
Al(OH); \Alzjss VAR
e’
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 phidesandH >S 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 oll 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 niumand  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 useof corrosion
inhibitors. Corrosion inhibitors are used in a closed system like
re - boilers, condensers, evaporators, pipes , etc. Inopen systems
like aircraft, car bodies, architectural constructions , etc.
organic paints are applied. Full paint system is complex [52]
(Figure 1.6) andcon sist s of:

I conversion treatment or anodization or cladding

1 primer

i topcoat

- Mechanical Damage
%’ Weathering

: Fillers
ect He » Absorbers

5-20 um I Primer 1 ’\ /\.. ® ® Corrosion

R R R Conversion Coa Inhibitors

100-250 pm| [Le) TeloJe) 7

Pre-Emptive
Healing

Aluminium Alloy

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] .Insome 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 sthe 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 hasbeen used [55] . Whendamage inthe
coating happens , chromates will leach inside the damaged area and
inh i bit corros ion. Du e to ca rcin 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 -rich 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 Onto 20 Om On top of the primer , the topcoat is applied ,
which  should  provide excellent barrier protection to prevent
diffusion of water, oxygen and Cl - ijons towards the substrate .
Additionally, it should provide excellent resistance against UV
radiation and weathering. Thet opcoat is usually 100 -250 @iok
and is based on epoxy, urethane, ester or alkyds polymers. This
complex paint system should work as agoodteam 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 maynotnecessarily 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 (U O 10 minutes )
multi - metal process

provide active corrosion protection and improve adhesion of
topcoats

S E E

Schematic presentation of a t ypical conversion coating process is
present ed in Figure 1.7.

Chemical Pre-treatment

e e e e e m - - -
/  Alkaline Acid Desmutting Conversioz\
I' Cleaning Cleaning Coating | Drying
Mechanical — :

Pre-treatmént / / / / )I/

- - N\ N\ N\ N\ .

| Water Water Water  Water Water:

1 . . . . .
v Rinse Rinse Rinse Rinse Rinse /
N e e e e e e e e e e e e e e e e e = e = -
Figure 1. 7: Scheme of pre - treatment of a metal surface.

Before the application of conversion coating , the metal substrate
has tobepre - treated. Surface pre - treatments consist of mechanical
and chemical pre - treatmen ts [64 - 68] . Intheindustry , usually , only
chemicalpre - treatmentisapplied. Chemicalpre - treatmenttypically
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=8.5-10are employedto degrease and clean

the surface of aluminium alloys , while strong alkaline cleaners

will etch it 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,
HSQ, HNO s, HC | 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 ofHFandH >SQ.

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 banof 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 C 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 equivalentreplacement
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(lll) 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 itworks for all metals T Amul-tmet al i
conversion coating [53, 79 -81] . Thanks to that , the wholecar 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] . In2010 , 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 | ast30y ears, therew 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 3 generation of ZrCC in the
industry and scientific community. The 3™ 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 ¢ 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 YC, concentration of
0.1MH 2ZrFes,pH=45 -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] . Theo 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 ¢ 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:

1 activation of the substrates  urface

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

Al 203y +3F @) +3H* @) Y AIF3 oy +1.5H 2Qag (11)

Qg *+2H20+4e - Y 4 Q4 (12)

2H+(aq) + 2e B Y d'd) (13)

[ZI‘F 6] 2- (aqg) + 4OH_(aq) Y Z EleO (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] .Inessence,
this step correspond s to a negative shift of OCP (region |, Figure
1. 8). After activation , HER and ORR occur at IMP s (reaction 12-
13), causing highlocal alkalization (pH=8 5) [96] .In the alkaline
environment , ZrF¢ ions are precipitated into ZrO » AxHO at IMPs
(reaction 14); this isreflectedin a positive shift of OCP (region
I, 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 lll, Figure 1. 8)
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anij coating will lose its  barrier protection properties [91, 97,
98] .

Formation  of  zirconium  conversion  coatings is the
electrochemical process and is caused by the 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 these
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 .Thiswillleadtocrackingdu e tointernal
stress in the coating and evolution of H. microbubbles. Inordert 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 speedof the conversioncoating process. Surface pre - treatments
are very important for ZrCC formation , and final performance , e.0.
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 ZrO,AxH:O, and the innerlayer s contain
a higher concentration of aluminium oxy fluoride and aluminium oxide

(Figure 1.9) [91,92,104]

FIB TEM

:]—Outer layer

]—Middle layer
}-Bottom layer

Figure 1.9: SEMand TEM image s of the cross - section of ZrCC

applied on AA 3005.
Average thickn  essof ZrCC onaluminium 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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141 Testing performance of conversion  coatings
The corrosion resistance of conversion coating should be evaluated

by performing the following electrochemical measurements in 0.5 M
NacCl:
1 Potentiodynamic polarization measurements after a 1-handat
least 24 - hour immersion
9 Electrochemical impedance spectroscopy measurements (from 10°
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 ses 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:

1 Neut ral Salt Spray Test
1 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 ( b Zhw:d R) [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( R:C) to fit EIS data measured from

102 Hz to 10 4 Hz. R is defined as apparent integrated pitting
resistance. Impedance module at low frequencies is approximately

equal to integrated pitting resistance ( Rc  8b Zhwu: & Ry, 1mn). In
this model parameter , Reo 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 R, imHz Within this range, it

has the pr  obability of >80% to pass the 168 h mark in NSS test

(Table 1.6) [52] .



19

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(RcC) used tofit EIS data) [52] .
Allo Tﬁ(r);gh%EjF 95% Prediction interval at the
y (QACn?) Reo Threshold (  gAcn?)
AA 2024 - T3 2.4 A10° 1.4 A10® O Reo O 4.1 A10°
AA 356 4.6 A10° 1.5 A10® O Rep O 1.5 A107
AA 3003 2.3 A107 1.1 A107 O Rs O 4.8 A107
AA 6061 - T6 3.4 A10°8 2.0 A10® O Reo O 6.7 A10°
AA 7075 - T6 1.5 A107 3.6 A10° O Reo O 3.9 A107
C
|
|
I H —
Rg
| S |
Re
Equivalent electric circuit model used to fit R, values down to
the frequency of 1 mHz.

1.5 Purpose of the Dissertation

The primary purpose ofthis 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 NacCl. Another purpose was to study the influence of

Na.S 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 »S on the corrosion behaviour of
AlSi7MgO0.3 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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1 Specific conce ntrations of sodium sulphide have a beneficial

effect on corrosion behaviour of AlISi7Mg0.3 aluminium alloy
in chloride - containing environments such as a solution of
sodium chloride or artificial seawater.

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

T 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 AISi7Mg0.3 in artificial seawater.

Published in o G. Gekul arac and 1. Mil ogev, ACorrosi on
alloy AISi7Mg0. 3 in artificial seawater with added sodium
sul phi dG@rmosio n Science ,vol. 144, pp.54 - 73,2018

Influence of sodium sul phide on the  corrosion behaviour of
aluminium alloy AlISi7Mg0.3 in artificial seawater was
systematically studied. The novelty of this paper is that the

addition of sodium sul phide has abeneficial effectonthe 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* jons into a protective oxide layer

and provided additional protection for aluminium alloy AISi7Mg0.3.

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

Publ i shed i n: G. Gekul arac and . Mi |l ogev, f
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 ,Vvol. 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 NacCl

solution. We named this effect Asetsfeal i ngo

The formation and electrochemical behaviour of zirconium conversion
coating applied to AA AISi7Mg0.3.

Published in: G. GekularacJ.JMllKogav anProl onge
protectlon of AISi7Mg0.3 aluminium alloy in chloride solution by

irconium conver si onCormgioa Sdiencg s 0,.vol. 169, pp.
108615 -1- 18, 2020

The formation of zirconium conversion coating applied to aluminium,

alloy AISi7MgO0. 3, was systematically studied. A novelty in this

work is that the processing time depends on the concentration of

H.ZrF s in conversion bath. Optimally prepared zirconium conversion

coating applied to aluminium alloy AISi7Mg0.3 showed self - sealing
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behaviour  and active corrosion protection when exposed to 05 M
NaCl solution. Another novelty is the detection of Zn -ri ch spots
in aluminium alloy AISi7Mg0.3 for the first time. Pitting of ZrCC

was initiated at Zn -rich 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) fromwell - 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 - AI99.5 UNS- A91050 with nominal

composition (Al 99.50 wt.%, Fe 0 10.4 wt.%, Si 0 10.25 wt.%, Zn
07 0.07 wt.%, Mn 0 1 0.05wt.%, Ti O 10.05wt.%, Cu 0 7 0.05 wt.%, Mg
07 0.05 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 3cm

(2) 2024 - T3/ENAW -2024/ENAW - AlCu4Mgl/ UNS A92024 withanominal
composition (Cu 4.35 wt. %, Mg 1.33 wt.%, Fe 0.25 wt. %, Mn
0.53 wt.%,Zn0.1 wt . %, other 0.07 wt. %, Al remaining) produced
by Kaiser Aluminum in the form of 1 mm thick sheet.

(3) 3005- 0/ EN AW 3005/ EN AW - AIMn1Mg0.5/ UNS A93005 with nominal
composition (Mn 1 T15wt .%,Mg0.2 706wt .%, FeO 70.7wt .%,Si
0i0.6wt .%,Cu 0i03,Zn0 7025wt .%,Cr0 701wt .%, TiO 0.1
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 3cm.
(4) A356.0 -T6 / EN AC 3 42100/ EN AC AISi7Mg0.3  / UNS - A13560 with
nominal composition (Si 6.5 T7.5wt.%, Fe0.15wt . %, Cu0.03 wt.%,
Mn 0.10 wt.%, Mg 0.30 10.45 wt.%, Zn 0.07 wt.%, Ti 0.18 wt.%)
produced by TALUM d. d. (Kidrilevo, Sl oveni a
substrate. This is the alloy used for castings and corresponds
to the following standards: International 1SO 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

25cm 3 4cm 3 0.3cm.

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 AC46000/ENAC AISi9Cu3 /UNS - A03800 with nominal
composition (Si 8.0 T11.0wt.%, Cu2.0 14.0wt.%, Fe 0.6 T1.1lwt . %,
Znl2wt .%,MnO .55 wt.%, Mg 0.15 - 0.55 wt.%, Cr 0.15 wt.%, Ni
0.55 wt.%, Pb 0.35 wt .%, Sn 0.25wt . %, Ti 0.20 wt . %) produced

by TALUM d. d. (Kidrilevo, Sl oveni a) was used
Samples used in experiments were cut in a rectangular shape with

dimensions 2.5 cm 8 4 cm3 0.3cm.

(6) 5754-H18 / EN AW -5754 /| EN AW - AlIMg3 / UNS - A95754 with nominal
composition (Mg 2.6 13.6wt%, Mn0O 1T0.5wt%, Si0 10.4 wt.%, Fe
07 0.4 wt.%, Cr O 10.3wt.%, Zn 0 10.2wt%, TiO 710.15wt.%, CuO T
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 3cm

(7) 7075-T6 / EN AW -7075 / EN AW - AlZn5,5MgCu / UNS - A97075 with a
nominal composition (Zn 5.81 wt. %, Mg 255 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 3cm.

Thr%ughout the doctoral dissertation, the following methods were

used:

1 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

mcroscopy (FIB), X -ray photoelectron spectroscopy (XPS),

time - of - flight secondary i on mass spectroscopy (ToF - SIMS),
digital imaging.

1 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:

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

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

1 Chapter 4 describes the formation and self - sealing ability of
zirconium conversion coating applied to alu minium alloy
AlISi7Mg0.3 ( A356.0 ) in 0.5 M NaCl.

1 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

7075in 0.5 M NaC
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ARTICLE INFO ABSTRACT

Keywords: The corrosion behaviour of aluminium alloy AlSi7Mg0.3 in artificial sea water with added 0, 20, 50 and 100 ppm
A. Aluminium alloy of Na,S was investigated over the course of immersion of 42 days. Samples were taken at various times and their
B. EIS electrochemical and microstructural properties characterized. The corrosion current densities in all immersion
B. SEM solutions was very low, in the range of 10~7-10"% A cm ™2, The structure, composition and protectiveness of the
B. XRD . . : - :

) so formed oxide layers were dependent on the Na,S concentration and immersion time. The presence of low
C. Sea water corrosion . . . . . . .
C. Sulphide sulphide concentration (< 50 ppm) is beneficial for the corrosion protection of AlSi7Mg0.3 alloy.

1. Introduction

Aluminium and aluminium alloys (AAs) have many applications due
to their excellent mechanical, electrical and thermal properties coupled
with lightness and high corrosion resistance in the pH range 4-9 [1].
Aluminium and AAs are protected by a spontaneously formed thin
aluminium-oxide film that protects the underlying metal against cor-
rosion [2]. However, in chloride containing environments, aluminium
and AAs are susceptible to corrosion and pitting due to the presence of
the intermetallic particles (IMPs) added to improve aluminium’s me-
chanical properties [3]. The mechanical properties of AAs nowadays
reach, or even exceed, those of carbon steels and of the copper-nickel
and aluminium bronze alloys that have been traditionally used in sea
water (SW) applications [4]. Consequently, interest in the application
of AAs in SW and coastal environments has increased continuously from
the mid 1970s, especially in recent years when AAs are increasingly
used in the transportation industry in general, including also marine
applications. This has promoted numerous studies devoted to the me-
chanism of corrosion of AAs in sea water [5-21].

AA series 5000 and 6000 showed the best corrosion resistance in SW
[17] which, together with their good mechanical properties, made them
suitable for marine and off-shore constructions, crafting of process
equipment in desalination plants, ship-building, off-shore oil and gas
industries, coastal power plants, etc. Bonewitz [5,6] investigated the
corrosion of AAs 1100, 3003, 3004, 5052 and 6063 in artificial sea
water (ASW) over the range 25-150 °C to check their suitability for use
in desalination plants. The alloys exhibited corrosion rates of less than 1

* Corresponding author.
E-mail address: ingrid.milosev@ijs.si (I. MiloSev).

https://doi.org/10.1016/j.corsci.2018.08.038

mpy. AA3003 and AA3004 are suitable for use in ASW up to 150°C,
while AA5052 and AA6063 can be safely used up to 125 °C.
Considering the composition, alloying aluminium with magnesium
improves the repassivation of pits more than manganese. Magnesium
and manganese did not reduce general corrosion rate at 25°C but, at
higher temperatures, they shifted the potential to more active values
and improved the resistance of alloys to corrosion and pitting.
Experimental pH potential diagrams constructed for AA5086 in 3%
NaCl showed that the passivity area lies between —863 and —1175 mV
vs. saturated calomel electrode in the pH range 1-9 and only exists
within the pH zone where the oxide is slightly soluble [7]. Anodic
pitting exists only for the pH values where the oxide is insoluble and
produces crystallographic pits. Above this region, uniform anodic at-
tack occurs. Cathodic pitting occurs below —1175mV and results in
semi-spherical pits. These results are interpreted on the basis of local
pH evolution during polarization, i.e., acidification generated by anodic
polarization, and alkalization produced by cathodic polarization.
Parameters such as temperature, pH, salinity, pollution, sea depth,
concentration of organic compounds and nutrients affect carbon di-
oxide system equilibria which, in natural sea water, were shown to have
a significant influence on the corrosion behaviour of aluminium and
AA5052 [9] and AAS053 [8]. The most corrosive combination was low
pH, low temperature and high concentrations of dissclved oxygen.
Another parameter worth investigating is the presence of sulphur-based
species. There have been numerous studies on corrosion induced by
sulphides on different metals used in SW and coastal applications.
Sulphides are highly corrosive towards most metals: carbon steel
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[22-25], mild steel [26], stainless steel [27-29], copper-nickel alloys
(Cu-Ni) [25,30-39], aluminium bronze [40,41], etc. Sulphides are one
of the most common pollutants in natural sea water (NSW) and may
reach levels of 50 ppm or more in severely polluted coastal or harbour
water [42]. In unpolluted natural sea water sulphide concentration of
2-7 ppm was reported [43]. Its levels can rise during the decaying of
biological compounds, during the natural sulphur cycle by the action of
sulphate reducing bacteria (SRB) and from anthropological sources of
pollution [42-45]. Increased concentrations of sulphides are detected in
coastal regions, in harbours, near off-shore oil platforms, ship-yards,
coastal power plants and geothermal sources, while lower concentra-
tions are expected in the open sea. A 35 ppm sulphide concentration
was reported as an average concentration of biogenic sulphide pro-
duced by the D. desulfuricans [46] Marcus published a comprehensive
review of the mechanism of corrosion induced by sulphur and its
compounds [47]. Sulphur species originating from the environment, i.e.
SOy¢g) HaS(g) or H3S(aqy, HS ™, HaS03 ™, $,0327, etc., arrive to the metal
surface by diffusion in aqueous solution and then the detrimental effect
on the passivity of metals proceeds by several mechanisms: (i) sulphur
can be adsorbed on metal surfaces, weakening the metal-metal bond
and acting catalytically on the dissolution of metal, (ii) adsorbed sul-
phur blocks or retards the passivation by blocking the sites of adsorp-
tion of hydroxyl ions that are precursors for passive oxide formation,
and (iii) nucleation of the sulphide, which may form when monolayer
formation is exceeded. The latter may be responsible for local break-
down of the film and for pitting. Sulphur-assisted corrosion mechanisms
are valid for Fe, Ni, Cr, Cu and their alloys [47].

In general it is believed that AA are resistive towards corrosion in-
duced by H,S and sulphides, but there are only few studies in the open
literature on this topic [18-20,48]. H,S and sulphides can actually have
a beneficial effect and increase the corrosion resistance of aluminium
alloys. Sinyavskii and Kalinin wrote a comprehensive review of studies
carried out in the Russian academic community about marine corrosion
and protection of aluminium alloys, including the influence of H,S on
corrosion in natural sea water, marine atmosphere, natural gas and the
oil industry [18]. H,S has a beneficial effect on all types of corrosion of
AAs in various environments (dry and moist environments, mineralized
water, oil mixtures) due to passivation, improvement of barrier prop-
erties of oxide film, and increasing resistance to pitting by shifting
pitting and corrosion potential towards more positive values. Increased
partial pressure of H,S could promote removal of cathodic centres and
shift a corrosion mechanism from localised towards more uniform
corrosion. Antipodal corrosion behaviour of carbon steel and AAs in
HsS-bearing media was correlated with different semiconducting
properties of Fe-oxide and Al-oxide layer, respectively [48]. Interaction
of H,S as electron donor with surface oxide causes a corrosion of n-type
Fe-oxide and inhibition of p-type Al-oxide.

On the other hand, AAs are assigned an increased susceptibility to
exfoliation corrosion and pitting when tested at a great depth in the
Black Sea, due to increased concentrations of H,S. At great depths an-
oxic conditions are established due to density gradient separation lim-
iting the supply of dissolved oxygen to the deep water and the bacterial
sulphate reduction then leads to formation of H,S. It was proposed that
H,S decreased biofouling and thus reduced the coverage of AA with an
aerobic biofilm which otherwise inhibits exfoliation corrosion.

Copper, in contact with aluminium alloys, acts adversely on corro-
sion resistance [20]. The greatest corrosion in the form of pitting,
especially at 80 °C, was observed in the presence of Cu®>* and the ab-
sence of HyS. HS has a role as a corrosion inhibitor by acting as a
scavenger for Cu®* ions and leading to deposition of insoluble Cus,
This process prevents the formation of copper deposits which otherwise
serve as sites for cathodic reduction of oxyen and leads to increased
corrosion rate.

Despite these few studies there is still a lack of information about
the effect of sulphides on the mechanism of corrosion of aluminium
alloys in sea water and coastal applications. To tackle this issue in more
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Fig. 1. SEM image of bare aluminium alloy AlSi7Mg0.3. Yellow marks denote
the sites where EDS analysis was performed (Table 1): a-aluminium matrix
(squares), silicon crystals (arrows) and intermetallic particles (stars). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article).

Table 1

Chemical composition of bare AlSi7Mg0.3 obtained by EDS analysis. Sites of
analysis are denoted in SEM image (Fig. 1). Values of AE from literature data
are given together with references.

Phases/Intermetallic Elements/at. % AE/mV
particles
Al Si Mg Fe Mn O
a-Al solid solution 98 2 / /7 / 0[67]
Crystallites of Si 3 97 / 7/ / /  260-280 [67]
Al(FeMn)Si 78.2 106 / 79 3 /  300-600
(2 um—6 pum) [89]
100-300
(0.5-2 pm)
n-AlFeSiMg ("chinese 713 112 1.7 58 / / 120-140 [67]
script™)
Al(FeMn)SiMg ; 583 251 11.8 6.2 0.8 /
(Mg > Mn)
Al(FeMn)SiMg ; 648 188 42 87 35 /
(Mn ~Mg)

detail, we have investigated the behaviour of AA AlSi7Mg0.3 in artifi-
cial sea water, with and without the addition of inorganic sulphide,
Na,S, during immersion for 42 days. Samples immersed for different
periods of time were analysed in terms of their corrosion properties
using electrochemical potentiodynamic measurements and electro-
chemical impedance spectroscopy (EIS) and, in terms of structure,
composition and morphology of corrosion products using scanning
electron microscopy with chemical analysis (SEM/EDS) and X-ray dif-
fraction (XRD) techniques. Cross sections of the formed layers were
prepared and analysed using focused ion beam microscopy (FIB)
equipped with EDS. The final result of the study is the postulation of a
corrosion mechanism for AlSi7Mg0.3 in artificial sea water as a func-
tion of sulphide concentration and immersion time.

2. Experimental procedure
2.1. Materials, sample preparation and chemicals

Aluminium alloy ENAC 42100 / ENAC AlSi7Mg0.3 (Si 6.5-7.5 wt%,
Fe 0.15wt%, Cu 0.03wt%, Mn 0.10wt%, Mg 0.30-0.45wt%, Zn
0.07 wt%, Ti 0.18 wt%) produced by TALUM. d.d. (Kidric¢evo, Slovenia)
was used as substrate. This is the alloy used for castings and corre-
sponds to the following standards: International ISO—AISi7Mg0.3,
Germany—3.2371, UNS—A13560, A356.0 and USA—A356.0.

Samples used in experiments were cut in a rectangular shape with
dimensions 2.5cm X 4cm X 0.3cm. Prior to exposure to immersion



26

G. Sekularac, I. Milosev

Chapter 2ZCorrosion of aluminium alloy AlSi7Mg0. &itificial seawater with added
sodium sulphide

Corrosion Science 144 (2018) 54-73

Fig. 2. SEM images of AlSi7Mg0.3 samples immersed in artificial sea water for periods of: a) 14 days, b) 28 days, and c) 42 days. Pits are denoted by yellow arrows.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

solution, samples was ground with SiC papers ranging from 320- to
4000-grit using a grinding/polishing machine LaboPol-20 (Struers,
Ballerup, Denmark). Immediately after grinding, samples were ultra-
sonicated in absolute ethanol for 5min using an ultrasonic bath
Elmasonic P (Elma, Germany) at 37 KHz and 100% power. After
cleaning, samples were dried with N, and conserved in desiccator until
exposed to immersion solution.

The following chemicals were used for experiments: NaCl (for
analysis, Merck), absolute ethanol (for analysis, Merck), KCI
(99.5-100.5%, p.a., Sigma-Aldrich), H3;BO3 (99.8%, p.a., Sigma
Aldrich), SrCl, x 6H,0 (99 + %, ACS reagent, Acros Organics), MgSO4
X 7H,0 (=98%, ACS reagent, Sigma Aldrich), MgClz X 6H,0 (99%,
for analysis, Acros Organics), NaHCO3; (99.5-100.5%, BioXtra, Sigma
Aldrich), CaCl, X 6H,0 (for analysis, Acros Organics), KBr (99 + %, for
analysis, Acros Organics), Na,S X 9 H,0, NaOH. Milli-Q Direct water
with resistivity of 18.2 MQ-cm at 25 °C (Millipore, Billerica, MA) was
used for rinsing and for solution preparation.

2.2. Immersion solution

The immersion solution was artificial sea water Burkhoder’s for-
mulation B (ASW) [49] prepared from 18.2 MQ.-cm water, composed
from: 6.805 g/L MgSO, X 7H,0; 5.01 g/L MgClz X 6H,0; 0.192g/L
NaHCOs3; 0.664 g/L KCl; 26.702 g/L NaCl; 1.469 g/L CaCl, x 6H,0;
0.096 g/L KBr; 0.026 g/L H3BOs3; 0.040 g/L SrCl, X 6H,0 (pH=7.50).
pH was adjusted to 7.5 using 0.5M NaOH solution.

The effect of the addition of Na,S was studied for concentrations of
20, 50 and 100 ppm. pH of immersion solution was left to adjust
naturally by hydrolysis of Na,S. pH was measured throughout the
course of immersion using pH meter 827 pH-lab equipped with
Unitrode/Pt1000 (Metrohm AG, Herisau, Switzerland). Samples were
placed in a glass vessel with a volume of immersion solution of 650 mL.
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2.3. Experimental setup

In order to test influence of Na,S on corrosion of AlSi7Mg0.3 the
samples were exposed to immersion test solution for up to 42 days, in
accordance with the standard NACE TM0169/G31 - 12a [50]. Samples
were exposed to each solution in duplicate, i.e. each type of condition
was repeated by two separate samples in separate vials. Samples in the
same concentration were removed one-by-one on the day listed, and not
put back to solution. During the course of the test, samples were taken
out at different immersion times, i.e. at 1-3, 5, 7, 10, 14, 21, 28 and 42
days. Samples were then rinsed with deionized water and placed into a
desiccator for further measurements. Digital images of the samples
during the course of immersion were made using the digital camera
with a resolution of 13 MP.

Solutions were annotated according to the concentration of Na,S (S)
added and the immersion period, e.g. S-0 ppm-1d and S-100 ppm-42d
for samples exposed to ASW for 1 day, and for ASW containing 100 ppm
Na,S for 42 days.

2.4. Electrochemical characterization

Electrochemical experiments were carried out with an Autolab
PGSTAT 12 (Metrohm Autolab, Utrecht, Netherlands) potentiostat/
galvanostat controlled by Nova 2.1 software. Electrochemical mea-
surements were made for two different samples. Representative mea-
surements are presented in plots and mean values in tables.
Measurements were conducted in a standard three electrode flat cell
with a volume of 300 mL. The sample was the working electrode, pla-
tinum mesh was the counter electrode, and a saturated Ag/AgClay
electrode was the reference electrode (Esyr = 0.198 V). All potentials
in the text refer to the Ag/AgClsay scale. The electrolyte was freshly
prepared ASW (pH = 7.5). Electrochemical measurements were
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Fig. 3. SEM images of AlSi7Mg0.3 samples immersed in artificial sea water with added 20 ppm Na,S for periods of: a) 14 days, b) 28 days, and c) 42 days. Pits are
denoted by yellow arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 4. SEM images of AlSi7Mg0.3 samples immersed for in artificial sea water with added 50 ppm Na,S for periods of: a) 14 days, b) 28 days, and c) 42 days.
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Fig. 5. SEM images of AlSi7Mg0.3 samples immersed in artificial sea water with added 100 ppm Na,S for periods of: a) 14 days, b) 28 days, and c) 42 days.

conducted in the following sequence from least destructive to more
destructive: (i) measurement of the open circuit potential (OCP) as a
function of time during 1 h, (ii) recording of electrochemical impedance
spectra at the OCP, (iii) recording of linear polarization curves, and (iv)
recording of potentiodynamic polarization curves. The system was al-
lowed to rest for 5min before switching to the next electrochemical
technique. The sample was not abraded between these successive
measurements.

Linear polarization curves (LPR) were run in the range from —10 to
10mV vs. OCP using a 0.1 mV/s scan rate. Polarization resistance
(Rp,Lpr) Was determined as the slope of the fitted potential (E) vs.
current density (j) curve using Nova 2.1 software.

Potentiodynamic polarization curves measurements were made in
the potential region starting from —250 mV vs. OCP in anodic direction
until current reached 1 mA. The scan rate was 1 mV/s.

Corrosion current density and corrosion potentials were determined
using Nova 2.1 software based on the Tafel extrapolation method [51].
Polarization resistance was calculated also from parameters obtained
with the Tafel extrapolation (Rp,taf1) method using Nova 2.1 software
based on Eq. (1) in accordance with standard ASTM G59-97 [52].

B
Rpmafel = ——
'corr

@

where B is Stern-Geary constant.

Electrochemical impedance spectroscopy (EIS) spectra were re-
corded from 100 kHz to 10 mHz frequency using an AC potential am-
plitude of 10 mV. Spectra were recorded at the OCP. The fitting of EIS
data was performed in ZView® software (Scribner Associates Inc.,
Southern Pine, NC, USA) with data-modulus type of data weighting in
maximum 1000 iterations. The chi-squared were of the orders of 102,
With these fitting criteria, the relative error of the equivalent circuit
model was up to 10%.

Equivalent electric circuits (EECs) used for fitting of EIS spectra of
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samples immersed in ASW with addition of Na,S during period of 42
days are presented in Fig. 14. The EECs correspond to those usually
applied in the literature [53-57] and were used to describe the prop-
erties of oxide layers and charge transfer parameters of the corrosion
processes at the layer/substrate interface. The electrical properties of a
oxide layer are represented by the constant phase element CPE,y;4e and
Roxide in parallel, i.e. by constant phase element and resistor, respec-
tively, describing its porous nature (pore capacitance and resistance).
These precede the resistor R, related to charge transfer resistance in
parallel to the capacitor CPE4 due to double layer (dl) charging/dis-
charging at the substrate surface. In some cases, the fitting of the charge
transfer response required finite Warburg element (Wg,) [58] since
charge transfer rate is limited by the diffusion of reacting species
through a layer of finite thickness.

Constant phase element (CPE) was used due to deviations from ideal
dielectric behaviour related to surface in homogeneities [59,60]. The
impedance of CPE is defined as:
Zep = [Q (M) 2
where Q is the frequency-independent parameter of the CPE, j ima-
ginary number (j2 = —1), w the angular frequency (» = 27f) and n is
the CPE exponent equal to 1 for pure capacitor and to 0 for pure re-
sistor.

The sum of Ry, Roxides Roxizer @and Ry is equal to the polarization
resistance (Rp) [61-63]. Larger R, values indicate higher corrosion re-
sistance and, therefore, a lower corrosion rate. Wg, can be calculated
from Eq. (3):

Wjin = Rptanh[(o T)'21/(o T /2 3)

The fitting yields values of R, and Tp,=L?/D, where L is diffusion
thickness and D is effective diffusion coefficient of diffusing species. We
used Egs. (4) and (5) to calculate capacitance (C) and Warburg
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