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Abstract

This thesis focuses on the development and op
(Zr CCs) ron ledlIRISSt)eeki 6€ (Zn), and aluminium
thro

ugh a multidi mensional approach.
The wutilization of stestpiosntsicmetehtdol 9 gy sp&61
enabled the assessment of the indierduah #&ahd
zirconium con¥esE®incme nbhatah i (okh, pH,omnao rcromsviean

resistance responses of Zr CCs obt abSpedi bycal
CRS and Zn favoured mid to higheercopnpoeatsabd

times (4303480 s), and mid to higher pH | e\
significantly | ower concentrati ohs a(nld5 Ga phping)h,e
pH (4.6). This is attributed tovehei m ed @a tei
deposition on intermetallic particles, accomg
El ectrochemical |l mpedance Spectroscopy were
optimising Zr CCs on all subsvemasabk,ZsGgGgesgal |
technique.

Updating equilibrium pr@H oam dn azrcyeF da gaue cawnss S

mplied thel Qfasamerf uAirdament al building bl oc
Zr CCs. This also suggest ed-gtedatnatthuer eZra@@ prod:
el ectrochemtoeFalli gohnte .SeTciomedary | on Mass Spectr
t he presence todt rpaonteyrmecr i szterduct ures in Zr CCs
conditions previously shown to h=4v)i0t al for a
The pr oppesledc seomhi stry of Zr CCs waand uwin@er

ol |l oi dal preprettretadnegniSfiiocantly i mproved

educed the cracking of ,ZrwG<s hors hoAe7d5 4a, | u miiit
oating morphology and corrosion protection,
O enhance corrosion resistance.

Addi onal |l vy, the electtrantdei@hcMEObehébaer owt

di fferent concentrations was examinegZrtFo asse

0 = 0

bath. It wasYirred/wecad e ds it ghmitf iFcant compl ex form
narrowing the passive r’enpiinn yofl eadl utnmoi npiiutnt,i nagh
hi gher concentrations. I n contrast, equil i b
corrosion of zinc was mai nly influenced by
compl exation with the buffering agent at high
This dissertation | ays the groundwork for

met hodol ogi es applied and extend the findings
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Povzetek

Di sertacija obravnava razvoj in optzZzmECe€ma&i o
podl agah iz hl ad@RS)v,algiamlkega( Zekl ian al umini j
uporabododi menzi onalUpegabplti ssmpa statisticna o
odzivne povrsine (RSM), za oceno posamezni h i
cirkonijevi konvekaeng¢eshkhi Zasdppddli Hnk Ctasasadkonyve
korekojupornosftos2m€@¢ sta CRS in Zn ugodno r e
koncentracije (825%1226 ppm), daljse Case kon
viednostimeédt emdké) se AAS57bdsbokbpe pnpdzjeakaa
(80 ppm), krajse Case potopitve ( 23i0z ksaejkau nidz)
ve ®jleekt rekaam¢lsikk osti povrsine AA5754, ki pel

pl ast. cirkonijeve konverzijske ptevimekal Iniac
particles, I MPs), kar vodi do razpok.
Model i, RB&8Miihz pleiilzj sl ekt rokemijske i mpegdsamcdsnee s
izkazali za najucinkovitejse pri karakteri zac
S osodjpédnrjeevmadthe poor azdel i tveni h diagramov za
ZfFsmoakazala je tetdameovidr 4¢grOddni kTe prdwi f
tako potrjuje, da je @mrdoceoamartverbeameZrzZg© I tj u ckil
anabsekundarne i onske masne spektr omeSIrMS)e z a
smoadal jeepposptdhnbst tetramerni hustargyppomdah v Z
pogoji mizkal usd miezno obli kovanje prevlieke in pr
(p H,04.

Predlosgpglenk e miZjr C8nododat noiilzprepm@&r abo predobd
kol oi dnim gir@redobdel @viastsv e i@l iaz beonlajk o me r n o s
zmanj sala razpoke Zr CC na; AWRAS7H4, i mal r ambkj ki

mor fol ogijo prevlieke in zascCito pred korozijo
SiYZr za izboljsanje odpornosti proti korozi|j
Pol egsmemgaud ekt r okemij sk otionb'nélspaunfj gdlC ®NoHh o v  F
pri razli¢nih koncentracijah, da bi Hce€nili n

Rezul tati ’kiazdeujcd,r ad ap oFfme mbna IICKREBpli ek AASiI75d , k
pasivno obmoc¢je al ypmiendivjsae, m nveoddtie rd ok ¢ aGrli ¢ ast
pri visjih koncentracijah. Nasprotno so rav
cinka predvsem odvisna doodd ag ke p rkeo sip & 1 s @ c ¢
al kal nemi absmad¢ jpogeni dni mi i oni

Na ta magait lase neezlag pri hodnje raziskave, ki
uporabljenih metodologij in razs.iritev ugotov

m< = D
_— )
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Chapter 1

Int roduction

1.1 Corrosion

The extent of the influence of corrosion on I
patinated statues to rare, but more dramati c,
put, corrosion is the gradual detckud or@ati bs
interaction with the surrounding environment
corrosion i s edroixvemtheynttitad di fference in the
t he met al, sasr fidaceés foremost an el ecitorncssc lwe mihc &
more positive potential are regarded as cat ho
[ 1] Active corrosion is characterisee oblyubareod:i
product. Dissolvespmetsolflupppesidtcanof oomi de and
a state known as passivity. However, passive

protection, with properties[ Iglrfesata yr edfeipneendd emet
at only one thingrmoaoymamiuacal Ity sthabitd st ate

opportunity, t he main corrosion products ar
particularly oxides and hydroxi dess,| pdaendde si 0 n ¢
carboph2a} Wist h tamedmai meaction being metal oxi
mai n cathodic reaction of oxygen and/ or hydro
met al acts as an electrical conductor along
corrosianbeelclonsader edcierqgcuwailt etdo gal s har t cel
successful electrochemical ammrtreaoctshi oodne dpeamarnsd,s
el ectricalagocamdiuacrnioad ¢coaduct bruisgrifad Jed i n

The aforementioned potenti al dombenancenr et
metal |l urgi ca,l spucolpearst iiemspur i ti es, grailnicbound
particles or second phases [0o3]i agmva trionmngnefnrt am
propertsash as pH value, temperature, pressu
constituent concentration (i .e. difthlkee enndr Ahaa
electrical or thermal clohduBjtnwve ttyhe t@ormament
changing with many parameters in complex inte
somehow occur. Consequentliyabder fas$ieomfls teavnedr
However, metals remain the | eading manufactur

to their mat chQaemssse pwrearnftolrynanicte .has been pract.i
of corrosion proteotiaddrmestshode tmaisltorn ed | uent
each spedhktiestcadéi shment of proper corrosio
minim ze the damage, the main motivation bein
corrosion expenses annuall y 6rleach up to 3.4 ¢
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112 O,
H,O S \,\\\“”‘Y{ g
we S OH"
\y OH-
Electrolyte (aqueous)
neutral/alkaline yM(OH), —
environment M+ xH,0— M(OH), MOy, + yH20 H,O

(OH)™™* + xH?.

Figtre A schematic of the corrosion pro

1.2 Conversion Coatings: Old vs. New Generation

Corrosion protection methods aim to modify the
parameters), the environment (e.g., thé¢, additio
5] For metals of industrial i mportlanyseg, mdareeelpr
and galvanised steel, surface modifications hayv
corrpFijiowing t-effeetrveaoasss|[d)Oner patitcahbilrt pe
of surface modification mphayedhasnbebedr ascoepa
ng
S

automotivarecoamwest siyon coat.i s (CC). In a conve
i mpli es, a met al surface i converted into an
protection properties thratgheacthemi clah genei &
conversion, anodic areas of the metal surface n

hydrogen and oxygen reduction at cathodic areas
and grain boundari es)d, plreeacdiipnigt atoi arn koafl ivsaartiioouns
from the cof8er $hens eb apthhases, whet her amor phous
arriers against corrosive agents from the el ec
h l'yinhgagdybstheapei many function of CCs i ¢
a t enhances t he adhecsaadtni g ssyusbtseeng.u eHotw e
f the conversion coating fails, the top coat e
he ftienml|l besf ore application, it is essential

ndependently and in conjunction with the top c
For over a century, conversion coatings based
met als and phosphate ((RGC)hatver bfeemr cswsc cewssturl d
However, The Environmental Protection Agency (EI
carcinogen by the inhdalD&As osnucalho,utseo md @rx(p\Wlis)urceor
currently under autdforveray ihoinglasc @ nmobd &REEAICEHAEIEN € X )
[lwhil e others have furthert deRBACHIHNhtdreirct ed ( /
Registration, Evaluati on, Aut horisat[{@B8] and Re
regulation in the EurofEeamp&anoiEc ¢Edmi canhllr eéeah e
Regarding Cr (1l11), a current alternative for Cr
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possible reoxidation to Cr(VI), alond 1vith p
15] which will leadltd@asedommpimpioe nldan smfonal Ne
[ i mit of Cr r elsh@jrwheisc hi si snetalre nfgi nal justi fi
alternatives soon. Similarly, REACH [(438irict
|l eading to a gnowimgdi ngtaftéstnatives that w
perfor mance. Whet her for price, availability
alternatives for existing technologies are f
conver sn®oan, ctola¢ i search has stalled on Cr cl os
el ements, more (drle8di sely, Zr and Ti

12.1 Zirconium conversion coatings

Owing to Zr commercial availability and | ower
to commeratiabnsapplmcgeneral, Zr CCs offer <cost
faster conversion times, operating at room
conditioning stage needed), smaller tanks, an
mai nt enanceduecastio decreased need for tank (i
nozzle (spray application) cleaning as wel |l &
wel | with most substrates, including steel,
Zr CCsbe ainnt egrated into existing equipment, m
[ 19, 20, A21t h22Jmoment, Zr CCs have met the peil
on aluminium surfaces, the performancéeon st e

reac[h2e3dOn the other hand, Cr has reached sub

but remains the top choif&5]Jionwitnlge t @e rnmoosrpea cse

requirements that CCCs can meet dusddedtdel f

healing ability, as CCCs always contain some
S

I

from the process that can migrate to the def
Cr (1 11), t hus sealing the defect. tWrobhghton:
generations beyond, there are reviews summa
coatings belongin[gbh,t 08,6 82)h sgemasatcilemr t hat
chemistries of alll conversion ag[e2Mt]s i s cruci

The Zr CC process typically involves five st
drying, with the possibility of modifications
can be ple9]fBacmedst ep has &ahdi thaktcompaag p

Like their predecessdescriZb€Csmebbagnt bm aboyvwe
i .edyipsHen precipitation, most commonly from b
(KZre¢F as -bkhariéng compenermtur rBedi ¢ ommer i al b ¢
forming agent salts, activator s, accelerato
performance enhancement . However, the influen
and their inter actpieorf o ranmsettcheel snuobts e gu2 8 ryt 216 ]d e r
Whil e the mechanism of Zr | Ti CCndepesdénbobn

performance is generally inferior to CCC. Thi
ability of CCCs rticerpraovdi daec th ovteh cboarr osi on pr o
t hroughheheisngl é&bility provided by redox reac
all ows for forming a protective | ayer after n
of environtetftz2erHIbi s property has not been r
options due to the aforementioned | ack of act
Nevertheless, although not the | east sol ubl
ange acrosswiadern gmBeé gcZpedomyar ed to previous
aking them a promising candidate for the gr
Solubllity calculations were conducted in Spa
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This involved using adueaus panmd medleirds samacised te
activity to 0. The main CC g(odm)d asspeac ireesp rseesl eerctt
of Zsg CCr §(@HY)) as a repr s eamidPPR4® ¢fc rQr Or PPC,
al ongnavtiitvne (hptr gtFed IO ) u mi nAlUMOH (3i)nNg and
(ZnO (cr)). The decision to employ amorphous or
|l iterature data on species formed during conver
with the formemorbei gl unulce t han the | atter. Mo 1
thermodynamic equilibrium@hd gtudmadt i3ons will be
S
(&
\X\"’
C}\O
=
5
=
8
2
110 [
|12 1 1 1 1 1 1 1 1 1 1 1 1 J
2 4 6 8 10 12 14
pH
Figulze Comparison of sol ubicloinipioene nb & dndéf enrag n
(hydro)oxi des.

12.2 Problems associated with zirconium conversion coatings

The scientific |literature presents significant
same substrates and under similacectooddudr paassi ng
their prpdeEerstsmesmore, it seems |ike the compr
is exclusively documented i,nwhnditst rdieaslpint ep adratt
availability, can be hinder eddbfyt @eraylwad K se asnent
information required for a fundamental under st al
finding of pat hways for i mpropamenst hAaddi ei dnalf
Zr CCs primarily focus onpeervfaolrumaatnicneg oafn dZ rrGQso rctoinmr
previous |iterature findings. Mor eover, mo s t (o
undi scl osed compositions while paying little to

Zr CC bath additives. fdthiealefiorseue s oamii g$ii g tfer o tu
bath compgdsdist iPihidbs t hesi s cofZddaati edd oxmntl yd iass thei
wirt h the current emphasis on corrosion protec
e research f ocyusuwsde d ns utbhsrtereatwisdeiln t-he aut omo
|l led steel (CRS), pure zinc (to repAAskEnt gal v
,8]from whichrhAASdRdadsdasi n[| 20]is thesis
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Whil e the problems associated with Zr CCs ar
a few have addr[e2sbs e d30t,h e3sleB a3¥s2s,d e3sh, afdlJext ensi
the literature, including both paperawai lhalvlee
identified several significant iIissues relatec

l1Commercial recommendations offer a broad
must be tested and refined to deter mine
Thel ti mate goal would be to find opti mal

enabl e the devemepamendoatfi mgmul ti

2Enhanced cathodic activity at | MPs on al
deposition of Zr @Qsi ftohremr iedaatp.d Fihd s thoni nc
Zr CC thickness. Generally, the thickness
falls within the range of 10 to 80 nm, w
previous technologies an[d9]cDhilldi rirtess etnhte
range of techniqgues that can be effecti
coatings.

3The high irreproducibility of formed Zi
propensity of Zr for hydrolysis, sensit]
affimitcyoofrai nati on and geometry exchange
challenging to produce Zr conmpsunds with

4The combination of the second and third
identifying an appr oerfiart ea sesvead suiann g otnh @ ep

such t hin and i nhomogeneous coatings,
applications.

5There is a |l ack of ksniotwl e dgemarte goanr doifn gZ rt
the |l ocalised effects duhesg Bbpeptscess

for advancing the understanding and cont

In a rapidly evolvinqgd,9tebéankéypegioawhr tha mtbieuc d
lies in understanding how to mani ptlboataehvaveo
compar able or even better performance t han CC
of Zr CC studies equally across different sub:¢
empl oying diverse bath conditfaosor$heuthtae
composition, pH, i mmersion time, temperature,
a family of statistical met hodol ogi es used t
interpret experiments, otduestwiysecwiudel peaddpt
[ 36]I nsi de DoE, one of the most popul ar st a
met hodol ogy (RSM) , which offers several adv
exploration of a wide rahgeugh paramat evet g mek
of experiments. By focusing on building mathe
bet ween the response variable and the input
opti mal process condredone3ploaseyield the des

The existing |literature primarily emphasiz
Ssubstrate/coating system when studying the p
process involves hydroxyl ati ohi ng itgog ea emH biyn c
[ 9] Therefore, research on conversion coating
aspect s, particularly those that enabl e the
El ectrochemistry is a protwaentf uilnftoromatfioon odlh @ut
in a selected electrolyte. In corrosion studi
of corrosiveness is crucial. | f the solution
used 3.5 wt. % Wavedsltlape ¢ isthieeldcorr osi on standar
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[ 38]it can result in excessive corrosion across
films I'i ke ZrCCs. On the other hand, if the sol
faildifdoerenti ate between samples with varying
Addi tionally, when dealing with thin fil ms, el e
magnitude, resulting in statistical llyutuinanrel i abl
a wider range of electrochemical techniques can
proper testing technique, allows for a more com
Anot her i ssue not sufficienat otalp-pgppmodac hed i n
posttreat ments concerning conversion coatings. V
customary industrial procedure, encompasses thi
composed of a polymer or an alternavtvioeslcyonver s
subjected to conversion. Notably, certain |iter

posttreat mbasedf canviar si onassciogantiifnigc amittlty NinSh@nc
orrosion resis[ftantleneft hed aeetsesd @R, esru cshe alsi 5@ dmes
l i c®i© 6bNhuti on [pHGJtstimepadtemdmmt | i ngd rwaitnegr, seal i
S0 pr ovledle]iPfag at il vé | vy, our research group's i
bstanti al i mpact of air drying or sodium chl
haviour of ZrCCs, underscoring the [Me2cessity
]
s

On tehre hoatnhd , the | iterature has paid even |
umi nggedlhecharlact eri stic inherent in the Zr CC
a pretreatment surface conditioning using na
relswes challenges stemming fefdm]pfrfod roinmge da n eerxntset
pH stability range and i mproved temperature re
encompasandZr.® ODhese anionically chargyed partic
adhering to met al surfaces, forming nucl ei t ha
ensuring uniform deposif#édbh of the conversion c¢
Besides conversion coatings, Zr has many uses,
artificieasl, gemsatnramc s, and ddssrhaitsi, c 1,0 dtea sntaamed i an df
agueous chemistry of Zr is not only of fundamen
the extensive research on the chemis[tg,i e&] of CC
the aqueous chemistry of Zr has not received suf

o hTUVLD®OLO
- woc

Zr mononucl ear and polynuclear species in the s
sl ow attainment of an equilibriumosdeansatdiuon,ng
has contributed to a | ack of consenspeciaen®ong | i

and their correspon[ddh,g .48\Dhi4Idg tlyi tceomatt ame sr epo
structure of Zr CCs coamophyot pelcgctomcPy )( Xi ndi c
a mi xtur e of amor phoabkonzgi rwionmh a s (&l IQer guant i
oxyhydroxides, agmd2/,or5l0aekf kinomwil kedgge regarding t
forms of Zr in the solutioheasgsxwaell|l sasuchersoloff
remains not fuAhgtleéucti edabhmridque which enabl es to
of thin fofllmsghts deamendary i onSI M&8pssutsipleicd & d nment 1
previous stfudd,esFZAlst wedhas not been considered
coating community that the formation and t hicKkeEe
based-goenl sconp®wmilptry

Usiimgitt @c hni ques t-thiame etnradd ki ng@gadf conversion
would be hel pful. Al though they were more frequ
gendrs5a&l, 53, 54, 55, they wWére58ery9sc@BfFe in the
32, 61 AmdaA]g t he potendn milnrpirentd enritog uwbeBsw odud §ds

be particularly wusedahnifregr ofireCrQo escthind rgeusersi q u e
capabilities for i nvestigating booakissed o©odteo
occur heterogeneousl! vy, with wvariations in pH &
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di fferent | ocations dre.5flBy swarhrmicerg od @i cnad |
the sample surface and moni tyagsrcianngn ilngyge a ecea loe ¢
techncgmemap variations such as pH and dissol
spatially resolved information about corrosi
understanding the mechani spagaft i oor. r Reigam dii mi
scanni ngr onb &€ rtoeccahnn iagslseesst i n unravelling the
being sensitive to | ocalised changes on diffe
using macro met hods.

All of the praphluemnsd aoalmoveattenti on and have
extents in this dissertation. Given the | acl
behaviour, particularly at a fundamental | eve
noveltyeld. t he fi

1.3 Purpose of the Dissertation

The dissertation aims to tackle various issu
and enhance our understanding of their deposi
was accomplished by expanddngs the enogepads
substrates and bath conditions while also d
formati on process through both empirical an
characterisation and eval ugud owins od h eZmiCsCsr,y ,i ns
composition, corrosion resistance, el ectroch
| oc al conversion mechani sm, contribute to the
and provide i nsights i ntai ntgheoff uthnldaime nf ak me
performance on different substrates. The ul ti
expand the applications of Zr CCs .as an enviroc

1.4 Goals of the Dissertation

UtiliseRSMto:

- Explore theede¢ewi gdespi fy optimal opera
factor inter atrth@aswedi Ar G ebat h on CRS
aluminium all oy AA5754 substrates.

- Compareleathrochemical met hods (drop t
techni gpetsenti odynami c pol arisati on
el ectrochemical i mpedance spectroscopy

speci fic techniques for deriving corro
evaluation.

- Conduct measurements i nillwtses Higrgriesesn 'vse
simulated acid rain) to enhance the accur
and understanding the corrosion behaviour.

- Revisit the aqueous chemistry of Zr, speci
in Zr 3yOH aydt €msj.F s

- Demonstrate the proposed -StMB8candecohf iZr @
presence of zirconiumpaxide uil@¥)d yt r r amer |

- Compare t he YiamfdhPdCAncer obskFon resistance of
(CRS, ZAAS5754d) wusing electrochemical met h:
(OCP) and PPCs.
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- Conduct and evaluate a colloidal pretreat men
corrosion resistance.

Empl oy |l ocal electrochemical me ascuernetnreanttisono ft oo H

gain instgkobsaliinzeed conditions at interface me

f or mati on.

1.5 Hypotheses

Utilising RSM explores ZrCC design space on
opti mal condition rangesananed cfoarcrtoosri oinn treersd cs
Conducting electrochemical measur ements in

Harrison's solution and simulated acid rain
evaluations and a deeper understanding of t

Aqgueous chemistry in Zr3OH and Zr3yF systems
consi degreilng hseorhi stry in Zr CC formation beyor

Zirconia in ZrCCs exhibits a tsdtMSamer i c f or
The infldandeiCdof diFf f&EGRS,ntZnonand whA5c7h 4i s

reflected in the Zr CC process.
Nopreferential adsorption of <coll oidal part
their uniform distribution, acting as nucl

resultingm Zr&Cunriofad i ng on AA5754., Thus, aj
or Zpr@ktreatment enhances the corrosion resi

Local pH and dissolved oxygenscamanemgr at i o
mi cproobe t eacshsniisqgqtueisn deci phering the compl et
various substrates, based on the premise th

results even under similar Zr CC conversion

1.6 Methodology

The methodology encompasses a diverse set of methods and instruments, categorised as
follows:

Statistical tools for experimental design: r

Surface characterisation met hods: attenuat ec
i nferdarspectroBCTloRYy, (Ad&nning electron micros
enedgypperrsawesXectr eesDecSOpy f(oSEHM ed i on beam
electron mi SEMcoprpy | (PsB-et rghandetomdary m
spectromeStirMS)( ToF

Convemal electrochemical met hods wused to ev
open circuit potential (OCP), electrochemice
potentiodynamic pol.arisation curves (PPC)

No#el|l ectrochemical test of coating porosity:

| i t wceallect rochemi capbrebanniecdnmgqgue 9, empl o
sensitive pot esnetnsointeitwd campedr gddmed ri ¢ mi cr o
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Deposition Mechanisms of ZrCCs and
Corrosion Protection  of AA5754, CRS
and Zn

" Al |l smoadreel wrong, but some are usef ul

George BpER6] 1976

2.1 Literature Review

As ment iMhheepdt, eérinnvesti gating CCs for corrosion r
subsequent coatings, is critical as their- corro
coating system. The scientific |iteratsume]|l @&irspl
condi Howeser, comprehensive knowledge of Zr CCs
reports and patents. While the for sienrf oirsmalteisosn ai
a complex and specializedl mampkeemeht ani t o.mgf drhei
Addi tional ly,pamdote | séesiCe&rst icfoinc ent rate solely on
neglecting vital chemistry details ap#8]lJutilizin
Thus, broadeningsthei ssoper o§s ZdiC«er se substre
beyond the current focus on aluminium and its a
interactions between Zr CCs and various bath con
even gsupperformance to conventional cCchmavpetres i on
emphasizes a comprehensive investigation into
automotive industry: CRS, Zn and AA5754. Whi | e
compabl e corrosion behaviour in ZrCCs, alumini u
containing various intermetall i[c9]pTahritsi ccloenst roifht ue
the devel opment of notably t hiarkeirnhZontoQse noeno u sh ec
further susceptible to electrolyte |l eaching. Mc
series 2xxx and 6xxx, while comparat[ivye 3tyudi es
previous study showddi hhaheZc @RCv dep aZorght dbrat h0 of
min provided good corrosion protection for AA57!
requency of 3 mWermafmt ¢ehe3rdagye of Mmmersion. TI
s faowmorAAB 0AAS5754, although both all oyssocont air
-MnF&)Y Al however, AA5754 copwiat msa mamuahy hi ¢mé& e )
/ Mn = 7.8 than AA3005 which has a Fe/ Mn ratio
he all oy matrix ah®@&4p&on saesq U eorctally ,c aitth oidse se X p e
even more sensitive to changes in conversio
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di fferent deposition mechanisms, with coatings |
mat { O9x 33.,, 34, 43]

When several factors influence a particular pr
(DoE), a family of stabhd shdanfeBfl7viltcheahgpdDdébBgi ese cC
about the investigated procetssanddiifmheir@mitfiiad &n
determine interactions between factors, constru

the respdhlPecp) te being widely adopted in indus
a century ago,ft Do Eap ml isccateinani fi ¢ research rem

the primary merits of DoOE I|lies in its ability t
i nput factors in a smaller number of e xmperi men
Factor at a Time (OFAT) approach, which examin
constant, risking the exploration of only a par
interactions|[Bétwéeéh factors

I n Do E, when véde alousg iwifi mencing factors, t he
screening design to identify the most influent:i

screening based on experience and a thorough r
foxed on investigating #Zhehsc ameamisngnc carme@n arsti n
i ncorporating common additi vels6 8]oHonwde vienr ,c anomenrec

cleaners, as per the manufactur er ' si trhe cionnnuesntdrait
applications.

Our assessmgmil confv eprugieomd revealed that pH, con
time are the three most influential factors in t
t hat the three f ac troerssp ocnosnet riinbduetpee ntdoe ntthh 'y and i
[ 33, 34, F&20m 4t3hjle i ndustri al poi nt of Vi ew, con
desired, which could be achieved with | ower con
not el etabve bat h depleted, both of which32are6%Jucoc
Foll owing numerous commercial Zr CC bath recomme
room temperature wht hThi pHaspege wéas 3for bhher e
previous [pob]fiecaa@uiraepdt oenrn t3he aqueous chemistry of
on the distribution of Zr species with respect
application met hod (spr aymmegr swiiatnh wsihtohr tleorn giemmmetr
(adhesion i mprovement with short i mmersion, cor
concentrations). Thicker coatings inherently pr
excessive thiclkndahse dodaerd aanc anak ¢ oat,. o fHbiweey etr g p dmd
scientific and industrial I|literature | acks a co
factors should be used. Having three known inf
natadrly |l eads to employing RSM as a DoE met hod. [
factors and the response of interest, identify
relationship is |linear, quadraticqt mber mexpecompli
designs is its particular advantage of model |l i ncg
(nénnearity) in the relationshi p 3b7et webdd nt hi en pbuets

of our knowledgkhaveeappfewdsDoHi e[s72,0n%2,r sdido,n T
77,, 783d even fewer[ 7Théav e7 7TDNil7/N8Bi|oe@d@ R$SMdAdy has spe
RSM to investigate Zr CC. However, this study p
magnemsalul oy befor[e7.6e]l ectrocoating

The i mportance of selecting an appropriate res
I n this case, it is the corrosion protecgion of
chall enges whea dptiemanli ndngi hg state for Zr CC,
evaluation is conducted. Typically, air dryin

posttreat ment mea sheodd cfooat i wmagtser Choosing the mo
protection asgessamedctseleedqni ng an ebastedosyueié



al so add complexity to the process. Taking thes
and precise analysis, a consideration that was

The use ofsiaml gxaggressive solution, |l i ke the
specifi eedstialblwaslhled corrosion stanfnd®88rfdan beald =8
excessive corrosion across all/l sampl es, hparti ct
solution lacks sufficient aggressiveness, it ma
di fferent corrofs4d2n Basclénptoudril] o pii reison, usi ng e
solution (DHS) can be morag gas ®rs\wsd vieenrets sf corf a syspa <
electrolytes while still allowing for observing
is a modification of the original Hafr 82 ]J®sn'ngg s o
( N#SQ@t oget her with a reduced amount of NaCl com
has demonstrated more reliable results in pred
common choice for pro(telse ofni nt wts,t i andgh ewid M Pdii preeanso
contact with t[h83,medtdall B&ujr fadcseo) been occasionall
|

n electrochemic[a8l6]t esting of primers
Despite its infrequent implementation in the |

arceompl ement ary, and mor e s hopu8 d]Roee ee nepnlcé@&ye ds uscih
89domprehensively tackled this problem. Among t
PPCs, directly examine the coatrngeisntregrittyy. st
during testing, thus |Iimiting sample variabilit:
hand,destnructive techniques, such as EI S, mai nt
sensitivity, enabbihg vheidetens i @amdofmall di f f
thus exhibiting de[c9®klasedonépdr beudbi ghl yt gdvant a
credibility of these techniques in ranking the
Addintail & vy , for comparison, an independent me t h
empl oyed, and one such simptal laed aconwpntest . o
destructi-dveestamuc nome techniques can pr oivinigde fa me
the Zr CC behaviour, performance,[ &h,d Qlot eln2t,i ad 3]
In fact, we addressed all the problems as men
initial RSM study. By expandi ng atdide eesxsp erait me n e & |
i ssues in thin film analysis, to enhance resul't

into ZrCC. This sets the groundwork for future

2.2 Experimental

221 2.1.1 Materials

Lowabon CRS was used as a 1 mm thick panel (ACT
USA) with the chemical -rcaympgd uiotr iesrc eonbctea ismpeede thryo s.
Mn 0.2 wt . %, S 0.01 wt . %, Fe remai ndGoro.dfzeilnl cowwa

Cambridge Ltd., UK) -swietch faednaobhéeaxctcat ercomposi
Al umi ni um als5l7byy ENMehAWt ed as AA5754) in the formn
supplied by I mpol 2000 d. d. , Sl ovanmmgslad Biosntproisc &

was specified by t hp. Gmamtufuppci Mwted®%,4M8vt206 4 Fe O
wt . %, upCB8 @t .uPo, 2 Zwt 0P, 1 5T i wtOup%,1 Omt .0%, Al remi nde
panels were cut into smalbkeec2menesmwkxt®. 83 mm diq
punched for easi2nmnf€ ommer si on batbsH For SEM, s a
di mensions f up to 1 cm
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222 Chemicals

Solutions used in thisreoeikveeranaalryytpiacg &ld :rf & agne
absolute ethanol ( Et OH, Mer ck KGaA, Dar mstadt ,
Reuil Cedex, France), NaCl (Fi ssh2%80OScri esntQrfgacn,i
Geel, Belgium), -ANH4HCBG3 S$ied mdazerickmy & Gve ¥ ma mwya ) er H

Si gAdbdrich, Saint X6t s(,SAJSdw)i,c C,uSDai nt Loui s,
%, VWR I nternati onaddBssi. A, SFr an@EO<nRYH CHSt+ g ma
Al dri ch, Saint Loui s, USA) . For chemica?® pretr
(SurTec International GmbH, Bensheim, Germany),
Sl ovenia) wefP0e8 s el TSacSLdd excnd4D6r. T S I eics a
detergent booster concentr atieodnilci qsuu rdf apcrtcadhuc ta
ethoxylated forms of amines®132l kgl a ahdghat yyahl

free of silicatesnamdgy ¢ enfraptodmtss,i udhawtya ophaspl
al kaline builder, free of sur factant s, cont ai ni
Sur 7426 i s-ead hdgbdmutting concentrated | iquid p
iron(Il,0Ini tsraild saci d and hydrofluoric acid.

Solutions wereQmddeecgsi wat Birl (MilIlipore, Bill

with a resisgamiaty %5 16. 28nd t he total organic
ppb was wused for aliwmtsiionng psraempd reast iammd. s

22.3 Sample and solution preparation

2231 Grinding

The first step in sampl-gr pneipmag awiitolm $SiaG pamerras
on a L-&bgPohding/ polishing machine at 300 rpm (
to ®&0P4grit was considered suffiRi@d2og30onmnsioere
applying nanometric Zr CC coatings, as the creat
range After grinding,misnuipd ewsl twrealseo odi licdaat ni ewdn hbaym
using a 3% pdelwer 1BOmasonic P wultrasonic bath. F
absolute et anmnwalt earndanMi Idirii ed with compressed N

22.32  Chemical pretreatment

Gl ass beakers (V=500 ml) werper aitsreeddatf ment i mesfi mrge |
was performed via alkaline c¢cleaning and an adoc
i mmer sion in rrsepetitedskASamMBa dC magnetic Hotpl at e
Wer ke GmbH & Cao. GG, mastyaufuennder stirring rate of
60°C (except for the desmutting step, which was
| amodi fi ed recommendations from Sur Tec for each

- For CRS: a 5 min abka%wi 60&0cmPARR2RNGuDOmM@BVEI .?Q
mL/ L) S0BJecpH=7.3

- For Zn: a 5 min alkaline cleaning®li4dd & mi »tu
vol . % (5 ml0o89, SpHITleXx. 8

- For AA5754: a 10 min al kaline €1ll3eani ng 5 nv o3
(5 mL/ L)®0OB®r, Te#dH=7.4, followed by a 3 min aci
mL/ L) S498GecpH=0. 3

Each alkaline cleaning/desmutting sQePPiwastf ol
water: (i) ca. 3i0nsse rwigohr cau swacsihr chwltarl e¢e o-n bot h
mi nute dip i-Q @ rcdeetanvaktidd ibath. Since Zr CCs ar e
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contamination, at | east two rinses arf94ldeired
a m of the chemical pretreatment step was, besi
surface for succesdf2Bl]Azsr mp-hbeeavabestetwosi wmen r
evenly coated the entire sampd eamuirdfdiiceeatadrt efror
surface[@Lleabbhg

22.33 Conversion treatment

| mmedi ately after the chemical pretreatment, sa
i mmer sedZrdFcnonMer si on bat hs wi t h di f fseertetnitngs on
predetermined by the employed RSM design, as de:
precipitalficddaciur email a +53t%h,ergHioowl pHi 6Bs wer e pr
by dilutimgreB 01 wti @onHfalrlstvioyl ume aofsnwat er and fi
volume, while the pH was set under vigdG6®OoOuUs st
solution that also serves as a bufflgd]pprwewasng
measured using al oH onenreec t8&d tpd a Sol i trode HF
suitable for measurMaemeantas ni ng HBE o lantdiHoénrsi s(@Me t r

Switzerland). Teflon beakers (V = 250 ml) wer €
i mmer sed in conversion baths andZrhEoguobnoons awei
stored in polyethylene bottl|l 8§81due to HF releas
The conversion bath was not stirred, as 1t was
seup |l eads to |l ess uniform coating formation. C¢
moved back and forth througl tsloéd ucomnemasicern sbdto
a practice occasionally observed in industrial

After conversion, samples were drmi &cd ewilptoh t tohme

direction and dr i-MdAGTfHP 4 NelneAB& onbHa & CCo. KG, St
Ger many) hotplate at 80 °C, according to common
drop tests and el ectrochemical measurements on
them fdoyaitm assessriyheaginfluence of d

2.2.1 Response surface methodology

After an extensive review of the avsBohabherhttenmn
from 150 to 1500 ppm, pH levels from 3 to 5, an
I nvestigating suemt malr acngrep awssiitneg daE scg gBe ( ECD)
resulted in the variation of alll factors at 5 | ¢
and 1500 ppm, pH was varied at 3.0, 3. 4, 4 . 0, 4
230, 480, 730 and 9@b2BThease pdrescstteaanmtge ¢ oimbi nat i
somewhat counterintuitive from the traditional

t hese make Idse swigtnh mpidgeh predictive power, enabl
measur ements. |t mu s t be noted that such a wi ¢
magnitude, is commonly employed in screening ex
i dent héy most influenti al factor s, foll owed by
understanding and optimisation of the process.
mo d e | successfully explains variabi leidt yt haiotuhgihn
statistical anal ysi s, regression model s, and a
suitability of the selected range. Hence, only
sextuplicated, according to the postulation of
In csesntra CRS and Zn, where such a broad rang
opti mal range, in the case of AA5754, the desic

runfsab22e in the part of the experimental space i
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concentration variations at 150, 656 and 825 pp
at 355, 418 and 48Copstmahudesieegml ting in a D

Tab2le Summary of the initial central composite
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Thus, theomat hibsr&klhedes only the RSM plots aft
focused on the con8&25ntppm,idomédramgd oanorlb®r si on ti
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230880 S . Tabul ar RSM results, al ong with all
understandi ngft R&EMekacuhi snwor k, including augme
(analysis of wvariance) test results, and model

in AppeA.dd A Aoncise theoretical background on D
AA..3
RSM was perfor-megdevias®etswamee avseer,silonnc .1,3 Mi htna

MN, USA). Corrosion resi s tedneccetsr mdoh eeminceadl bayn ddiefl
met hods were chosen as RSM responsanpafer tBedi f
sensitivity and feasibility for oFbosrerawmi ®@ stilea g
through, the sample preparation, measurements a
the form of Fa gfuldewdAhart i n

2.2.2 Measurements of corrosion resistance

22.21 Non -electrochemical measurements

First, a strai-ghetorwahdmacé@dalnamppr oach HKhewn as
met hod i s based on measuring the time in s neec
by a change in colour signifying that,téerabkagegr
their reduction (FOu &RSPlankle A&b'AP 4r9e8d&de nsed (82
g/ L GCus, 33 g/ L NacCl, and 13 mL/L o0ofCQOI)150N HCI
g/ L, pH=5.6) walst uwas poel Zmi nari |l yealgewn, wialse t |
aggressive, |l eading to t¥He samsmplaes, dpsesbumabbn
excessively avciidde )cT hpEHe pfooorb €Zani n(fed fr om t hi s met hc
as the a@cprotective abilitycowndRA)X edPA anmhawien @ me

conversion and dr@ifngr pelrli odulast 8t es. Additi or
measur ements were taken after 24 h of air dryin

2222  Electrochemical measurements

El ectrochemical exper i meulttsi wheuteo Icalr/rM2e0dd o(uMe twri
Utrecht, Net her|l ands) potent i d¥VtAazt./1g.al warf d smaat
Measurements were conducted-onm kPOtmemade hmod ic fail ¢
mL ) , which are s+wwiotadleldes sfaongd | # leasts, stulsicrept i bl e t
[ 79]Respective cel-magpar asd was e mhulseadmby -bondi ng
component solvent ®hfhd®ddilée (AE@RINFkX Per for mance

Dar mst adt, Ger many) . rkdretcst rwecrhee npiecraft @rmpeacs imaena |
seup: the sample as a working electrode (WE) we
agai ngti nagn, ovhi ch all owed for the easier escape
presumably miedlkcafngcrtehwi ce corrosion. A carbon r
(CE) , and a saturated Ag/ AgClI (3 M) el ectrode
E=0.297 V vs. standard hydrogen el ectrode, set |
iRdrop. All potentials herein are referred to th
el ectrode 2wabl 0. mMBAsamements were performed at
Before electrochemical measur ements, sampl es
mmitored for a conditiosalabtiemstantil Trheaclkisngp
by electrochemical i mpedance and potenti odynami
because there was no risk of eleghrodesaht amat.i
used in EI'S in this particular case. The addit

separate measurements of cathodic and anodic pol
the cathodic scan. Dueveéno, mMARPR@s ewegree i moetn tnse, a shuorwe
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To | ower the effect of electrolyte aggressiyv
potential, the time for OCP measurement was mod
were | eft to sitlagbislampel gdorofl GRS,whas t hey start ¢
were |left to pproach Kedtl gt isomarcy nmenteantdea t a pppnr @ X
mV does not change over a 10 min period, which
[ 104FEn samples, the only ones indicating met ast
to stabilize for 300 s.

Elecochemical i mpedance spectra (EI'S) were re
potenti al amplitudet ome an 1Dqundvle ) ogAr rahqecalf | )
frequencies were applied across 7 decadtesd fron

using the NOVA 2.1 softwar ess qulairels e mmlreysssianna
fit the experimental data to the eqgMarvgadaerndtt c i
optimi sati drheali qRordirtolpm.compensat iadd wsaasmpnloets ceoxnhsi
an iR drop of I ess than 1 mV at | ow frequencies
Potentiodynamic polarisation curve (PPC) meas:
region starting from %3150 mV vs. OCP to 1 V vs.
unthd durrent reached 1 mA ot. 1T¥felThexscapol at k
to extract corrosi on [Eca:G taonrds c(ocrorrorsoisoijge)nc tprod mmtt i
PPCs was per fOVAe dl ussoifntgwaN e, fronmswhiRcatraseo |l ar i
calcul ated according udq S%7he standard ASTM G509
The electrolyte in the study was)SaQacidl WOt & HKdrlr
I

NaCl, pH=5.2) wuswually used for the siordeltavteieonn o f
corrosivity of the solution and ability to rank
Different electrochemical resRpwasedeiwwer mi neédd
from EI S. In t hRewzasev alfuddtA&6d 54si ng both EIS anct
the i mpedand|e) maeaad wsed |with EIS at a frequency

wi RffFrom PP@e()i.nfnaaddition, for jcbvwds dAeAr5i7\wbed afnrc
PPCs. Tekeiarfor selecting optimal prepRerrgtli on c
and mijhormal

22221  EIS experimental details

Maki ng an unambiguous assignment of certain tinm
measurements under Vileseusonontdi onesnexert diffe
time constant s, for exampl e, by altering8]jthe e
utilizirreggolt vemed measur ement s, modi fying t he pel
measur easmengmeci fic per{9®batlilddi pooeatiw] sadvar
analysis techniques are desired to study the ex:
the power of analysing EI'S spectlravebtagiemdedof ua
the different time constants. I n addition, t he
bot h t he substrate and -coOm@C@i biemgvisodmut i aoansNaCcC
presence/ absence of specihiec barmescubsstramnts.com

After EI'S measurements, samples were checked t
causality and | inearity by analysing raw AC po
Kramerroning's test, LissadajudunhfpdPRA®/ EbEedat al an
tools are readily avail abl 2. &awnfdt, waarse such, wer e

Foll owing Occam[ $p0phbherppopaosegl|l equival ent el
for fitting EI'S spectra consist of the minimum
i nterpretation of the dat a. Emphasis was given
model thwhméscmajtor el ectrochemical processes. Th
tentative but have proved hel pful in interpret
number of time constants relied solelg,on.eisu
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symmetry in phase angle peaks and capacitive a
Periodicity in residual error analysis indicate
[ 101] n particular, in themebasyg of pPABEITB4anwghel e
Zr GiCr ee samples and the analysis of residual er
constants, |ikely corresponding to aluminium oXx
interface, svienglmeltoiyrmed @aonstant to fit all EI S =

a simple Randles circuit ([R(RCPE)]). This choi
pol arisation resifgteen csa mpdlesses Ciom nZrcG Goamst ionfg Vo
CPE were used to describe diGHRET riennstt eed de cotfr dcCc wami
to compensate for the distribution of fFe&0akatio

I'n all cases involving mulRYQ@PE [¢liGmes icitnisltiand c

([R(IR(RCPE)] CPE)] further justified by the por
oxides, where both the substrate and coating ar
| adder circuidgnmectesd sitranseriss to a parallel
couple. A ladder circuit instead of a serial <co
residual errors.

Unfortunately, as a referendéd3dshddudfimgueamnmndcy b
i nduct anceHZ)abwase dftf ected by the RE i mpedance,

smal | capacitive |l oop i mpedances at high frequ:t
l i mited 4 oetqhue nlciygh egi @at a ndinedl Hldokemgoue rmdy r egi ons
are of greater interest for coating evaluation.
I f diffusion or induction effects were obseryv
range, they were disregar ded shiarvd e utrh.e y ndsitde andb,t

t hat exhibited a more capacitive bemawieoruer ,u saesd
for coating evaluation.

2.2.3 Surface analysis

After grinding up to 4000 grit, samples for SEN
di amond s ushweonsa2 oomnNDeepa MOl | shing cloth (Struers
Cleaning and conversion steps-swere epersfodume @ nisn
small er sample sizeeltd@dahr bbbes micohackendadfiadl r enreeacsturr e n

Zn and AA5754 samples fdrySEMr we4ehall owed to a

SEM analyses were performed using a field em
equi pped with eneaeygypdcspessiopy Klnca Oxford 35
were recorded in secondearcyateleeedr onod é€ SEJusand
backscatter (CBS) detector. Beam voltages of 5 |
hi gher penetration depth for AA5754&, pamiltiydet @ se (
in)raBefore analysi s, samples were coated with
effect.

2.3 Results and Discussion

2.3.1 Electrochemical results

The main thesis text <cehtaiams ehlkytdosbemiscaln
substrates prepared based on the parameters set
AppendA.x2 A,
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2311 Potentiodynamic polarisation curves

PPCs on CRS on-(08n2e5 opfp ni/Me8 Ob ess/tpH 4-p@) famdiomge Za fC
coated samples (424 ppm/ 230 e/ 3l md.ks)s mailegeinrge wi t
2la ahalbl® APC curvds efeorsaznpC@€s (cblaeraen each)d aarl ek aslii
with a sovegmeéent mpm t he | at-¢c @at ed dmoamgp ltehse, ZwhCCc h

slightlyjcdwalrueeass ecdo mp afrreede toon esr,C@not her di st i nc
anodic shift and inconclusive current density
performance displays al most the same and sl ight|
the supposedly better one. AsBru@C ndgu rpiom@pset gcf
exposure, these pores might serzweC@s dinsodliay isng

PPC result sfrteheans azmpdG d,1 0bgE sssheonvtn aild y, the tini
such a thin coating suffices to trigger corrosi
further demomstgmatied amd wofference was observe
Zr CC samples in PPC curves, justifying the deci
sampl es.

ConcerniFngefe d() Taanbdl 2 APCs reveal nNo consi st

corrosion potenti al or thagsei Vvat iaomarreyg inand . rHodwe
current densiti efsr eceo nspaampel de st,0 aZlrtChCough wi t hin a
As a resul t, further confirmati on t hrough ANO!

significant didi ke Me,n2cess WiAlplpebe expl ained bel ow.

The decision to restrict PPCvirde pior ed ay) t o RN
Ssubstratelsudwhng eCRRXcsamples was based on observa
Zr CC treatmentTahbhl ®dhA.afsoropgprosed t E&o.&m@l aercdiannds
significant corrosion resulting fTlrabmhmBt.Me destru
A consistent cathodiedsacfossLZalgi€EneaBbedids amgle
(Fi gQ2ae amabl 3 ,Aexcept for the sample Zr CC depos
This shift is accompanied by an extension of th
samples 150 ppm/ 230 s/ pH 4.6 and rdg O0a ppIm/ gBtOl y /
extended prolongat i enr eaes scaommppl aerse.d Goon vAerlr@@n eyd f «
and alckladamed and desmutted samples, an anodic s
i fcorr However, folredarmaedadnkhlt enlesample, a pitting
significantly more negati veclpeodanreend isgaldpgcloanp @Cheed
treated samples exhibit mini mal di vergence. Neyv
5 ppm/ 48.00 sadampdH 825 ppm/ 480 s/ pH 4.0 stand out
act of | ower pH and higher concentrations, f
her pH range. Thus, these findings petremist th
u r PPCs as responses for RSM. However,
i y significamtd. . ddiBdeaewdahmre sk ( Appehdi ndA
n ce of mo d e | terms, obtained after 't he
cerned that the two jcnas ®, fgiogmiTfaifcean te xftarcat poorl
concentration and the interaction between conve
Fvalues indicate stronger influencesisobbsmedeédt
that concentrati QR,rpwisiilte vieheg i mpacasti on bet we
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observed in the other time constants, indi catir

devel oped ruspgr otagetri was motn affecting the char
i Fi guRan®dablde nA.AppeAd2 x A,

FTIR analysis also reveal erc§yFe @@HY od uwmaitm@nexp o d
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| ower Zr CC thickness. FinaamylFe igf@4ae h e ac avseer yo fhi
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the existence of certain corr ostiroena tperdo.tseabntpilsen
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2d), although guiding the experimental space or
of 825Thppm.i s a direct result of a considerable
in contrast to the 1 mprovement seen in sampl es
formation of ZnO filling in the pores.
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approach is supeestakeldi b-BedwBrtlhobhh3whioch indicat

devel opment oxfi dpersotfewact zvec but not for iron. 1In
air | eadd 1t3@& Wwhudtei mgsigni ficant i mprovement of
aluminium all oy substrat emsatainde Zhy e wv@hhenxti doggns a l
air or by Il eaving i[n33t,he34e | €lc3t3r,0l1l84¢ for 24 h

I n other words, some samples that initially s

failed afterTa&B| 8a A#Ffd gn2eer ew Fi g 27vde , emphasising
i mportance of assessismgatmiexcomerafsi DaCClhatddaoapo
and another confirmation of the hyBbedverstils roat it
when conmsdtdiewd nghgdowt) mxindei de thin films on di
appearing essenthiealc otro olsdcoon resistance of the
resulting oxide film might exhibit[dédBdrichgt adh
test resuviteseod adipilCiCet f shownady protecbiyve abil
i Tabl&afA.er tDdm)nn{ra

Design Points

@ Above Surface

© Bclow Surface

y (H,ZrF,) = 150 ppm y (HZrF,) = 150 ppm y (H,ZrF ) = 150 ppm

g B 25 [ =0 o.08 [ 0.39

PA after 10 min (s)
PA after 24 h (s)

= 825 ppm y (H,ZrF ) = 825 ppm

7 (H,ZrF,) = 825 ppm y(HZiF )

24 h(s)

PA after 10 min (s)
PA after

s
=
=

Fi g8 e RSM plots forsédédbiddapggmeprtrat hen) for dif
PA after 10 min, (b-f@)firPAmaPRR@s. 24 h and (e
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Fr ofim g@8%ed dadl® At can be observed that PA val

at |l owemtagan i ons of 150 ppm than at 825 ppm. Mo
afterFi2gR8e @) for all sampl es,i catlitvheo uvgahr iwaibtihl irtey
concentrations -miomptae etdiFtheg@Bakace)l.0 Thi s phenomeno
due to the denvoeleopmeste |l oyf paacked film formed upo
involving the growth of a native aluminfrde |l m w
samples also foll ow-ctlhaatn etdr ern d e svmiutt i eal lsalmpn e s
PAval ue (52 sPabla% Ahown in

However, pH does not emerge as an influenti a
ti mefreameadenced by a | ack of curvature. Moreover
optimal point, they serve as valuable guides fol
concentrations and shorter conversion times.

I'n summary, for GQGRS,s mptei maelarPA hwa centr al p ol
concentrations, conversion time and pH. AA5754

|l ower concentrations and shorter conversion tim
For Zn,erPA24afht only serves as a more consistent

space toward higher pH values, at the very | eas
y (HZrF ) = 424 ppm y (H,ZrF,) = 825 ppm y (HZrF,) = 1226 ppm
2023 [ 3261
. @ 3500 —T | L | T T
Che 8 : 300!
c) 3000+ G G
§ N 5 E 2500,
'i 1 e 200!
§ g E 1500}
[
o] 2 G 46
ks & ot
n” o .

a) Design Pmms'; b) C)
@ Above Surface
O Below Surface 561 - 1452
o~
3
G

|2] at0.25119 Hz (Q ey

|Z] at0.25119

f)

Figa9e RSM plots for Zn foR,TdTfaéenfdefy(&in ta tr els. p2cbnlsleds :
for concgmErnmgatofoms24, 825 and 1226 ppm.

23.22 RSM for corrosion current density

Frofm glfeg aaldl& Ahe | owest value for Zn is obt
(424)ppmi ddl e conversion times, and higher pH |
increases as the concentration rises towards
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inconclusive trend. A higher wvariabilitay slmet we
accompanies this observation.

These resuljdomi gmpl not hde t he most appropriate
Zr CC performance, evpernesdwhug hobittaiaced rdadated.y

The RSM plotsFifge8eAASTabbd 80 A.ndicate thptthe r

corresponds to |l ower concentrations (150 ppm),
pH |l evels (4.6). However, t hoinsvenrisniiamunt isnme sf tasn dt
pH range at higher concentrations (825 ppm), ac

predicted and measur ed djadma.ghTth ensog rbees ulhtes monsptl
parameter for evaloaeti pgedr CGopphésemiaecobbtaienhe
dat a.

2323 RSM for polarisation resistance from Tafel extrapolation

I n RSM pl oRisg@f9me grZthah |l & ,At he predicRyes apti ower
concentrations (424 ppm) coupled with higher pt
Trere is a noticeable decline in the response wi
the trend concerning pH and conversion time is
results oftrai ned for

I Figaté&, b Tamdl ® A.he opRiorbumifnerd t hrough Taf el
of PPCs on AA5754 is predédacbprpd withighéowpEHOhe:
ppm) and a conversion time (480 s). This stark
ppm), where a mma&pigs noabls e rnwe e aaste sihorter conver si
pH values (4.0).

Design Points:

@ Above Surface
O Below Surface 156200 .- 722330
y (H,ZrF ) = 150 ppm v (H,ZrF,) = 825 ppm
500000 —T" | 7 2500000

2000000 =
1500000 1
1RO =

2000000 ,
1300000 .
1000

polation (€2 cm®)

U000 g 500000 &

R Tafel extrapolation (£2 cm)

R_Tafel extra;

P

pH

b)
107000 [ 651000

200000 —T

n’)

o 1 SO0 +
1500000 +
J0000H) +
. - SO000 +
SUO0DD0  + i
0

P
;

R_EIS (£2 em?)
R_EIS (2 cn

0.

Fi gB¥T@BRSM plots for AA5754 (after the second aug
bRyTafel -dafR&l Scfor cog dernf rodt ildods and 825 ppm.
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2324 RSM for EIS results

RSM pl oRpoonf cCriR$ g (26dey f analbl & Auggestowandsnldower
concentrations and higher pH Il evels, even thoug
hi gh as at the central pdiamt® .IiA.He.w,e v8e2r5, piptm/cdadn0

that the optimum has already been reached at t h
of its variability estimated from ANOVA and s hi
repeat ed meansturaed points. EI'S seems to exhibit a
effect than the drop test and, in fact, to all C
by the accemgdarysii@rF specific modell terms in Ap
I n t he corFtiegg@@depff ®alll @ ,At he derived RSM surfe
|Z| at 0.25119 Hz diverges from its previously ¢
hi gher concentrations (1226 ppm), |l onger conver
sensitivity to reflect Zr CC resistance as incre

ti me.

The obtained R$Mognkflgoleldte,fdoTaarbd ® Aor AA5754 cl
resemblRgfsr drheTaf el gxtgea@obati omdicating a str
Specifically, the optimum c¢ onrhdigthieon sp Ha-#leebvpenicse (
accompanied by a |l ow concentration (150 ppm) an

2325 Comments on the overall feasibility of RSM models

The statistical analysis of RSM mogegkest sas hadet al
are capable of navigating the ,ewxipeéenaed thbayl tshpea ca
precision values 4 lmao8 smatasoreThhse Bndnahbht es t ha:
can indeed highlight paths toward opti mal regio

not all model s are equally suited Tfacdhr23hotthhec ha
| atter being marked by satisfying the?wWdlfUes enc
(refer to ApPpemdimor &, RSM terminol ogi cal expl an
di fferent opti mal regions are obtained for diff
SsubstTalP® ( Speci fically, for CRS, the PA after
characterisatRybnomwhbobee&d St medelh chaehtceerivatf
optimisati on. I n the case of Zn, considering bo

the adjusted 2antdherRA i afttRedrr RLM T fnelanalxt rapol at i
the | east suitabl a feort icldryautneswui $ abi enfam opti

jcomodel is more apt for characterisation.

However, t he PA ZAftetr @®425H1@ndHz| model s are
characterisation and optimisationedmaé&i @agcobheen
than those of Tafel extr aRpfoln @amiBhSresponmgesi oNO
more significant factors, thereby making it the
AA5754, the PA aft eorr 1bOo tnmhi no pctainmibsea tuisoend afind c har
it makes |l ess physical sense compared to using

characterij s@modein.i Fhehe | ea®REf rsoum tTasbfleel, emhtirl &ep a
better for characReromaEl $ni.s Onltee m@gsxati nsuit abl e

and potenti al optimisati on, as it shows the | o
bet ween predict edmprad eadd jt bstoed heR2 el ectrochemi ce
the feasibility of certain responses varies Wwi
Nevertheless, EIS arises as a mutwual evalwuation
optgsantii on of all substrates and care must be 1t a
response, as it differs between the substrates.
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Tabd3s Comparison of the feasi bidad yf oorf eevaaclhu & teicn
based on RSM model analysis.

. El ectroct
. . Potentiodyne .
Techni qu Protective ab i mpedan

pol arisati on
spectros

PA after PA after

n Response at °80 drying f Re
@ not conside
(@)
. character
Applical characte not cons S
opti mi sa
R d PA after PA after . R 7 ¢ 0 2
_ espons Lt csm drying f Jeorr P Izl a '
N
. character charac-t character
Applicat / L / L
opti mi sce on opti mi sa
<
7o) Resbon s PA after PA after . R 2 at 0. 2
~ P 3 at °8® drying f Jeorr P 12| ‘
Te)
<
< . characte characte character
Applicat . ] / characte . .
and opti (and opti opti mi sa

2.3.3 Surface analysis by SEM/EDS

After building an empirical model from RSM and
effects of particul ar-cdmpxedlolrisn g tshaempih@®st wree e &7
anal ysis to argue particular RSM response resul
For discussional purposes, only Zr, O, and Fe
The atomic percentages of these el ements are prc
were ac SEMeaend ccmmBrgph®8. 16. Complete EDS anal yse

AppendiAx FA,gurmA. A8) . The woalasng demsgiet | mpact
penetration depth. I n a practical setting, the
arrival of the beawhiath timpegdeldsstguane i twaetiiglhe det
el ements,. sQual MGsat®d o si mul ations reveal that ol
CRS, the penetration depth is 60 nm at 3 kV, 2 3 (
a model thickness of 20 nm. Additionally, for A

3 kV,nym3ax 5 kv, and 950 nm at 15 kV, wusing a

Given that the penetration depth presumably ex
from 10 to 70 nm on all[ 9%3dlbst AALGEZSE 4 e MPsStuadlBgkNV
detect the | MP. However, it is I|ikely inadequat
factor settings. Furthermore, considerfihg5peak
assessing the quantitativeseirnpiaocnt tofmec comc emrtCrCat
unr el[ila36l,e MB8VErtheless, both thickness and coat
To achieve an accurate evalwuation of F content
di sperrsaywearXal ysi sh (WDOKer wor energy resolution
common peak overlap errors encountered in EDS
mi cr ogr aphs -gauraen toiptlLagtb6isveenB 7 |

23.31 Cod-rdled steel

Frodnm g it follows that a cleanshara $unktastere
[ 32]which is presumably j csat egr byditmg rsesned Fes ,a
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t hroughout the whole surface. Al kaline cleaning
the form of nanometric | amellar and nodul ar st
However, FeO for mB8diuan nmgayal kad ume <c¢cl eaning bas
cont@emmmenting on O content is wuncertain for th
can be used for comparative purposes in cases wl

(vide)iinfra
Figeit gl so

sho t hat al | Zr CCs on CRS wuni for
underlying subs
upt

s
rate, ekhd4 ®Jbtrimh gc onaotdiunl ga rf onmonmapt hi o
ascribed to 6fivmec er t daei dmcati on of anodic

continuously du to small changes in surface re
The sampl e prepar ed saitont htei nmseh o r8t2éss tp pond r6W0e s/ p H
content and morphology similar to the underlyi

W
t
B

e

However, extending the conversion time from 60 t
with a Fe coet einntdideatrierag an increase in coati ng
On the other hand, the effect of pH is stricte
exhibits almost no Zr (at | east not detectabl e
t he bul katoifng h(esictoe #1) with only rarely distri
the surface and surface morphology si-mi Eaned o
sampl e However, moving pH to shighely cloens® nadai
(1226 ppm) (and accordingly shorter conversion
formati on over t he whol e sur face, al t hough wi t
mor phol ogy simi-theanedfFhgué)kekal { ne

This can be explained by a much higher corrosi
by a greater effect of HMEYRD r oagcecno mepvamlyu tnigo no xryegac

reaction (ORR), as well as the fact that ferrol
remain stable during alkaline cleaning), is sol
The atteseri bed observations of amesud¢odntCiemedci
EI'S spectra, as only one time constant is obser
| oop, si mifilraere tsdainfpr@@®@& . ( However, with such a con
HF | oop appears in EI'S spectra only at extende
thickening of the ZrCC | ayer. From this, it can
i ndgwfifent coating formation, which can only be
concentration (1226 ppm) and |l onger conversion
prepar e@d4.a®@ eHhibit sufficient coatmegcbaoasmamnt e
(vi de )ssupHeancefreheehcghti me constant can indeec
adequate Zr CC formati on.

The beam depth does not all ow for di fferenti e
conversion Atsedintcfkentoendt alH t he same pH and ti me
Still, the samples 150 ppm/ 480 s/ pH 4.0 and |
contents, but the obtained topography for t he
wher eas a t hrm&derf draytelhre ilsatftoer , i . e. at hi gher
not reflected in higher Zr content, the sampl e
shows higher Zr nodule density, suggestiagshigh
(FigaB e however, it seems that after 1 mmersion i
are more prone to delamination, giving the opti
space, i . e., 825 ppm/ 480 s/ pH 4.0 mnmowarHd g 4hi6g h
Overall, this supports the previous study on CR

at pH 4.0 due to establishing a dynamic[ 1e490ui | i b
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Ikinecleaned

1

1226 ppm 230 s pH 3.4 1500 ppm 480 s pH 4.0

Fi gL &#SEM micrographs oftl banmeda@GRBRSasampies and
subjected to various ZrCC treatments. The sites
and the results for Fe, |O &DES Zre saurlApsg ean @in xgii A/, etr

A.,Figube A.
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2332 Znc

The bare Zn surface also showsr augdgle wE@S iandalnygs ir«
al most the same Zn contEngaltarAdAfutgdoual kK dlei rsaur d [
surface is covered with nodular ZnO. This is <co
the nodul ar | ocations, as wel |l as the presence
detector mode, aHlH It hod ewmhp edt @ad irgens wliftisgt@ d.e HAhe
All -ZERC samples underwent morphol ogi cal chan
extedutes to acid etching. These changes are oth
composition and are particularl[yldAb]t eworthy in
Like CRS, Zr CCs on Zn exhibit nodul ar mor phol
neirnaclr,easing with an increasfrsfoneentheat conyvel
se of Zn, the effect of |l ow pH was the most
ching ofFitgermBurrfeawceal(i ng bare Zn r erge pinesnsa.nd
i is due to cathodic control of HER |l eading

. 0. In mildly acidic solutions, which acc
influence of oth&éERIi 88 dnl prge aoVvasr podetr
Il to ORR, which, due to a fixed oxygen co
hout a wide [slRHeogvieevretr ,p H tr asrhgoeu |l d be not e
s appeamce d ondte omlfy by pH but also by th
ate conversion coating$ldB8hinietr efsas tnegrl yd e
825 ppm/ 480 s/ pH 3.0 was only etched wi"
1226 ppm/ 230 s/ pH 3. 4, although extensiyv
as indicated b¥i b@we.ZrTItcideathidsytpa(oc ompr omi se of
corrosion rates at a slightly |l ess acidic pH of
occur, although in a very snm4.l10 aneod ntta uOmilfyo rcm
surf &acgfllk

Furt hebansoerde ,on REMr r(RPidudtftaen dabl &, AZn samples tr
at pH < 4.0 showed PA withsprdlafmenuéfsheawhsdnc hw
samples showed PAComby nafEtgeSwanhd ISBEMthesummay sug
that an etched surface rich in ZnO with higher
with some Zr CC tfoorPrmatithornZ a tCéeda ssampl es. However,
after 24 heuwsras mamotrdewt tfhrioom t he Zr CC process d
| eading to | ower PA Yalkee&ncemmplted.to Zr CC

A higher pH and hsi ggheenrercadncye riterdattioom t hi cker
hi gher Zr content. I n addition, higher concentr
(Fi garp. However, tfhree gstheampey odr dsowascri bed to di
case of Zn shows consistenZr CCeadsal uhat onawheée

¢
¢
€

T>—~ o @

~ 0O TT 40 0Q

a dilute Harrison's solution.

Bare Zn and sampl es having t i men@ w e nZer yC Casr chsa
consequently, | ar Regadi afussohtrefil|skireggdeaes)d.i f f us i
On the ot her -cHheamd,e dalalkhal isnaempl es having higher
etched samples treated atfrpH uendc.y0 ,arexsh idluiet ¢ @ Is
paths. This pointertdriCiCecioatcti ngsar eshnil ¢led i n t
corrosion products and vice versa. |In addition,
thicker thanl ¢theedl|l kamplhe t hat already had a thi
on it afFeiogndd 2nHdi gAxR. I n ,cosnampalsets deposited at
hi ghly accessible surface roughened by highly pc¢
This also enabled fast ®fandcy &lusesndrh@@ fLaenmptl eeds ia
pHO4. 0

It can be inferred GCsat@4d. (prtH géneéoa h, @263n0v esr si o
and conceBRBappmnshave higher coating thickness
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settings of those fact drrse.q ulehmicsy caitrdcte easvi Wit thh od i ft
indicate the degree of formation of Zn corrosi
Zr CC thickness. Thigtsermplpresiatgveatctapakongy f or

influence of prolongeéetti ckneessinoreiame, resulti
resistance. ThRpgeirsg viend d omtnr asafiey B9%eex t whaipm h ap li @a
more emphasis on | ower concentvriade psnasmmaanwia $ hiom d &
found unsuitable accordi nAg 4.02 RGEWewmedel st (AP preat
al | samples treated at pH 4.0 and| ,c osnucpepnotrrtaitnigo
effect of ZrCC thickness on its corrosion resi:
sample at 1124.®pmw/e2e3nd nsg/lpyHex hi bits the | east d
most resistive ZrCC fil m, which may not necess

compacvndediofra

Zn 93.6 89.6

rR

‘e

Alkaline cleaned Alkaline cleaned | CE (left) CBS (right)

Figwde& SEM micrographs «f ebaed -Bmed&Zrf&mpli ave.

rectangles note the sites of EDS analyses, and
Mi crographs on the rightCBS% ddketwecteor apd dug etdo ufsu
the presence of oxide. All HBEDSirgeusifuel tAs ar e gi ve
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S

o 2l 0
| 3 <1 ?. ) PN 3 3
825 ppm 480 spH 3.0

1226 ppm 230 s pH 3.4 ' 1226 ppm 230 spH 4.6

FigR¥3® SEM microgr afprhse ofamdml|l €3 CiLCr epared under d
|l ocations of EDS spectra obtained and EDS resul

i AppendA.xbiAguiZ.e A.

2333 AASTA

For the purpose of di scAUcssntoeint sndlyt d@aihreedZrt, hrQgt
deemed relevant. The atomic percentages of thes
spectra were acquiredproame&ikEtMn mk iccd Wrde @ CRosrlpdr a&rhe n s
EDS analyses can beAf,bugdBienTAMe peecmatiixngd,densi ty
i mpacts the depth of electron penetration. I n p
reduced, | eading to a faster beam arrival at th
AA5754 all oy CcAdnti(Mn MeS) AIMndAelE e 8Bag and, spor adi
A CuMd MP[s145Hi gh Fe: Mn ratios observed from EDS
pretreat éHi gingar es common for AA5754, where a si
Ssubstituted lmpyamhe.i tTahe veemiat ure of EDS and t he ¢
at 1% 1&®] not aldleomwifforcati on of the exact type
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ones found to be i mpoxtomantai nromgcandeaséeoneédeerle
However, understandli MBgstae Obehbeirent pH Ab st il l
difer greatly for the same | MPs i n [dliZZX,erledn6t, al4
148 Nevertheless, Fe exhi btctoend aciantihnogd il MPlse h awhii ac
for furthe[rl4ddi,s clussts]ri ofnor e, wi bedggenér &le'lsndehavi
applied to Al YFe I MPs to explain ZrCC formati on

FigeiL4 SEM micrographsl efinédraewd abakkhdi arpd desm
AA5754 fZrreCeC sampl es. Blue and yellow rectangl es
the results for Al, O, and Zr are @gidvegrlilowtahblt
to | MPs. Al EDS resul AsbageBgi Aen in Appendi X
I n contrast to bare, chemically pretreated san
Al yFes |l MPoi nting to a possible enrichmelrbtl]due t ¢

addition, after desmutting, Al yFe(FlidR¥ke Xhiebit e
current study empl oyed at ltaootmmeao rSiGail H® alindt HFNn g
The | atter two components were previously stud
pickling step, and their results confirmed that
severe attark rdam ttinmgsAlln t he betpbdrseemaval cofes
possibly, SiC grounding[nég8ithealed orler,ol@hwea dmo

| ocal cathodes on the surface should |l ead to mot
clreiang and desmutting steps, as wel|l as subse
deposition. This could explain the superior EI
sample as well as improved val udg emft eRbA Do &r €
after 10 min and 24 h, respectively. However, a
| MPs presumably i mproves their cathodic efficie

pitting corrdgiecart etdh s mprl @EC mraes sFoibgsd@adgv.ed i n PP
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The ultimate c onsfampnaetsi am foefr iZorrC@er f or mance i
Zr GfCr ee sampl es, IB&EMomesreogirdeht idoeFitgo@5cer ac k f

This |l eads to the EI'S response being exclusivel:
defects at the OCP, which ar e, in fact,loB&@rger t
nn ] In contrast, extended&rps siamaptl iedn craegiaon s

consequence of pores being cathodic to the subs:s
passivation during tFheg@@mreodic scan in PPCs (

The effects of increasing concentration and cc
thicker coatings on AAS7EXRS,juxntdiasatcechds driyv ad hfi @
on both matrix and | MPs and | ower Fe ath®hQ et or
and 730 s as well as 825 ppm/ pH 4.0 at 60 and 4
4.0 confirms that theatbodiecssbhebegiAhsgFa | MPs
detection only at the | MPs and none at the mat
electrochemical test results show that 825 ppm/
protectioineassdmgiCes and even a slightly prolo
coating blocks merely a fraction of the surfaceé
remai ning bar e ar Raosc,c uarss tdhuee itnoc rae adseec rienas e i n S
i s alregdiygB8®ermsinthis sample is theE@&mmpadne ha
to other Zr CC samples, whi ch i[sl 4al]nmmaodsitc atthien gs a nimea
electrochemically active ré¢dpDdlnndamet prtehsad ntt hee
provides sufficient protection.

Further incr enastei noef ecnoarbv eerssiZoa CC gr owt h i n t he
with a decreased difference in Volta potdniti al
The cathodic reactivity of the | MPs is suppress
of microgalvanic coupling with the matrix, i.e.,
for cathodic reactions to continue at Al matr i
[ 153]

I n addition, the cathodi caghcti bhgboerl MPsciost a&ln
|l arger | MPs (825 ppm/ 480 s/ pH 4.0). Concentrat.i
order of magnitude, | eading to cracking of the
corrosive agenfthitso dtiié egenscter ameZrxtomteampl ss
at 825 ppm and-la0ppooxbsmemmpbeyg &t 150 ppm, except
=3.4, where the iffasrewmd ¢ bweadhes h20 di scussed

There is also a significant difference in the

to that CompCaQCsd t o smallyynaovdulxar momet bempact ,
denser zirconia films are for med aam utnhde | SViPrsf, a © av:
to a significantly higher deposition rate of Zr
Zr CCs througho(84{Thhee AfAacstertiheast t he coatings con
and the matrix after Ilat 4 ofnrgo m otnhvee rpseiromme & ki imei trye sc
solution access through the cracked [| MP4, B39 ]ov

Nevertheless, the previously formed particles ¢
preci pist ptrioprp,$Ba6l] i n

By comparing Zr contents obtained at | ow and i
825 ppm), it can be seen that | ower concentrat.
a smaller differencembtrti weeaan@rl MRPxnt emrtoloon g iheg
at | ower concentrations still results in | ower .

at higher concentrations (compare 150 ppm/ 730 s
ppm/ 60 s/ pHO 4pPOm/ad4n8d0 1s5/ pH 4. 0) . This proves that
conversion film -gootwedl|l ias di éweaesi ccnoncentrati
concentration gradientA2re¢Bnd tdree stuerf adepl ¢t i @mno
furrhgrowth occurs unt.il t he e xbheaaursitnigo nc oonip otnheen
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this &ageand | ocal cat hodes near t hsellnfenti &li nsgu r f
However, conversion times wondkocpad etséeell@dmi ohegus
effect. This is in contrast to [h®IDICLELr oat Abosb
20243 T3, where nucl eation start smaotnr il MP se mald| igng
to reach a great ararti ki thkanasenohhthé MRk after a
The probable reason for this is the different h
Cr. The formation of CCC is controlled by pH ai
exhibits cmarbd eprhgdlir ol ysi s behaviour .
I

In contrast, the uncontrolled hydrolysis and c¢
and growth processes-natltati xoa@anuwr | diP sb osiht ht hae | Aln g
with reduction cuameZwt sc mmdenmtepaimidemtas much as

However, the main influential factor for the <c
p H, as shown i nFitghdd ®RBEMgRiPpt sag it governs the
Al yFe | MPs. Per f oornmipnrgo ctehses caanvlieows ipH ,amibrlei ghe
preci8B2&l ppm/ 480esadgHt®. ODower Zr content on both
as well as more pronounced cracking compared to

a combi daotwi rH aafnd concentration (150 ppm/ 480 s/
on both the Al YFe | MP and the matri x, compared
exhibit a more uneven coating morphol ogwyf add.h ag
This can be explained by starting the conversi
cat hodic reaenti aiirniyng@fl MRs and the anodic acti v

matri x. A rapid accompanyingchbrmadi ahkafi bgtdr o
for ZrCC deposition, albeit unevenly, | eaving |
even | eading to extensive agglomeration. Althou
did result in cd&et iCRgS faonrdmaztni,oni,t ucndn be concl u
prevalence of anodic activity in the form of su
time outweighs the cathodic activity enabling Z
regeud rt o achieve an equilibrium between substr at
< 4. Nevertheless, aatpdk4s B,r es annopt! eisntpeerrefsotrimegd f r

standpowemmeantur t theerr.esitnudi ed

The first augm@&nhi egppm/aznp0 es/ pH 4. 3, exhibits a
of Zr compared to the central point, 825 ppm/ 48
conversion time. Additionally, zirconia nodul es
lkiely due to their proximity to the wunderlying
conversioa80imedsli@e@ad to the creation of 2spheri
noduFeglX®. pH of the 825 ppm/ 480 s/ pH 4.3 sampl
A.)3 away fr enertfhor nienggt pH of 4.6 and one coded wu
at pH 4. 0. This suggests that the cathodic act
changes within wéver pHgirvaennget. heHol olvreslat déplgéder ol
concentrations and the fact that the Zr CC depos

aluminium alloys, with Zr deposition being grea
infertrreat the route for more accessible and bet
on aluminium alloys is using |l ow concentrations
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Al 89.3 39.7

o 57 372
Zr 12 121

150 ppm 230 spH 4.6 ' 150 ppm 730 spH 4.0
Y- £ ; ’ |

910 245 438
28 225 159
28 455 333

825 ppm 230 s pH 4.3 825 ppm 480 s pH 4.0

Figat® SEM micrographs of AA5754 samples subjec
and yellow rectangles note the | ocations of EDS
given in t abrleeftser tBh & emalti nyiexd,| d wWPssi Alels EDS r esul f
gi vekAppendA xBiAguBe A.
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Finally, t he secorrd ga2i@me rctagudt | setmpd el ¢w conce
shorter conversion time, and higher pH setting
RSM augmeiRi guben Afi el ds t he best perforTmabdee i n
A9 . THiustiher shown i nFISEEW ¥ D&Ss rtelseulssmsal(l est di f
content between the | MPs and smatlrli xp.r efsletnhto,u gvh isc
result of drying in SEM vacuum conditions or th
| MPs, the observed morphol ogy <coORirge@?pgondOntoheh
ot her hand, the obtained EI'S data in the region
samples with medium conversion timeBi g(@sged s) e
However, after observing the onset of <c¢cracking
it can be noted that prolofgedheoncermsikomgt ase &
persists at | MPs. Thus, despite not achieving t
best drop test ppefbdbommnong,samel deisg, in our op¢p
4. 6. The need f ornaaugme mtgatoifontsh,e id.ees.i,gn space,
higher sensitivity of AA5754 to changes in Zr CC

It should be noted that the present study conf
cosgffectti vecgeissslti on. Nonetheless, this approa
genuine effectiveness of Zr CCs -dreyihme fbrea me o mpArs
demonstrated by 38B3ek BldqgoalBdet i ammer si on t ymes i n

generalanyngrebhded i mpedance, sformed isnensp |seusr paansds i
deviation in obtained i mpedances on a particul a
corrosion products. This effectvouoabtiebe nevdée i
thicker coatings.

Therefor e, in the context of AA5754, EI'S measu
the opti mal region may exhibit heightened sensi
compared to theéidkep teatings offer improved cc
short and extended i mmersion times. This highl:@
pretreat ments before conversion. Additionally,
ti me at | ower <concenitsiatooak, el mptememMeimhng al me
beneficial, which will be addressed in our fut
demonstrated particular benefitsrynfodetacmi avhng
| excstacked coating, which had not been explicit/l
2.4 General Discussion
The pH is the most critical factor for the conyv
the cathodic control of corrosion reactions. 1In
pH of electrochemical prodbgsgsdae iumndeir ¢ nlishvige asrutbl
Overall, for CRS and Zn, where Zr CC deposition
performance is achieved at moderate (825 ppm) tc
of -4. 0. I n contrvalsdar,e foat MAbiI7T& 4r,eacti on kinetic
| MPs achieving better control of deposition kin
moderate conved80 oxn) tiareds €l2bYataed mH e(dle.d t o ac
coiamg deplosh24g .onAddi tionally, medium i mmer sion
could have enhanced corrosi on cesresanmeeeatviexnd
the coating formation on Zn and CRS is wunifor m,
anodic and cathodic sites, sustained spatial S
substantial c¢crackamagt iarhe ®r dawngi P nhvemrtsiinuous ¢

cracks.
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Tab24 Summary of governing mechanisms and optim
on different substrates.

Conversio Concentr p H
Governed by wuni 480 s 82551226 4. 0y

4803730 82531226 4. 0
Governed by cat | 2303480 150 ppr 4. 0y
| MPs
I't should be noted that the formation of nodul
catalytic activity, may promote furtheflb8] m g
either on the oxide surface ordeubestragdd®dmode
I nterestingly, it has been found that Zr CC nodul
with the fact that in the case of aluminium al/l c
matri x, points tfecdlseofr &a &tCa lpyteicci peift ati on pos
Chidambar a6 pNtaneell.y, if the growth rate of the f
nucl eation rate, nodul ar growth can be favoured
| esatdo r api d fliller@Tdhriewtils | i kely to heaegqgheowsase
behaviou%ljof Zr
The results imply that the Zr conversion proc

el ectrochemical natur e, daise deaeomanGrinrgat & §f lizGhGamrmg e e
and further el aboratdd55RBy @RE&Bpoevsi tnrgi nmi certogall v ar

bet ween the | MPs and al umi ngalm matt uri x ovfo utl e f@va
to more homogenedhs scaeaatni me established, for ex
and el ectroac[tliOovBi,tbyl @&p pll MRsat facrsi et e @& |[dlapa 0i t i C
Nonet heless, all these findings emphasicze of he n
conversion bath pH on different substrate mate
coatings, l'i ke Zr CCs, i s separate from drying

transform into stable forms tngpvauegh i pfodes Caapl
Prolonged exposure to air or baking dehydrates
both Zr CC and the underlying substr-aetal onigdabi |l
at high tempenabafte€ydwue mi gr at e t h-bas(gads twheel Igel
as -WCaeesedptings require and can wifth63.,anilévmp gdire,r

the |literature |l acks a consensus on the tdpeaci fi
appear arbitrary. Thus, further research i s nee
drying.

For CRS, both RSM responses indicate a slight
pH and concentrati cmsvwirtshh oann tiinnter.e asne eisnsenc e,
also be achieved at | ower pH |l evels, such as 3.
This is further supported by EI'S results from
extended tomee(dR286 ppm, 730 s, p-Hr 68q wlg n c ywhli cad
reaffirming the presence of a satisfactory coat

This trend suggests a potenti al bal ance betyv
di mini shing with higher iphW amd/ arhel awenre cnoenecdeel
equilibrium between dissolution and precipitat:i
|l onger at | ower pH values. This is further emph

surface at higheyr kteademgrtad shorter yet effect.i
corrosion protection.

The drop test was more sensitive for @RSO.and 7
Additionally, for Zn, t hder ydirnogp ftdads td4cldyn dbuocgt hel di gal
influensaggmtgipddt a sati sfactory coating forms a
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necessarily rel datedutsed ibtePAtCheadkhthason Zn shoul
separ atel wskuwift meta@etotrpared t o the other two s
Never thermkeissi ng PA trends thoomhalfactubtthatt etsh @
predominantly influenced by the underlying subs
rather thanede$amplsesHemeated at pH < 4.0 on A-A
we l | in t e edat anp gthe Ztr cont ent. However, the co
most-umorf orm, as revealed by EI'S and confirmed b
EBE results are affected by charge transfer in |
hi kness when the film is more unifor m, espec
' r pH values (4.0; ©460, Eb8Bveffkedtyivéby Zn
ness through the diffusion time constant.
e porous ZnO f oTF anle2de .dulrn nga rZtoirCeQeslr &nt.,00mZHd
oth cond280sisomntdi m®NX5% npprna thiaovnes hi gher coa:
i mplies-tarogr pateei ctkong capacityehoe &f S,
n d conversion time on thickness increase
5 4 Thi sRpif somnTafoalt rastr apol ati on, whi ch
| ower concentrations and shbohekessondeeme dnumnsu
RSM model s.

In the case of RAASMb 4T,afhedweswerr,apol ati on pr odu
EI'S for AA5754 within a restricted experimental
and higher pH.s Ribmag hdudgee a more suitaphbfeoreval u:

PPC measur ement s, Rpeknecloympatstsri inlpu tbeod ht & her mody n
factors, enhancing iIits capacity to robustly dis
model s on all substrates was still shown to be
evaluatiomgrdsiC&ncr esi stance.

Nevertheless, to deggemited obtti mal mpodeht s, [
4. 6 on CRS and Zn, i ndeed out perform the cent
compatibility and to discernC®bitthr meabbdshbhbstr
further investigation with more sensitive tech
descr iChead tienr 5
Tab25 Feasibility of indiivdanduafl d cercrhans iqoaune sp rfootre

Zr CCs on different substrates.

f More sensitive for CRS and Z
f More sensitive2f400 AA5754 at
1T Dependent on the corswlksstomaim
T Hi ghhr equency | oop indicates s
T Highly dependent on the size
T Sensitive to Zr CC 24hi0Oc kaneds &Z n
< 4.0

f Not suitable for thin fil ms
1T Feasibility of EBPGadependénp

Zr CC i s anodic or cat hodi c t
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2.5 Conclusions

This study employed RSM to comprehensively expl
conditions by properly navigatingcthendeam g@&RSp:
and AA5754 substrates under diverse Zr CC bath
assessing the suitability of specific technique
drop test, immediatelayndfZ24rhycammyv éponsi AAS764 @RS
an effective screening method for the Zr CC beh
sensitividtey tamnd tniome nat ur e. I n contrast, when u
mor e convenarenftacetvarl uvcadmpared to corrosion curr.
is inherently more subjective than electrochen
advisable for a quick initial assessment of Zr C
agenerally accurate picture of ZrCC corrosion r
| atter afterO04240 homnAMASRT5 4 H ubstrates.
Regarding electrochemical measurements, EIS pi
assessing bienttweereanc tcioonnvser si on bath factors acr os:
results, it can be inferred that the Zr CC corro
controlled by charge transfer resistantkeushobnhe
control prevails on Zn. However, it does not al
the zZrCC. In particular, on AA5754, EI'S effect
coating formation is O280i s¢®S Ohbomweegersi obhetsi me s
hi gher corrosiomhregqoeecyitwoinmeacbnhnghant in EIS s
Zr CC formation. Déas®) yEl 8nc@m etfeeliti vely descr
di ffusion ti met cph s¢ adn.t0,, wehliS ecapt ures t he behav
during conversion. Nevertheless, EIS displays t
corrosion perfor mance depending on Zr CC thic
concentrations

While Zn and CRS possess a preference towards
[ to Ilonger conversion times (480%430 s) and |
uiring exclusively | ower contciemags a(t2 3o0n ss )( 1a5n0d
(4.6). From this, it bseiekdcethbesk opteiami shbat oapply
ferent substrates 1is i mpractical, as di ffer
en
e

o~

f

p dent on thersubstuanteophomesati ons could b
r at the expense of Zn and CRS. However, it
ed on both substrates for both characterisati
maimabival for i1identifying opti mal regions and
put factors and responses, ultimately contrib
aluation technique.

Nevertheless, in ter msitoyf otfhet hset aothitsatiinceadl RaM
derived from EI'S can function as a universal ap
extent, optimisation of all three substrates, p
of resistamseafresmpBhSe is carefully considerec
sensitive techniques I|Iike | ocal esluegggtersd celde mip g ti |
points and determine the best method for charac
Thi s ystaulds o advocat es t he i mportance of s el
measurements and electrolytes tailored to the s
it highlights the necessity of assesd«irCgC tame co
t hender hgtiinge ( hydersop)eocxiiadlel y i n cases where the
This knowledge can be extended further to for mu
to obtain the desired perfor manmeet,alasc ovetliln gass. t
than vdieng deeply inboBahtie RSMat wetiom$¢ emfded t o pr

® - c 30T - 3

< 30O WO m
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frequent aPpggEliincawromsofon research, enhancing th
in general. Nevertheless, it must e Iretmembre tei
results requires considering both statistical a
al ways increase the I|likelihood of ndethectisrs@rst
transl ate to practfifeealt ssiigznei fiisc asnncael |i.f Tthhee leat t
are of comparabl e magnitudes, |l eading to minor
despite being statistically significant, coul d
assesatiingt stal significance proved valuable in
fundament al | evel

What began with the goal of i dentifying opti ma
due to observed problems, thweolfead iibntlao tay sotfudy fi1
techniques. Consequently, our study stayed in t
on i denmntnnediyn ngf fects and i nter acthaomed wdrtehdiudt ia
opti mal condavioul dnseqwhirehfurther validati on, r e
of RSM. Yet, this methodological approach was a
facilitate a seamless comparison of Zr CC perf
esal uation techniques, ultimately i mproving OV ¢

groundwor k for future studies.
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Chapter 3

Thermodynamic Consideration of
Agueous Chemistry of Zirconium and
Experimental Verification

avVater and metals are ever present. Water
mat erial that might contain the metals, th
water. The | i berated metals can hydrolyse t

hydroxide bindingltsoctameumetalgo Ahl smetaces
has conspired to make many of these proces

utilising the unique features of some met al

in plants and ani mals. Conversa&dsdy, nature

many of these processes able to destroy | i/

i mportant in many other scientific and ind

knowl edge of hydrolytic reactions and thei
essential . ®

Paul L. BrowrkbeChyri Htyidamw!| ysi[s4d9]f Metal | or

3.1 The Aqueous Chemistry of Zirconium

3.1.1 General properties and geometry of Zr compounds
Zirconium (el ecikridd5% icontfhgu4@tth ol ement bel on

periodic tabteeswctboseplypypeesembling titanium anc
grey metal, exceptionally ductile, mall eabl e, a
c ne) . Both Zr and its most common i(mparctoannta) de r
resistant to most al kal iS¥ aand aes psc ( @xlcy pitn HCh
as well as heat (melting poifgt 185@dUCtfiom,Zt hat
fracture toughness and chemilkeali tana peraftec &scé st
a thermal barrier coating, and a common di amond
El ement al Zr h as -paa chkeexda gcornyasl tl ayl csltorsuebtasr a. I n
monoclinic stable phase at room tadbmper dt100e ° Cwi

cubi c, tfylpweoraibtovye 2300 ° C. Like other transitioc
i norganic compounds and coordinatiomn chmy, eXreG,,
Zri Zy ClisaBd 4246, 165, 166, 167]
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Owign t o icthsathgieg tii atsi o as’b%ealllenacse 4hel |l el ectror
Zr is predominantly found in a tetravalent stat
with chdrger aqueous chemistranescus hanmdicdleaw shey
yielding a highlg8mhbeddegsekudf omet al ion hydro
ion concentration, pH, and solution clohG4lnt, su

Furthermore, haivlilnggd n®oheelars ila¢dygsfto a | ack of
compounds. This, together with the | ow energy r
coordination number to another, results in a var
I n eeftf, Zr geometry is highly dependent on th
(stoichiometry, size, and chelating ability) as
solutifohg5,etXk69]

3.1.2 The agueous chemistry of zirconium: Insights OHtandr 4r 3y F
equilibria for conversion coatings

As mentioned at tGheapteedr DE€g i aame wfgoi ivimeend pbrye cpiHp i t
most commonly fromZrsktzhrsC@ ofnotramantiinogn HO an be gene
EquaBifod]

Zr Fay+ 4 O 1 ZO D2H O (9 + 6F 3.

While ¢Mhemi stries of CCCs and PCCs have been s
of techniques throughout|[ 5t,heBsleauséd on the &aaqse¢o
of Zr was not sufficiently addresdie47,as48yi tied
I n particul ar, spont aneouwi theg fdirmff y&irs sdmavl gona
equilibrium stat-exasdelneado®ftwovatheusomononucl ea
in the solution. Thpe®oreagltéeemthenh betwkani vet gr
Zyspecies and t hei[rd7st ad4Bi,| ilt7y0]Jconst ant s

Brown [edtgdavle. a t horough thermochemical review
oride complexes. Il n an attempt to € OHpl ain
rolysis by es-hyadbrloilsyhsiinsg nao dseiln,glteheZrautchor s i n
pol ymeric species, some of which h(a@knot bee
i OHYand (DH§aq). This resulted in hydrolysis a
uncertaintyBaRai retc eanlt.l y de vhed mgpievde at mer mo ¢ o ma m
by revising the available hydrolysis data for Zi
the more reliabl e diast a frmart tietrs odordfq@ener prkfduci n
because its cohemniestrnyailstme&fl which naturally
or e intervening |l anthanide contraction | eads
and Hf (1.45 and*9.864A fhod Or 8&nd mB&i nrgffechtnad ©
chemical anmallédbdgruhee rteof aZrre, it i s reasonable to ex
el ements to be s[idn8]l ar i n magnitude

For a complete el aborat i oOH osfy ssteelng, c trieard ecrrsi tagr
Rai dt483dFoF, Zval ues reported by Brown et al . ar e
selection criterifad7dl ready given therein

For the reasons stated above, weod haretn daegdu etoau sr
equilibria ofperi,fiwi tflocus on i-tOH Rndr &Slryysstiesmsh e |
By compiling all/l the information, which i s, i n
outcomes and establish a foundati on f osrupfpuotrur e
researchers in the field of conversion coating:
l i mitations and focusing more on the solution c
as it affects the finals ©od@lH &h pvgesrre pp whgldrisih eeds .i nT

| u
y d
nd
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3.1.3 Experimental

3131 Equilibria diagrams and  specific ion interaction theory

Al'l Zr chemical equilibria diagrams in this worl
bassedftwhf®2Fpana is a Java version of the for mer
the GPLv3 I|licens¢lfrf@r, fRAT@#$h odgwnlideasd gned pri mar
purposes, Spana offers a highly customesabl pgda
equilibrium diagrams. Spana database contains e
strehgh This enables equilibria calculations a
we |l | as ionic strength aoaagrr aantdi diryd raorliyssii sg fFroa

corrections, ei,shepl Ddyv ekl srHeR gewdoro:m ( HKF) , or Sy
I nteraction TheolW 7RSI M)A 3¢dam thhecudsaerd SI T- accomn
Huckel-f anbensetlaetcitcr o nt er acti ons -i and eellunebast rsoosltuattii
i nteractions at higherrtcypicealtIryatd omsi dgr edpt oy
ionic strength. This-imakessSténguhwadgdlewtriedqqrusg ha r
both of which establish during Zr hydrolysis. \
most common, al so| & mbBEeqdudaet3:- dam Spana
A D

| dig)= JV —— = + A(Y 32
dp) = . i 5 n(y;4) r

wheme s the activity ycoefdhai gatjoMoh maé naircem nt h e
temper at ur e -daenpde npdreendi i Diledly ep alpiasne t bsei szjeonpar amet e
selectelRi tolgbvehwtl /XE)L,t he iomnmifdi st aengmpher at

and pr-@éspamcent specific ion int eyaanddtaingdni par ame !
t he mol al idtpysedmt ainn i tome sIBUBVLEKON such t hat
I mhe absence of all ion interactwiaoantpeer aZmejtOHr

system, along with Spana default calculations o
chloride ioneltectmainretudir ad e tt we e wec a’prt aetdse ra ntdh &l
CllQ despite known interferdend&li®romheodplyeOHatsiy

was obtained from Rai et al . and clleéeasltamadifoar
met hod incorpa &ae'y FnOSpPp(n:&hd 0. 08 ,+wher e
ZanWar e t hez>0at iaonnd Ya®i)orl(ectric charges, respe
Hence, Zr species with perifiwiitnd ayd “eClwinlt ieb ri iom m
fodcorrections in aqueous NaCl [488§uvOBoOonal welk att al
(Tab3dlpgand Br ownl #ex]r-RZc al ¢ ull aabk3Rportness pfect i vel y. Ther
equilibria here are referred to aqueous NaCl so
Nevertheless, since SIT is recommended by the

t he Organi satiocpdmoat Ec o namdaNeDalweed ro pemeeO GO Agenc
NEATDH 1y6and was also used to derivel[ £&jud IRabir i ul
et [&4J]8. ]t he choice was made to exclusively empl oy

Regartdizzylgy system, ilni oaddeSrtHotioc hrieopmet r & wias Span:
exchangettawi ah Znput component, while F concent
initial redisthnpdeodbfysirnFk

As wi || be shown, using calculated and | itera
confronted the theoretically expected regions f
i nformation on SI T, alongside ot haert iioomnimo dset 1 ¢ m

agueous systemgq,l7c2an 1lb7e7]f ound i n
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Tab3leSel ectiednn3leTr pat a m@)P fears modaefdH isnpge cZres at 2
[ 4.7 ]

Speci e o( kg Hc
H*, C1
Na,Cli’
N&d,OH
Zrt, CH
Zr OHCI
Nd, Zr ( OF
Nd, Zr ( OH
Z gy OHY) CH
Z5( OH) CI

P O O OO O O o o

Tab32 Selected anideimdlecmled b e@i)f®rrE moddrl Isipregi2rs
at 25 °C.

Speci w( kg "MoRefer

H*, C1 0. [47]
Ng,Cl 0.1 [47]
Nd,OH 0. f [ 47]
Zrt, Ci 0.: [47]
Zr F CH 0..[173,
Zr F,CH 0. [174,
Zr*F CH 0. [174,
Nd, Zr 0. ([174,
Nd,Zr F NO. [174,

3132 Computational method

Ab initio calculations in 4 Ql)y(gadephaperdbdr mde Z
within the fr ansreuwnocrtki lbeefate f OiIFtTY uvusing an MN15
[ 1A%] | mpl emented within thpl8a@lisstandémprogt amc
herein was obtained from t hed8]AFrucawoms pwepesed
the-ebklctron Def2TZVP |jdsS88itjarsdar dofgelohiertircyhsopt i |
performed to obtain a stable rearrangement of
structure was obtaheredecoingdeorn vas iaared matri x (
riteria implemented in the Gaussian program pa
tructure to the |[o&1]Melinecwlyarmigriaiqpuhn cs wer e
CRYSDEN gr abagel8lIEl paBdes hows the Zrytetramer s
irstyshell water molecules treated explicitly.
ased on molecular modelling were not itrhwedtsi ga
ere perfosrtnmeadt ifom pdrdmoses only and are not mee
phenomena.

ST ™"X0o
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Figlte The optimised gedame O YD pI¥, <Zral tcaitl ma rmar usi
DFT method. (Courtesy of Matjaz DIlouhy from t he

3.14 Results and discussion

3141 Hydrolysis and Zr - OH speciation

The-Hpredomi nance di agFam3k e amrde senret eece liant ed r ¢
pr esenntad@3ei n

Note that it does not make much sense to discu
present outside O (or even 2) > pH % 4P3h adweve o U
the outer regions are kept for qualitative disc
2 and higher than 12 is complicated due to a sic¢
in an incomplete dissociabhensofena attomgtygcrcade
it would be more correct to represent the resul
[ 48,. 1Homever, reaching]| B8 saenidthdsyues sr @ tsa ipmed i hod r
demonstrahaviZourbaicn dhwp&mad i ne conditions, resp
irrelevant for most environmental conditions, i
serve here as a reminder for precipitation zirc

Theonstructed predominance diagram agrees wit
Pure/ free “quia. ei.9sh], gara OHi cal ly does nadciedkiicst
solutriesmd ting i n g<ul.tb5) aadmysasertiodoyfc i (spldndopcercti pmnd
atpHa2y 447, 49, IZI3I®Hahals] out as the most i mporta
foll owed by a | e%[s48 hwmdrht aminf2Z2r rOHk)y t o t he prev
of monomeratc csqrecceretsr at i%wMg 1I3@8Wenr tthheanl ilt0Oer at ur

occasionally noticed incorrect records when con
i on. I't is clear by now'titshadt abhlies adnsl yi thdctaomprH clte
usually used in conversion baths. A brief but t|

nomencl ature with emphasis on records for charg
has been gijvem recently
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0

2 0 2 4 o6 8 1012141
pH
FigB2e The updated predominance diagram for Zr (I
in NacCl) at 25 °C.

Tab3d3 Selected cumul atigvenstladgd)kildty Oard drs anowdkeil Il |
ZupH system 47] 25 °C

Reaction / spe I ogk?
Mononucl ear Zr hydroly
Zr'+ 4H,0z Zr ( qm)m)4ﬁ 0.1
Zrt+ H,0z Zr OH+ H* 0. :

Zr*+ 2H,0z Zr ( OH)2 H My 2.
Zr+4H,0z Zr ( OH9 3 H < 3 1
Zr*+5H,0z Zr ( OHHH ¥ 19.
Zr*+ 6H,0z Zr ( OHY6 H ¥ 33.
Pol ynucl ear Zr hydr ol
3ZF%+4H,0z Zr( OHW 4 H 0.
4Z% +8H,0z Zj( OMH 8 H 6. !

As pH increases, thke formation of polynucl ear

proceeds continuously via charge compensation,
progressively substitpiled@a]Thy Il yadgiroasnedtehdis gaadts
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predomi nance a¥ ©&%anadn( QFYpolt y@eri c species, whi
agrees well with previous findings foM[tIIBE]exis
Zr polymerization paths starting fr[olm3epornoanedrs ,
up to dodecamer s halv8e8 |JTbheee np osl wgweersitsead i on was f
dependent on solution startingeicrog,dipgH,onasnd etshpee
of compl eXqilmMBg,agle8nBiVist h8 nMjany-epiossi by epaloymer i c ¢
di agrRimgBa2teonsapnedomi nanc e &HPpaansd ((otf)y pfrcers eznrt
the existence of Zr poM,y melrii ¢cn esdp ewveii tets [ fla ® jv ie 0 uls
Furthermore, a speacsi atlhifsocsupe cwiaess ghiavse ni ndeed be
preval enceolnubdmestd Zd8di 269, 170, 186, 188, 189,
196, 197, 198, (vii9®e ) i2mMf0e g &10dl, e298€2¢f starting con
et al. demonstrated thatfoequhkeispb@OifnmandZs ted mtasne
( Z(rOH) were significanfqtdldypeov er éhs tgihilh@grnneude cienct aomn
parameter val ues, making them*icromelesnt amtt i bn &
(2910°%rhol *Hhk,g vamyed¥ ofrr ¢ he aforementioned pol yme
l ight of describing furs @)Y spolnydneeerdi ¢ ehtei ono sp a telx
studied and structurally confirmed Zr agueous s
Parrinello molecular dynamics (CPMD) study has
may be a transi emtars peescsieenst iralt hceoormpdcment fr om wh
[ 170, 193]

Finally, hydrolysis of Zr ends with the preci|
often referred to as "hydrated zirconia",. Fres
which is additionally enhancpd0@RAgbi ngcoeasehbu
solutions for extended periods | eads to conver
monoclinic crystalline hydroud owierc ovrail aae,s ldvisr
constant s, i . e., b8 N gKa@Mm&Y alsehs s estol ailbl especul

temperature precipiiam)omncefur §resh 2Dda@OHeptric
generated from weak ebealbrdidmat (O ddOKiThme sef s
aggregated primary particles are randomly orien
have al so been dernpawsitzreatiendt a oc ysleilnffdr i cal shape
precur sofr9jcont ent

Hydrated zirconia precipid2atwist hata tlhaer g op reemka
region 9% amd 1®& broad pH [rad]de -thtykpelrcné ocdmldi t i
hydroxylation yiel dsamgri(o@HYy t BpeonesenZr@®HpPns f
10M. Zirconate ion cantobe ZngitCGHuei t becumsedt Oi
di stinguish bet welasstatl eu btiw oi[thyd |Bshoel dilitatsatner i s pr e

along with its equi[ld8]rium parameters from

Zr , along with all highby oclkaey edetnetsr,amaalk ent:
polarising both agHenard hypydmexoamogahdss hydr o
undergoes spontaneous dehydration, resul-ting i1
defined composition, mo sx{ O K )oy®i [elc6t8l ] 0 wleewneort ,.e di M s
l iteratur e, ,hotulse hZrdramadrde phase is wusually repr
(ZeXO 2H (s), hydr o(xs)d/le( dnm)r (0QH)z i r coni.d aanpdr, phous
166,. 20dtjlidhsiswse choose to r e(pam)s.enRihryglaelay . a Zirf e H)
conditions, Zr hydroxyl at s@amfry(i@Hyd $ hanioogcieats pe
fronlo0 MO

Taking hydrolysis strictly as a reaction wit
mononucl ear andpeealiyrsuclaferagpré B&Ee rEiquBld i on

Z(H O)¥+§H 0z Z(OH (H O)& 4+ gH* 33



54 Chapter 3. Thermodynamic Consideration of Aqueous Chemistry of Zirconium and Experimental
Verification

For the sake of simplicity, aqua | igands in Zrt
hydration spher & haerseiTshies tgiowuesi a #hm gli fied Equ

rZf+fHO: Zr(©ORG -+ §H 34

The second hydration sphere was not even cons
i mpeded by rapid exchange with the molecules in
in the ¢dd68 Fofr 2o r[el,6 8r,e f2e0r2 ,t 0205 ]

ltnclae inferred thhaont epohtasececagsay[ ByHr ol yse:c
[ Zr (QH)Whi ch in turn condenses by od ©H)y'and f or m
possibly, even higher polynucl earalf ocomrsdi tdiepres.d
degree of Zr polymerisation through hydrolysis
to predominate only at HM)Yhler0wart hc d rhcee( nQdd) a taimemr s
being of particul adeinmtimé ma s tsroal nudii daladdo BMm& i 69 ,
170, 186, 188, 189, 191, 192, 193, 194, 195, 19

3142 Thetetramer,Zr 4OH) &

The tetrf@efy ( mdrre preg£ OBBROYE), dZtrai ns -aml dei gh-
coordination, where four Zr atoms occupy corner
by two bridgindihgBdreo xtoh s oeuxplsi i t i ng] &8, p20 &]me
Z§ OKYhas indeed been detected 2i0n7 oraidiglh i yuasd and
of high kinetic stability arising 16PQom 186s R0
Nevert hegl ewist,h Za Chi ghly di sorder ¢ @0Il5%tdtoirs¢tea,n clea s
ordering, applicable texpamdrepdhdws dplid®es signi fi

a result of its variability in geometry and <co
solution conditions, thus disabling t[h2e0 9,s t2albol, i
211,, 22123However, assuming the existence of a ge
and the formed solidZitOHcoeekedi hglyonudi deri € @ utsh e
of all ot her polynucl ear speciessahiddaphasdaMmam
and crystalline). To sum up, dependi ngr eai piat at

are formgdH)f ebhedB6 eei t her via electrostatic st
it s ge[olnBebt,r y1 91, 205]

3143 Updated £E-pH Pourbaix diagram for Zr
The orH-gH ndilagram for KEirgB®3Brprieasena evderiyn negat i

potential, di sabling production[ f3IBddmsagqa&k@isss t

Pour baix diagram of Zr just an inset from its

concentrations. f following Pdur“h@iaxt?ds 10r act i c

In brief, the riginal ZfPoatbanxi di @agmgédhhyt oois
I o]

I

0
hydrolysing to fo wedr egrasentricomqydl li omt, h &Zrr Oa
monand -paky[eladr&h] t he r phH3g2ey ,f rdenpendi ng on concen
stable solid compound wasi um(plr\e)s cotiede ,a sZtrie@nadir a g
through aabybadgpHAHSI, Zr was represented to di s:
HZrs0
The upBptHedour bai ¥ididd)grwans (constructed i n Sy
equil i briTum38atTehei mol ynucl ear Zr species should
di agram by defaul t, given that they are not [
aforementioned tramsi tioopoflryoomcihemonsgpleed es at
M[190we opted to represeihdand htehd of s Oé&fvi wht HZr
respectively. In this wayu { OHijevatshedemobdgnamied ys t
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Zirconat esoirorZfrrddznr Ohe original Pourbaix i agr am,
although it can zalso be noted as Zr O

& \’é
NN L > 4

I I I | I

log(c/ 1 M):\\

\6\ v

Zr+t

Zx(OH) 4(am)

14 (OH)s™ |
ZICLEVES |

NN NN NN NN NN NN
NNANNRNR RN RANNNN

—3 I | | | | 1 | |
-2 0 2 4 6 8 10 12 14 16

D Zr*t E ZrOH™" Z Zr(OH)g%

Fi gB4®Bhe upBpHeBourulg xdMiagram (with varying ion
at 25 °C. Callouts are added to point &at hthe sp
bottom due to overlapping regions of monomeri c
numer al efohhtopgi agram indicate concentrations a:

species, the concentrations are given in Arabic

Note that the existence of Zr aqueous compound
theoreticdlsl pyxodeudeirn viati ves, especially at hi
ZroH due to its extreme stability, should eclips

Pour bai x
prodpit3B8]

Looking from Zr CCs perspective, the absence o0
the Zir(e@H)on excludes -hdal pogsfidrn Znty iof ecsehtfras
noupoxicity and edlvimoeasmenalaondg rwienh adwi3ler pas
compared to metallic substrates on which Zr CCs

s practice and show the eltesmnemadaram gsisar
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and its|[]2al3%o0oy24®Md &4 7 shiogwhR bienf ontaek,e i t an attr e
replacement, especiall yneitmlt erorad ionfgsdevel oping

3144 Zr 3F speciati on, hyeoffihtyesawversioabatti i nfl uenc

Foll owing the Hard and Soft [AXZ8s caonndp | Beaxseess a(rHeS.
stabl ecdrmplop2ke%wi2h0jcompl exati onégpr(oad eediamgd iuyp it:
[169hccoEdquU@R@BDSfoam7 ]

Z¥ +§F z Zr§ 35

It is thus not surprising that f | dcoornitdaei nii orgs
solutions to prevent tR&lddrhav e nisrede e@d rhaydde otl hy
of -bzZarsed conversion coatings easoluti o6hf usioagna
acids would be required. I n contréaani,obyt hatt rloae
Zr solvated in the form of a fluoride&22om@RI2e8Y%,
Today, Zr CC bathsohave bemmbhuypradded Zargsra sal't
H2Zref 9Tab34e ont ai ns equilibri-Emcompseaessffom Bhe
[ 4wilt h cal cul at e@a832F pas[alded]em swliiFc Ipra dZormi nanc e
di agrBmgB8%was constructed.

Tab34e Selected cumul at i vpé adt @ bfidri tmoug ednysst ragnmsa t(
25 [°47 ]

Reaction / spe |l ag®

Zrt+ Fz Zr32 10.
Zr*+ 2F-z Zr F 18.
Zr*+3F 2z Zr'F 2 4.
Zr'+4F- 2z Zr F 30.
Zr'+5F-Fz Zr:F 34.
Zr*+6F- 2z Zr F 38

It can be seem ddmpl sxAbhdFfFeoaZoonr Hi ng atl®% oncent
M, raises the precdiipiB2aenBog3HE (whamphairnesr ease e
witkWKréEoncentration. However, peisZfrgeromicregntcroanviem
would | ead to insufficient [p3HO rass2edé lal daesc raenad en c
Fcontent. Consequenprloyduce dC Qo shta vceo hrecemnl y i n t h«
44 . 69nd concentrations recaBOuwine&s,t @28t pam,
depending on the substrate.

The little referencedsbbauthassbeasnsqidvmegnize dZ
was shown to be the only mononucl eariange®Erir Es pr
i ons, thus sugges[t2i2ndgh et sattdighg salalballizn® aqueo

onlZyéanBY4 ons were detected, with no additional
was shown to transfor mfNMNMP, fwhimse ntolte orbesmaivrede
rapidly as coll oi dal polynuclear fluofobyd3yoxlhe:

suggesting a zZhiPdHR 3103 ks hvoatep B adoe&Zs not undergo
hydr o[l 31 wMhi ch altogether supports general XPS
mi xture of wirti malroywe&nr Ca,moannyt sy rf o ZirdFe §d @@/, 065 04xy
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12 O 2 4 6 8 1012141
pH

pdated predomifmangecidé agfwimt hovariZyi ng
5 °C.

Fi g3 EBhe u
NaCl) at 2

As one c asnpesceieal thyeasf ehrabl ed t he devel opment
in its simultaneous stabiabilitayndi $§ abi kithgt (no
indicates how fast a metal ligand is exehamnged,
defined by the ff@dste onheloass adfiftdc ompbi sabk dZrk
exi st etase aoft ofmpl exing agent in the “inormressr ddaogumyd
only the outer | igand stphheZre amud i arge ctomps emar &
exchange with sol Wt2 ®&hHowdeYee urhefse tdlaemc Fr onegat i
thus, the naR Wwroendofi st morZzr i oni c and more suscenp
with a hightexwowhdibgpeldrue t o simil@a233])Taéasr ehor e,

hydr ol phrislsanfbél best descri bed as“aint ht,sOMroirphi c
has already been shown for ant[i2zn3dnyi 2a883mbds sh $ e g et
condensation, as will be further discussed.

As 2% Bns have shown to be signi“iincaretrlms lods 2 x
film thinning, their primary role in ZrCC baths
imease in its wettability. I n cont(rtehset | atthhe rs yard
in the formulation or has been recovaeaedvérom
(hydr of)yiolxmdtehi nni ng, thus enaflleirng eelnegc tcrmr airc itaun i
its pRb6pHoswever, on Mg all oy, ,Yiutppha&s sheese rZ rsyifadawm
by inhibiting the 4Yiemecrtatoend obdy Zaatwhddci ®OHr eact i o
than by substingtswnrgf &deEHiGPhi shtydr ophi l i city and
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Zr CCs ideal for improving subsequent adhesion b
s ame [t2 2ee]

3145 Sol-gel and electrochemical perspectives of the formation of Zr (hydr)oxide fo rmed
by conversion

As mentaitonehde boefgi@miagmBHe€C for mati on can be gen
wi EQuatdbomepr esaerstiimnpg i fi ed precipitation mechan
the hitherto published |iterature, much of t he e
has been given to the consequent electrochemic
oryl. I n this process, as hydroxylation is induce
i nHHp However, the progress of the coating for maf
on -g®ll chemistry. Therefore, wmdefrrsotma-gbdoltnhg nsddle
el ectrochemical perspectives is a prerequisite

3146  Sol-gel perspective

Sehyfdr ol ysi s amd utcteedr mylildiryl ysi s of Zr, both beir
|l ead t o homoiggrheerdes eangib8ctZBeydrolysis is th
by forced hydrolysis through alkalisation, res.
di ff-aenonoll ed hydroxyl ation by al kalommataitaomn
during the cathodic reaction of hydrogen and o
het erogeneous all oy s yr2f3araqve ¥ hi ® vex d eaptpii mmgahniuyg | re

processes. In other wordse, froapnad i bas eofad doictailompF
random distribution of hydroxyls on the tetrame
directions simultaneously, as there is not enou

a result, theuobtias nerd @mor phoul[sl @&.,Thke&3]eer cahhy
anor phfausms offer significant corrosion resistan

grain boundaries, dislocations, and inclusions,
However, their thinness oftenymages thepr sut it abd]
bet ween amor phous and crystall,i nehcdy®tmasl Idierpes nfdos

can also offer corrosion prod eltitghoenr amadu gmpe 9v e«
a meneg uctured suh fRA®3,].ak4 seen wi't

The two described sdemngdfhcosedrenptbkreend 2@B8iinby

't can be obsereridctrmatwohle e¢xeparmdns as free wat ¢
all owed to hydrolyse continuously. Furt[her6,pol vy
191, uAd5%5p thus | ead to precipitation of t he so

nucl eophilic substitution on t hlel6g&]Jowi ng ol igom
I't should be noted that a higheOfeétecaimeanchs ch
the formation of condensed species, whereas ne
(virtually infinitely). Precipitation can occul
out side the predominance zonteh e fc as ex omfc hzarr,g etdh inx
via species s$aqh &@s Irgt00Hraeqr)i,c fdDr the | atter o
evidence exists. However, it was also found ¢t ha
charge (tO#E)ph 18Mhi | e there is no significant chang
et al. demonstrated that a decrease in tetramer .|
polynucl ear species (pentamers, octamer snpeaconc e
charge value to 2 near the solubi(lam)y by midr,geru,
I

ess chargeds Opfg[cliBebs] t han Zr
The sol phase results from forming the aforem
phase frreeamlittlsei r subsequendi amgqrse gatail o tirmutcd ua ef
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l1.Condensation of purely aquocomplexes does no

acts only as a |l eaving group.

2.1ln aquahydroxo compl exes, howenédri,c heyndreorxiond
inducing substitution of aqua | igand in anot
referred to 3ol groups to distinguish themf
condensation process is th@s6)rreferred to as

M_OH+ M_ OH H M_ OH M + HO 3.

3. Theydr oxo | igand may also act as a | eaving g

aqua ligand is absent, as in the case of oxo

proceedsf orrimeht itdire of an oxo bri tdgrobysy ewltit gt
i's referred to a8 70x oalnadt icoann, i(nEdgeueadt[ iddBr8 ur i n

M _OH+ OH MH M_ O M+ HO 3.

e
i}
b

® Zrion ——  —OH group formed by hydrolysis

original Zr.a,(OH)g8+ tetrameric units T o bridge; a single —OH bonded to

two Zr ions

Figg68chematic il |l-diisthemmdiiomalofZrt wtoet r amer conde
formed polymer obtained by fast hydrolysis, su
Ordered sheet polymer prcdhdacedeldy i snlgow Hhiagd8rjel ynoi
However, conforming to the gener al observati
oxolation, the rate constanit. oy, toww |l arntdems odf Zm
t han dl2a3t9iNoervlieerstshe t he tendency toward oxol ati on
so a sufficient rise during2tnversion could 1| e
Convent tgoenfals ysnotlhesi s is also applied in sever

coatl] 246, 24 2 4 3nPodst often including atl kmixryg pafec
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hydrolytic rate and path through the ratio of a
of wvarious co[npd EKkhing lagads st o s eparcaotngd assal, an

Zr CC, the precippltrgct whre ries stnpdseadcdomgeH stages oc
vicinity of the metal surface, thus not | eavi ncg
reaction rates. Ther effortehe aadprdduws tumaremocsdyamadm
be the first step in elucidating the control of

3147 Electrochemical perspective

Apart of the matrix met al surface (bare met al
undergoes oxidation, accompanied firstly by hy:
cat hodic areas (such as | MPs and greial kbaluindatrii
and final precipitation. Thus, Zr CC preferenti a
| ateral direction until full met al coverage. As
rangbetgwe en a 80 nimy wWhweh asd scgunldi bant

10 nd

compared to its dmMdestor technologi es

One can try ap®l ychgmit®hkr tsadd ZasZrf ol | ows : supp
i somor phic s uwist h“d@H i og b&fy dF o ¥y leastuilars afn Zrhke f c
of aquahydroxo/aquafluorohydroxo complexes. Hyd
entering group inducing substitution of aqua I
by altkiadn stArregsm IHUt i ons should thus include discr
from monomer s, proceeding with dimers and, mo ¢
tetramers. More substantial evidemad eahwksobysgses |
of Zr oxyfluorides, at[ 24%44,st2Migg 86a=eb6 fcnr ytshtuasl |bien el
for describing ZrCa@lpreani milttatiidn iass hwerldl .t o po
i nvolved in the hydr olxXyrsE sl uatnido npsryenoaiisp idtaddi igom | poa
significantly depends on star“s ngg compl[edboBnOn]g oa gle

After the | ayer of a condensed sol containing
resulting gel exhibict scomidgpulct pei mgabiolpietny ,stirarcit
retention that allow for continued gelation and

<

ia formed co[ll233,da247pparticles

The conversion process should ¢buseosicon agémndt
bearing components) and suppression of |l ocal ca
r ocsesH & mi[t2i2n6g, 248, 249]

Hence, studies of conversion coating processe
electroahemspect s, especially those that woul c
conversion (e. g., t hhrough t he control] 29%50] den
el ectroyassi[s3C]etdcdepqgs iatggeatre Inlat arg ei, t aatses dall froera dGr
conversi ph6doaridimsg 251, 252]

©

When gel ation is separated from drying, as is
initially formed kinetic products are allowed t
syneresis, phgsleds,e p2a3r3gt i on et c.

As seen friootm Eqeuadcttiibchne3 Zr CC process i s accompa
of the hydrofluori c afcri-edleu olreitdeer nsiomitnegn tt oitsa lc rauncd
equilibrium between the former and hyda oelxycseiss r ¢
met al dissolution, while too |l ow concentration |

Fur et ained in the coating is def 92, még@®Neplerttchel bBs
hydrated zirconia has nidornihe exmohange®fpmraedaear thieas
al ways retained wheantplg @)cipntaheoprecd pi $ ate d

increase in the fil88&I, A@éi{ ihpi tcahtsimomodp HFhe af or e
hi gh | abiliintsyi,ngprwapehr crl ean dei oni s e d¥cwantteerntc an
[ 225, 253, 254]
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Mor eover, t h&i mmoamme rodi aH Zr CCs is minimised
additives, such as Cu, Zn,[ MaH%|dBH®] 58| Kal smen @ar
nowadawiss, alm essenti al component of Zr CC bat hs
substrate, which requi-O#8s atnhdrZowdFph i shedi HHowen €
determination of solvated ion structures requir
spectroscopy met hods combi.neTh evs & Xrr ecylnthtuét ferra csti ir
neutron diffractionl-apgkekreaywoaandi mévtbcomoscasimar
guaesliasti c neutron scattering; asypabdtsoo pd¢ o0 pinc f mete
andr Xy absorption near edge st rMocstsibraau,e rn spleecdrr o
infr,Raemmdn and -Bal el ghin s[p2&5vicsds wdpitenso))se met hod
readily available or require synchrotron radiat|
of Zr geometry and coordination, makbhs &ahe dpdai
involved in the process still challenging. Alth
empl oyewdpHf osry sZdrems|[ WB6hod®©1F 192,, 2t002,t h2ed 5h e s2t5 8¢
knowl edge, no absor pt ihamreep!l ilsca enbtpedruicrt ge-Bs tonnd i 2
complexes, which would considerably help to rev

3.15 Conclusions

Limited knowledge of ZrCC chemistry directly r
chemistry. The hi gh ttoe nhdyednrcoyl yesfe , z iad oogi wm t h a
geometry, coordination, and sensitivity to solu
of the composition and geometry of Zr compounds
i s to pr owatded amme taxlt isur face while also adjustin
acceptable for conversion. I n t hi sOHs tandly ,Zrr e v i
aqueous speciation concerning the Zr amorphous
describing the Zr CC for mat ijo@Q)mewasanusend Ther eépt

ot her polynuclear species and a fundament al b u
equilibria were the-phHadiisagdbmpr it i€ hagn pd(aZDhs)d
instead of formMéerly employed Zr O

We believe this study can serve as a starting
utilised in ZrCC baths, as well as the led,uaitdat
the very least, direct field researchers to foc:
chemistry behind Zr conversion bath components.
process is reflected onhg dcoretecf inhéi ptooasshi
hydrolysis and condensation. Thus, future effor:t

and-gedl chemistry could be critical in increasin
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3.2 Structural Analysis of Z irconium Conversion Coatings with
ToF -SIMS

3.2.1 Literature review

Some degree of comprehension of pol yOhe rsiyssateimsn
has been achieved by applying sophisticated sca
met hodipleed with compaglr Z6Imul 2643 0nH®d3ve vead, tD6

best of our knowl edge, no experimental studies
speci el soml Zri ons related to zirconium conver si
To expealimgnvali date the proposed concept inv
buil ding block of the precipbfidat ngeidnr EQloa mt erur
3.,1we employed a mor,goBtdM&Essibivesteglniegde CCs
selected bath oper dtairfligMRodnads tbheoears.used t o i nve
oxide distribution in conversion | ayers[ 6dbduce
268, . R6Odgni sed pftaroniat ssexfcec&|l Mnprovivdeyg, sfTo
i nsights based on mass fragments, thp870ei 2¢g1lat
27.2]

3211 Sample preparation and chemicals

For EI'S measurements, the same hGRS sbaenepn euss eadn da st
i Chapt Eor 2-BbMS anal ysi s, the sampOlsémdheeeut
di fferent Zr CC bath parameter combinations, det
presenCtheadp tiveer € ,empl oy e de.n tArta thiad m efra8cZ5 CiCpm wid r e
prepared at two conversion times (60 s and 480
|l eads to inadequate coating formati on, (ii) pH
thingcomomsi omnmyrceoxxitstng, and (iii) pH of 4.0 with
thicker coating, exhibiting improved corrosion

3212 ToF -SIMS

ToSI MS analysis was SotMBubtepelONT O@ERRBMMI OBt er |,
Germany) under a ba%nebapr.eslTshier edaafa 5acxquliGiti on
analysis were performed using SurfacelLab soft wal
(HC) bunched mode with a high Onasme asurod ditanonSi(
The exact mass values of at |l east five known sp
the negative ion polarity. All sampl es were cl e
Mass spectra wer emarsssabrad g@&m/wi (rhainngped oefu sd ng a pul
25 keyYrBimary ion source deliveringtmxbaf@get cur
area withcaddbce angle to *“tphe mapegci mandmoarsi ded .
cmPwas uosedisture static analysis conditions.

The depth profiles were recorded by interlaci.
a 1tnG 100n ajwiat h sputterkeg*"dsurnge abebarmbd del i ver.
target currenBO0OO@mexar aa 30Dhemi ntensity of the ion
guassiimul t aneously, waonplsptuttead rvisn.g ttheneCs Bot h i
an incidence angle of 45° widahigespgetbd tastuhe s
t heentre of the sputtered crater. Al acqui sit.i
depth profiles were recorded at two separate r e
reproducibility.
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3213 EIS

Si mul atedwasiusedianms an &beatjosyed .Ww®W®Hh ,PHL M
Carl o Erba reagent s, wBar pe le@ria 2dSgiyld(mN®%, nAcr os
Organics, Hampton, NH,s3(®$A)Ma+ A0.dZ2 ig/hl, MSaH@® Lou
0. 2L gMasN® 9 %, Sigma Al dri ch,).SHdamunltat leauiasc,i dMQ,a i W.

anot her way to replicate atmospheric condition
content, allowing a comparison of colrarro stioo nu spirno
a dilute HarrChaomter sd2G3Iveaoatheir susceptibilit"
even at open circuit potential (OCP), CRS sampl

defi ng@CPas5 mV/ 10 min, exxiamd ti eslhje U8 EIthmoamurg h  E|
experimental d€haiplterare 2gib5v.e&€n 1i n

3.2.2 Results and discussion

3221 ToF -SIMS results

Fi gBfpe esewndrsl apped maskszr apged® anedans urhed on Zr CCs
on cold rolled steel at the three combinations
with 6@)saifdédl 480 s (grey) conversion time). A p
di meric, trimeric, and tetr.@iend)ics Zal fa aigmeint st
Fi g®7.e Not abil iyt emms igthy hmasas epecavkisdent i n the 380}
5003520, and 520m34 0f amascso atainmgessd 0 epahies abs e H)
i mplies that polymerisdd0Zr CC | ayers form at pH
A comprehensive |list of negabd4@emioponméasagmamge
with their correspondiamhgbemavs & ehs s e8 =MBiraeds EgotFeple ¢ t
i i g@8 e

TabB8xadditionally provides infor madOitFyon t he
along with ce®Oft@i)s perda eisf,i @asZf |l uoride i s demons
Zr CCs in the fo[rd2,0f2WeX]pfell u@®rviededh e most | ikely
i somor phic s Whwst htdHiiomg otff heF hydegoxyéeatul bhngf i i
for maotfi amguahydr oxo/ aquafl uorohydroxo compl exes,
preci p[iglajt i on

The ‘BoMS depth PHIE& N d.OBLFgE p2idiReEsgBIWeTr e selecte
based on the highest signals observed in the sa
the reBiug B7aeniBin gB8 e ThesiFenal originating from th
i's also addedtdiienZe CiCt/ saulblsaw ate i nterfRhicgute® be
39 As the conversion time and pH increase, the 1t
trend: 250 s for the sample 825 ppm/ 480 s/ pH 3.
for 825 ppm/ 480 s/ pH 4.0, that coespecpiondbyt @ass

a constant sputtering rate of 0.02 nm/ s, est i mi
coat[inpg7] Looking deeper at the Zr CC | ayer, it
i ntensiticontafi nalnlg ArpepH e3s 0ion @ #Heda sal gfgresm i ng t h.
Zr CC, in addition to being of l ow thickmess, d
Additionally, the intensities of Zr peaks decre
due to fragmenmaatyi . peEh&dphcenmsviesdt e 5t ZSMIASh s i mi
studi es at[ 3l4dWhas irgtrzal , associated with the met
steeper increase with sputtering time fod the ¢

| ower pH. This suggests the broadening of the Z

* Note that a more precise record would beZr,Om(OH)* and Zr,Om(OH)Fq'. However, since TokF»y
cannot differentiate between oxygen originating from oxide or hydroxide, we opted for a simpler record ZOmH,*
and Zr,OnHpFq.
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increased roughness with the Zr CC Jd(agred ROO@HnNe
results not shown in the figuZreQC ssiwogd st o etthnee e
of an intermediate | ayer of ferrous oxide/ hydr
al kaline cleaning step.

TabB8% List of main peak p&ediMBases specbrcaedifho
assignments (selection-afdpsabsiganataddi tfir@amg mec
related to alkaline pretreatments are presented

C 12. Zr D 121. Z5OHF 266 . Z§OH 478.

[ 18. Zr& 122 . Z5OsHsF 282. Z§OgHs" 506 .

St 31. Zr 137 . ZsOsHsF 283. Z§OgH4 507.

(0% 31. Zr@ 138, ZOHsF 284 . Z§OeHs 508 .

OP 34. Zr@ 139 . ZOsHFs 286 . Z§OgHg" 5009.

PQ 62. Zr@ 140. ZsOH" 382 . ZjOgH 510.

Fe© 71. Zr & 155, ZOH! 383 . ZjO¢Hs 511.

Fe OH 72. Zr @8/ 158, ZOHs 384 . ZjO¢He 512 .

Z r 8F
PQ 78. Zr@a/ 160, ZgOH 385 . ZiOHeF / 515 .
Zr 8F Z §OeHsFs"
FedD 87 . Z5OH 245. Z§OH 388, ZiO:iHs'/ 528.
Z §OgH6F
Fe OOH 8 8. ZOsHys" 262. Z§OsHo 406, Z§O1b:13/ 529.
Z §0HF
F e B 89. Z $0sH 4! 263. Z§OsH 8/ 407 . Z§O1b11/ 530.
Z sOHF Z §0gHgF
CaH4F2 90 . ZpOsHF 264 . Z§OsH11/ 408 . ZjOHsF 532.
Z §07HgF"

F ¢ 111, Z OsHsF 265.

To reiterate, the tetrameric structufrzeppasopose
applied to Zr CCs i[mlquontpaierve bOsbhgte®@diydenhi §i eoc
Zi OHY, with the possibility of higher [p2p83]nucl ¢
HoweverSl MMSo Fmeasurements do not all ow the exacH
deducted. Thus, our primary objective was to
importantly, to confirm tetrameric ones, as the
cyclisation, is the most probabl e caus¢dg 5fldr t he
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Intensity (c/s)x 10 Intensity (c/s) x 10°

HCpd HCp®P HCC HcCc P

[¢)]
one Hep Yl @0

HCO®P H

Intensity (c/s) x 10" Intensity (c/s)><102 Intensity (c/s) x 10 Intensity (c/s)><102 Intensity (c/s)><103

Intensity (c/s)x10° Intensity (c/s)x10° Intensity (c/s) x 10°

qu:qa T ognd

oyyp oy$ml_ B0 nTy® nT&ﬂlx_ @{_,aaoqup nynd
Zfrmonomer Zyi mer Z#t ri mer Z# etr e
Fi g88 e T-8IFMS negative ion spectra of Zr CCs pr e
bath parameters on coldrragmead asti ®@l i o8Bbannet

Al t hough not measur el M8 alhleowsl usi oo, i TdE
connection between the aque@phasspdoiresationmol
precipitate and confirm thetptopmeedcspeaki} u:
not the most intensivki gathegcpol yvmdoubtedbeygie
Zr CC contains Zrfoirm,t ke ntse tdreamerrgi ¢t s-SF Magment

measurements. Finally, and most notably, tri:i
in samples obtained at higher pH, strongly
thickness incroeaasee swiotnh tliamegserbuada al so t hat pc

pH=4.,0 and presumably, @bapeterAdZoindiheat ed einrs
peaks in pgHe3.e0neevefy | ow, suggesting that al
for mepdH=8t(Ovide infra).
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3.2.22 EIS results

The EI S Traeh86el tovt(@ai ned for the chosen Zr CC ba
albeit in a slightly more acid8jpc emedftitggu rdédn s i
310 show similar Nyquist plot shapes for the
di lute Harripstbn23%.sdhet Eors i tting procedure
el abor at edant tbeer siem,ml essly applied herein. EQ
used for fittkingg@i@b.e Ignvemi s coRit gB8I&) edornt her
t hrEeieg@xB) time constants are presumed to ind
with the sum of resistances gi VRHg ®Bhes mavVeéer
apacitive | oopFiag8ieé)g hwd g engoute nfciyt t(ed due t o
nd -hrgguency effects induced by the referen
ormait s, the EEC with only FwogGIRB)me Icrontshatntc
he sum of twaitvigme waness aeftasthorr otug®Hh gy pt er

. 3..1.2pelcifichtbeguenfFggBdb@p (ndicates compl
oating formati ohpHo4 F@25% hep nmi4d3d@r esgeuceonncdy t i n
ons tFangtdt@) can be attributed to the charge
eactions inside deffreedgwsenonitliemeé heon hti armdt | roen
f corrosion productsthThisiogherFasgtBdablt basEB:¢
bserved for the bare sample and the sampl
exhibiting heaiotat@drnga ithoa he dagsHe sdlafD 825 cpami &
ith only some spots featurfiplgd)®h@CE€Ehnabbabersef
n t heRpv all wvessr.
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utilised for f ing. Onl yp/ EEC b0 ptHbd mweamaiamip
f

ittt
sampl es were itted with EEG riemgyency Threed tnis &
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Tab36e EI'S fitting reskigsmOemdPpl bying EECs in

3.2.3 Conclusions

EI'S an®&l MBFresults suggest that adequate Zr CCs
and contain a tetrameric structure but are al so
ToSI MS, the presence of polymerised sfiwans, i ncl
confirmed. ESIiM&nshoywedotFhat tetrameric structu
prepampdédd4ad i ncreasing with | onger conversion i
by EI'S data in simulated acid rainggsug@gesstin
pH of 4.0 and a specific conversion time (48
thickness adequacyf riesqudrady meldS blyooap ,hiegrhphasi sir
of specific pH and conversion dtimen.coMavedrntomesl d
understanding the hydration numbers of i ons, r
mol ecul es around ions, and interaction energies
advanced scattering met hodsZr CIth & roe frart @ ,0 nf urelcyh aun
awaits future research wor k.

t
g
0
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Chapter 4

Influence of Fluoride and Chloride
lons on the Corrosion Resistance on
Various Substrates

4.1 Literature Review

The behaviour of fluoride and chloride ions

aluminium and dtas lagd 9gs antde ntt, on steel an
solutions "copasashnvegfiFl ms on Fe were shown t
increased stability of HF complexes with surf
whil eHab, t ping corrjo2374#n BAdbhTler svsas ascribed |
formation and tFaompeese,x dfeasiolhgblte | ess pr onc¢

thinning and | ocalized attajck74.,n B &6]sc lalca rdii ce
was obseryaedutcreadt pCltti ng on FécowcemsbDaBooa a
mM and bel opwH aloGd r2i7t7i] c al

It is widely recognised that fluoride ions
by for ming-flab@mi cde umompl e xsds |[als@t8 ,s 03 Lud,lhe Z8A0 ]F
process is essential i p28&Ibin vceoanstlioas &c,0iad li tniga ts

more | ocalised attadk?7i8n #2We® , f.®2r8&iI, mif2 8a8riItyt2i8mig
demonstratieadns hanh@hce corrosion by-fprommadt i ng
oxide films and by assbBggregsimempi htangi mgc
car bor 2s8t549 e |

Xue e[t28&®bjund tHS&so0l mt HoNhisomwsd ,t halFumi ni um f or |
Al YF complexes, influenced by fluoride concen
remain exchalby etltuori de. This was furthghH supp:«
(Pourbaix) diagr ams.

The presénoasdBoalClFti ons further complicate:
studies by [Q&leimolnls tertatailng t hat fluoride ions
surfaces within specific concentraitmdumcedang:
corrosion.erOnhanhde, otthhe st udy|[ D86f]T e o mpe fat  ed ti
perspective by proposing that the corrosiver
chloride, should be evaluated beyond their io
with watecul es. I’n opar t(iad ulpadr=,8. B ) , acting as
robust bonds with water, thereby stabilising
preserving their hydr atiiomms 9ghal IpsH=6l.m6) ¢ o rcthrae
c hampgirc, weaken structur al integrity of wat e
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infiltrate metal oxides, thus promoting pitting
on Fe in alkaline solutionisat(tppH=k1l 0)s, cwlgenri & itchaen t
than[ £E87]

The observed corrosion aggressiveness of fluor

advant age of as they |l ead to surface activation
thus priming it for mor ec wrnridrtrlmy ZrtChCe #dleepsoss iatgiga !
ions, otherwid$dearhegprciompownedhrt, i mprove the sur

successful depositifne]l]bh saddHsegaentfl aperde col
ZréPuni quely extendast itomal ZwC@dowetby del aying t
hydrolysis and precipitation toChapé¢ ¢maladeabl e

Neverthel ess, it wase’hbdsoanneditcdtiendy telidtecZr F al
concent ridtlidon 2 8(&)J0. 2 8

I n contrast to fluoride, chloride ions are not
coating baths. However, there are some instan:i
coatings, which are similar tou[BBECs,2%lt h268] o
293] Nevertheless, it is difficult to apprehend
Vi gorous na4[u2r9e4 Jfodidi Ti 6hal l vy, Zr CC bat hs of ten
bicarbonate as a pH adjusttompaed butfemp,| agi ol |
additives i n corrosion processes. Gi ven al |
understanding of the individual and combined e
di fferent substrates andaidditthesepsr @ se ecsas enft ioatlh
Building upon our preXihawd, errcceuste airrciht ifelat go &ld
compare the effects of free fluori #d&uaend ochl or i
their mild nature. This enhdehedust bhbdygy ekpaheed
effects, in conjunction with the buffering ag
calcul ations that consider the entire solution
more complex equilibria. To tshe dye htasofy eduri nkvrecs
combined effects of fluoride and chloride sol ut
particular substrates. In our opinion, this app
evaluating all specoesatprtelseint neaspbetswvluconcer
a foundational framewor k for future <corrosion
particularly those incorporating conversion age¢
bat hs.

4.2 Experimental

421 Materials, chemicals, preparations

Solutions were prepared tGhapoebud WEsRBmbt e t ho
thereby mi mi c KirgBgo lau teibd ra ntkao ndi ni mi se t he i mpact
doubl e | ayer compositiohe Tlhhenbdeat sbonohothat bde
the conversion agent was made nodctoiny gt ibreg aaunsde
|l ess aggressive nature (vide supra) but also to
Zr CCs at the OCP, whi ooh meawslud emekna sp alnd reiassa thil e .
As noted at thei bergj nexntpfnegeé nFfor mul ati ons
t hrough the h&rdk ol yems popeviHOus conversion proc
activation. Consequently, dionsttednEsntudgat i wes dee:
mirror the highest arlChapbo@ees@@07 eaprtil sOuded Mp.
adjust ment was made under 2ZtrdRe darsosl uynspitsi,o nwvho fc hc o nyp
does novi degiumf éa ullteivredmwes ifxi gher t hazrsFt he sel e
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concentrations of 0.007 and 0.070 M, gi ving
concentrations fall within the | owepsyaage

indicated by some of the( 8@8D8) | ablfer ®af eory. D
l iterature reports mention KZh& uset bB?tcoangeno
10M, with or Wwatt hloaute f ¥ MERLFE5NI296, 297Si a68, !
usudl Bof t hese concentrates are recommended fo
baths, this translates to concehtta8M dows app
HZrsendi*MOfor *"freesfFe2933% ve2 96, 297 ,Ho2weBy, e r2,9 9f, c
i mproved corrosion protection properties, |
concentr adrigFonbso tonf iHh comm29 T,aadd0 Glest tdiempan st r at
ChaptemThZs, this may |l ead to'(tkOe) adpmaeté mant o

ranges that match those employed in the currtr
higher conceAdAtPMat iod ndar(eleOdet ri mental to the f
Zr C[C288 However, this observation woay a&mxdladatci

significantl y[ 288ndr wpHI| tevefhsire a further s
materi al s.

For further cConaspitsetee rpcH Iweawvenl of 4.0 was cC h
|l ue that conclusively preoenodelss tZmr £tCe 9 egrasli d
termediary pH not only favours the deposit
sures the complete dissoci HiviadmueofofHFRF n=t 03
P1l1] Fi naiClowa s NbHs e d -aadsj utshtei ppgH agent , consi ste

O~ cCc—o —<
- 0O »W WS oW

e in both commerci al and homeMaidee 29 umEroa i
sulting in concentrations of 0.0030 M and
der of magnitudegdwtdBosetusvsaed.in anal o

For compari son, identtweal eoptegpedati omgsof

buffering agent and pH.

422 Electrochemical measurements

El ectrochemical experiments were Chapted 2dut
One sérsampbes was all owed t o roeeuastietadtyhes t@CE
before performing PPC measurements to assess
PPC measurements were conductedChaptled ad ®&rme r
extraagapiooon met hod to extract corrosBcfgn amar ame
corrosion c by €mtond ePrPsCist yw,aas Ve f dr me it war eg
whi BRBsltand corrosion rates were calcul at9esfd acco
[ 9Tlhe repeatability of the measurements was
repetitions are presented here. For corrosio
defined as the molar mass divided byostecheofnum
the main alloy el ements as foIIows: For CRS,
EW of Al (8.99 g/ mol ) ; and fo Zn, the EW o
accompanied by the respectivéfereﬁ]gmﬁﬁndéﬁsiti
Al , and 3f.or3 Zgp/.c m

Electrochemlcal measur ements wer eandh€lcted
' al |y, electrolytes were prepared wusi
ori® ,@wcdadr [(OHFEr39a.i, | Vae¢dele, RFrance) an:
fHCG VR I nternationabdbB®i A, SFr #ome pnayes
solutions were further adjusted to a p
M of ammoniH®eEb ifea@acr hb oancaitde, (WiHt h t he r a
ectrolyte composition explained before
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Given its relatively high concentrations, com
ions, t he 1 fHiIClowenncteheofegNidH | i bri um cal cul ations
Co:nequentl vy, separ ate cal cul at i-m,s nveetrael Y&Eonduc

met al yCl , HEe@R] Yd&NfHd meliCOICY NHdy premseint n t he form
OoE-pHdi agr ams.

42.3 Equilibria diagrams

Th&pH predominance di agr amsagpari ens eunsti endgdwSpraen ap r (C
supfCaapteéer 3ithout any modifications or omi s si
constants from its default database. The dat aba
mostly work from B. Beve[r3soe,d] ahd Or g &nii gatoimem
Economiopef€ati on andNulRe varofEmemlgEC DAERMN BO Y, (
305]National Institute of Standards and Technol o
[ 306 Br own ahpd 9 Ekabeesr ga n[d2 3WVie]d mEBor dstr pB&hd May
well as other newer ge[loXOh8 mi309] sources, includ
Whi | e Daatiiesn ergeupr esents the simplest between
concentO0atli onm$ al , the HKF model generally perfo
as demonstrated @0.tXh rpdlé2ijdr @l wtiede atange of t e mj
maki nsguiittabl e for the condit i eoniss eh.e rni nt hen oatdhde r
hand, SRtThosenws to fidt expewi dentCahl@apdagra 3atl 25°

Mor eover, the SIT model, in addition to being a
of et E-NBA 177 ,anxdl10lhown t o prodGlteptuieadfldilo naeul t
inclusion of incorporation of a | arger number o
Thi s, i n our Vi ew, more accurately rnHnefgl ecss t he
use in thisvstdedy ndanavadldli t(i on, default Hummel'
[ 3floR(vi de ,Shppaerwadslmaintained due to the ong
updated SIT coefficienméti des peambde kegadgeoda sreercnei nnt g
byNEAOECD 304However, it is worth noting that d e
extreme electrode potential s, [il.7e3.1,h eo StlsTi dno dteH e
by considering ionic strength effects, l ed to
fIrU|ode ones with Fe at | ower potentials) in Pour
Xu ef[t28&0llbei t without formation of solid fluori
The tot al concentrations of dissolved substr at
constrlrpgidinaggr ams, were detecmironpetdemroml agquart z

microb@EQEMepud¥yy@] both commercial and homemade .
a rough recalculation for the magnitude order f
10 M. Thi garmwtaiscul ar | ymi matt eed cefntveerr s5 on t i me, wi t
increasing but staying within the same magnit
9. 13%M Oafter 5 min, closer to indust¥Mally wused
after 30eaiinyelry)s.p Al and Zn were assumed to fol
mi nor differences in mass | osses comgar2dd t o Fe
only mentioned the Ypseododstdlankiehi sgTE€w Twiltilsout e
ssating if the solvutaiddred fisee Ebonbaided poaever

Il imited data, we can infer the expected magnit uct
can further support ouvi cd picn fNrea b enmmirse aveesrsy, nd i n
concentration is also the standard[ fi&G&pplshol d fo

was used as the only concentration | evel for me
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4.3 Results and Discussion

431 Electrochemical results

Fi gd4aeepr es@@R curves as a function of | mmer si
Zn i"anCGk sFol uti ons of two concentrations. The
rapidly at thriaghieornsc dmc e&@&m20 M) of both ions. |
(Fi gdtag , al | OCP valuebssathitheaendnopenahedlls|
variation, with differencedoar ¢thhed AAG7®mY. sTh
(Figdxg reflects a noticeaporlees e ®dawdt Mt h e 1OC
pronounced differencearhdtCGdé ean i onsc dret mayt &d 5F
mV for |l ess concentrated solutions, bot h su
probably theatrieviehwalr odfpxetdehing efPfekdr oZn ac
subst Fagda®g (i 6hs | ead to a more negative OCP,
being about 80 mV when “caonndp aa exd0 trmV ad iOf. f0Drde&n «
withlismlRIti onswhineh tshieggedt s a H&tl8Bhl e gal vani

Fi gultbe d, f shows that none of the substrat

indicatéd bhyagh l'imiting current density val
potentials, suggesting the formation of |l ess
This is undoubtedly underscored by the for mat

without-pabeipaei oohreasa medaubmdewhi ch woul d be
film dev[ed ®PH,medni¢] respecti ve OCP and PPC dat a
described results from Tafel &xgdapdcCloartpilen,e &
Tafel extrapolation results, with corrosion c
for - sabetrate compati isadbdale are provided

A concentration offandiOm2me Ms ®$ dbotho€ilon r at
pol arisation resistance across all substrates
corr osi Bingdlaenddsaa bdlp

I n parti CulbgdarLkei §dDamdabdleit i s obserFRiegdurteh at
41b ,Fi g ulR e exhibits marginall y htihgahre r wictohr r @ls i
espead | y at 0. 04201 eMnai anlst laduagh e at approxi ma
absence st a®OCPi Xxation, however, | eads to an i
M F ol utions. FFgrdIAFAISg/&ale'pF onounaedlsyesi morr os
rates morie rtenfalnecCtled al &o{fup mor ¢ 1 n’8vlelrt sMvsé o r
around 0.5 WVWnfHiloca€ing a |l ess noble surface
the Zr CC process. Moreovere Dmotdhornrodrsigan erOa tOe
41f Fi gd2 e wirtehacFhi ng rates eoXc &Ad&irbdg tamas €Ilr at
CRS and AA5754E..HobwZmerembhas relatively unaf
¥0.982 and x1.085 V, t hough the highe®st Zn ¢

without OCP stabilisation.

However, al t hough OCP st aballtiesratcioornr alsoiesn nroa
is a subtle difference inttéamespaosytc aglpterco hliecta
in the magnitude of | Fimg dibeh g Swl uéenbse’somw ol RE
typically initiate | imiting regions -@CPhigher
stasbhed icase. Coolvetrisens ,gé&Enerally induce | i mi
current densities. Only-sitrazbétieBlcasieonf ©Ohe4af
the | imiting region occurs at t h'es odame omasgni t
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Tab#4leOCP and Taf el extrapolation results of PPC
various soamomdi Ghws th€C Ml f f er at pH=4.

>

Corrosi

o -
e c
- o
— o
« c
I o

(©)

0.

@

o]

=}

P

(99}

[

SR o.0¢( no 0.6 7.:¢: 9.<£ 0.2 0.4 870 0
BB o0.0: no 0.6 21 27 0.1 0.3 164 0.:
BB o.0(yes 0.6 4.:¢ 5.¢ 0.1 0.4 102 0./
cn 0.0tye< >|O.6 13. 17 0.0 0.3 203 O0.:
el o. 1 0.2 0.2 778 0.

---_------

~ - 0.0(C yes

o ---_------

-o. 0.6 0.7 0.¢ 0.1 0.1 456 0.
BB o0.0: no 0.6 1.: 1.f 0.0 0.1 122 0.¢(
BB o.0ocyes 0.7 1.:f 1.¢ 0.2 0.2 305 0.«
cr o.Ozyec >|O.6 0.¢ 1.C 0.0 0.2 181 0.
BE o. 9 6.¢ 8.<¢ 0.1 0.2 0.
-- _----_-
BB o0.0C yes

£ ---_------
B o %1.0 0.1 0.2 651 0.
P& o0.0: no 1.0 36. 47. 0.1 0.1 101 0.
BB o. o yes 1.0 11. 14. 0.2 0.1 384 O0.:
BB o.0:yes 1.0 34. 44. 0.1 0.1 102 0./
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Figdxr@CP (l eft) and PPC (right) measurements
(e, f) in var tand” € twli whC @bidsf foefr Fat pH=4. 0. Not
the solid red curve overl|laps with the solid b

For AAF7T34denlEi gd2)e*akR 0. 0420 M results in s
corrosion current densities comMpamnketdhbogbglbb
Ffconcentrations (0. 0042deM)s iltefaeds!| thdoi s€ihrai.| adro wee
Ctsolutions at 0.0420 M lead tospiliwutiogsat ders
hi gher corrosion current densities, exhibit e

































































































































































































































































































































