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ABSTRACT 
Keywords: aluminium alloys, cast Al-Si alloys, conversion coating treatment, cerium, 
localized deposition, surface pre-treatments, microstructure, SEM, FIB-SEM, AFM-
SKPFM 
The formation of conversion coatings based on Ce, trivalent Cr and Ti/Zr is triggered by 
the local pH increase at cathodic IM sites of the aluminium alloy microstructure. The pH 
gradient is created over the cathodic intermetallic (IM) sites of the microstructure and its 
intensity is influenced by their activity which depends on their chemical composition, 
their size, and spatial distribution. Furthermore, the pre-treatment applied also affects 
the surface reactivity. The role of each of the microstructural features on the increased pH 
gradient and the subsequent triggering of local conversion coating deposition remains to 
be understood. To address the knowledge gap, model cast Al-Si-Fe and Al-Si-Cu-Fe alloys 
have been designed. Cerium based conversion coating treatment with standard 
parameters is applied to investigate the microstructure’s influence. Furthermore, four 
different surface pre-treatments’ effect on the topographical and electrochemical 
properties have been investigated by localized techniques and have been correlated with 
deposition experiment observations to prove surface reactivity.  
In this study, it was found that the four surface pre-treatments – polishing, NaOH, NaOH-
HNO3, NaOH-H2SO4 activate the surface of alloys containing Fe-rich IM and Cu-rich IM 
differently. The surface pre-treatment NaOH-HNO3 was found most detrimental to the 
surface reactivity as the pre-treatment resulted in passivation of the IM and a drastic 
reduction in its volta potential. The best pre-treatment for the alloy Al-Si-Fe was found to 
be one with NaOH etching. In the case of Al-Si-Cu-Fe alloy, pre-treatments where a 
pickling step (with either H2SO4 or HNO3) was applied followed a NaOH etching step, the 
surface of the IM was activated more than other pre-treatments due to selective Al 
dealloying and Cu-redeposition. The extent of Cu-redeposition was observed to be the 
most when surfaces were pickled with HNO3 solution and with the NaOH- HNO3 pre-
treatment, fastest deposition kinetics were observed.  
In the cast Al-Si-Cu-Fe alloy, the localized deposits were preferentially observed to form 
on only strong cathodic Cu-rich IM. The size (surface area) of the Cu-rich IM correlated 
linearly with the lateral deposition area as well as z-direction spread. It was found that 
the pH gradient resulting from the oxygen reduction reaction near an IM is very local and 
does not affect pH gradients of a neighbouring Cu-rich IM. The size did not have a 
profound impact on the extent of deposition occurring on a Cu-rich IM, but it was found 
that big Cu-rich IM activated faster for deposition reaction than small Cu-rich IM. When 
the progression of deposition on both coarse and fine microstructure cast Al-Si-Cu-Fe was 
quantitatively monitored at increasing conversion coating times 0.5h, 1h and 2h, it was 
observed that big Cu-rich IM in the coarse alloy triggered deposition faster than small Cu-
rich IM. 
Deposition mechanism on Fe-rich IM was found to be composition specific. In the cast of 
big Fe-rich β-Al5FeSi IM, localized deposition initiated at the border on the IM and is 
explained based on Si content in the composition of the IM, which has very high resistivity. 
In another Fe-rich IM, although of a much smaller size, which had lower Si content and 
was richer in Fe, a localized deposition was observed on the entire IM.  
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

SAMMANFATTNING 
Nyckelord: aluminiumlegeringar, gjutna Al-Si legeringar, omvandlingsbeläggningar, 
cerium, lokaliserad deposition, ytförbehandlingar, microstruktur SEM, FIB-SEM, AFM-
SKPFM 

Bildning av omvandlingsbeläggningar baserade på Ce, trivalent Cr och Ti/Zr initieras av 
lokalt förhöjd pH vid katodiska intermetalliska platser I aluminiumlegeringens 
mikrostruktur. Utbredningen av den starka pH-gradientens uppkomst över katodiska 
intermetalliska (IM) platser av mikrostrukturen påverkas av dess aktivitet som i sin tur 
beror på dess kemiska sammansättning, storlek, och rumslig fördelning. Ytans reaktivitet 
påverkas dessutom av dess förbehandling. Rollen av mikrostrukturens egenskaper på den 
förhöjda pH-gradienten och efterföljande initiering av lokal omvandlingsbeläggning 
återstår att förstå. För att komplettera detta kunskapsgap har Al-Si-Fe och Al-Si-Cu-Fe 
modellgjutlegeringar utformats. Cerium-baserade behandlingar för 
omvandlingsbeläggning med standardparametrar tillämpas för undersökning av 
mikrostrukturens påverkan. Effekten av fyra olika ytförbehandlingar på topografiska och 
elektrokemiska egenskaper har dessutom undersökts med lokaliserade metoder och har 
korrelerats med observationer vid depositionsexperient för att bevisa ytreaktivitet. I 
denna studie har det visats att de fyra ytförbehandlingarna – polering, NaOH, NaOH-HNO3, 
NaOH-H2SO4 – aktiverar ytan hos legeringar innehållande Fe-rika intermetaller och Cu-
rika intermetaller på olika vis. Ytförbehandlingen med NaOH-HNO3 visades vara 
skadligast för ytans reaktivitet eftersom förbehandlingen resulterade i passivering av IM 
och en drastisk sänkning av dess volta-potential. Den bästa förbehandlingen för Al-Si-Fe-
legeringen visades vara med NaOH-etsning. I Al-Si-Cu-Fe-legeringens fall, var 
förbehandling där ett betningssteg (antingen med H2SO4 eller HNO3) tillämpades följt av 
etsning med NaOH, aktiverades ytan av IM mer än med andra förbehandlingar på grund 
av selektiv korrosion av Al och Cu-återdeposition. Utbredningen av Cu-återdeposition 
observerades vara störst när ytor var betade med HNO3-lösning och depositionens kinetik 
var som hastigast vid förbehandling med NaOH-HNO3. I den gjutna Al-Si-Cu-Fe-legeringen 
observerades lokaliserade depositionerna att bildas endast på starkt katodiska Cu-rika 
IM. Storleken (ytarea) på de Cu-rika IM korrelerade linjärt med den laterala 
depositionsytan samt med spridning i z-riktning. Det visade sig att pH-gradienten som 
uppkom via syrereduktionsreaktionen nära IM är väldigt lokal och påverkar ej pH-
gradienter vid närliggande Cu-rik IM. Storleken hade ingen anmärkningsvärd verkan på 
utbredningen av deposition på Cu-rik IM, men stora Cu-rika IM visade sig aktiveras 
snabbare för depositionsreaktion än små Cu-rika IM. När depositionens framfart över 
grov och fin mikrostruktur i gjuten Al-Si-Cu-Fe följdes kvantitativt vid ökande 
omvandlingsbeläggningstid 0,5h; 1h och 2h, så observerades att stora Cu-rika IM i den 
grova legeringen påbörjade depositionen snabbare än små Cu-rika IM. 
Depositionsmekanismen på Fe-rika IM visades vara specifik för sammansättning. I 
gjutgodset med stora Fe-rika β-Al5FeSi IM visades lokaliserad deposition initieras vid 
gränsen av IM vilket förklaras baserat på Si-halt i IM sammansättning, som har väldigt hög 
resistivitet. I en annan Fe-rik IM, dock av mycket mindre storlek, som hade lägre Si-halt 
och rikare med Fe, en lokaliserad deposition var observerad över hela IM. 
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CHAPTER 1   
 

 

1.1 Background 

The impact of human activities on the ecological balance has been negative, and 
there is now a significant shift towards adopting more eco-friendly policies by 
society, governments, and industry. Aluminium and its alloys are essential 
engineering materials used for various applications and fulfil environmental 
sustainability goals. The aluminium alloys show good properties [1] such as high 
strength-to-weight ratio, high electrical and thermal conductivity, leading to its use 
in the transportation sector, building and construction, electrical elements and 
packaging. Its lightweight, strength and high recyclability [2] can lower energy 
costs and CO2 emissions [3].   

Durability is another important feature of materials that can make a material 
sustainable. To ensure a long-term durability of aluminium alloys, it must be 
protected from corrosion so that its service life is increased. Pure aluminium shows 
excellent corrosion resistance  in near to neutral environments, as it forms a few-
nanometre-thick layer of aluminium oxide that blocks the contact of aqueous 
media with the underlying aluminium substrate [4]. However, for engineering 
applications, pure aluminium is rarely used due to low mechanical strength and it 
is often alloyed with a combination of elements. The required properties are 
achieved by the formation of heterogeneous microstructures, designed carefully 
by addition of alloying elements and heat treatments[5]. The second phases in the 
heterogeneous microstructure are rich in alloying elements and thus demonstrate 
different electrochemical properties compared to the aluminium matrix [6,7]. 
Moreover, the continuity of the protective native aluminium oxide is broken due to 
the presence of second phases [8]. Electrochemical heterogeneity and non-
continuous oxide film make the alloy susceptible to corrosion.  

To protect aluminium alloys from corrosion, a multi-layered coating system is 
often employed. The different layers of such a system are elucidated in Figure 1, 
the first layer of which is a pretreatment layer. This layer is in direct contact with 
the aluminium matrix and is artificially formed by either anodic oxidation of 
aluminium (anodizing) [10] or by conversion coating treatment [11].  The latter is 
formed by a chemical pretreatment where the native layer of oxide is replaced by 
another metal oxide that is resistant to aggressive environments. Conversion 
coating are based on, but not limited to, hexavalent chromium, trivalent chromium, 
vanadium, titanium, zirconium, cerium, lanthanum, molybdenum and phosphate 
[12].  



 

 
Figure 1. Schematic representation of the multi-layer coating system 

Hexavalent chromium-based conversion coatings (CrCC) have been widely used 
for protecting aluminium alloys from corrosion [13]. Their prevalence as the most 
successful conversion treatment is attributed to the excellent corrosion resistant 
properties [14] it imparts to the material surface and complementarily offers 
added benefits like relative ease of application, promoting paint or primer layer 
adhesion and offer self-healing properties in the event of damage to coating. 
Hexavalent chromium, however, is deleterious to the environment and have a 
carcinogenic effect on humans [14]. Processes based on hexavalent chromium are 
being slowly phased out and there are various federal mandates and 
environmental agency recommendations in the USA and EU to heavily limit its use. 
The Environmental Protection Agency (EPA) is the main regulator limiting 
chromate use through acts like the Clean Water Act (CWA), the Comprehensive 
Environmental Response, Compensation and Liability Act (CRCLA) and Toxic 
Substances Control Act (TSCA) [15]. EU counterpart is the European Chemical 
Agency (ECHA) that places hexavalent chromium under restricted list in the 
framework of Registration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH)[16]. 

With the need for producing more environmentally friendly and compliant 
coatings, several alternatives to CrCC for corrosion protection have been studied. 
Conversion coatings based on trivalent chromium process coatings [17], cerium 
[18], zirconium and/or titanium [19] have shown promise.  

1.2 Cast Al-Si alloy microstructure 

Al-Si cast alloys are important casting alloys widely used for several applications 
[20]. The addition of Si increases fluidity and decreases solidification shrinkage, 
allowing the casting of complex-shaped components and thus results in increased 
castability [21].  The Si addition can vary between 5% and 23% fraction by weight 
in commercial casting alloys and depending on the proportion used, a 
hypoeutectic, eutectic and hypereutectic microstructure may form [22]. The phase 
diagram of the Al-Si system is shown in Figure 2. Among the cast Al-Si alloys, 
hypoeutectic compositions are most used with typical Si concentration range 
between 5 wt.% and 10 wt.%. In the automotive industry the typical applications 
of hypoeutectic Al-Si alloys include engine blocks, cylinder heads and wheels [22]. 
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Figure 2. Al-Si phase diagram [23] 

Hypoeutectic Al-Si alloys solidify with a dendritic structure where primary α-Al 
forms the dendritic arms that also develop secondary arms (Figure 3 (a)). In the 
region between the arms and secondary arms forms the Al-Si eutectic consisting. 
The Al-Si eutectic consists of soft Al and Si particles with a plate-like morphology. 
The distance between the two secondary arms, also called Secondary Dendritic 
Arm Spacing (SDAS) (Figure 3 (b)) has been shown to be sensitive to the 
solidification rate [24]. With a higher solidification rate, a finer microstructure is 
formed with a low SDAS and vice versa for lower solidification rate. The intra-
eutectic Al-Si region is rich in alloying elements that have been rejected by 
solidified α-Al. Depending on the concentration and combinations of alloying 
elements present in the alloy, different intermetallics may form.  

             
                    (a)                                                                                        (b) 

Figure 3. (a) Typical microstructure of a cast hypoeutectic Al-Si alloy after 
solidification as observed under optical microscopy (b) definition of SDAS 

The properties of aluminium alloys are usually designed by selecting appropriate 
additions of alloying elements and heat treatments. The intermetallic particles are 
classified into three broad categories: precipitates, constituent particles and 
dispersoids [1]. Precipitates, generally small, may form from supersaturated 
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solution during natural or low-temperature artificial ageing by nucleation and 
growth. Alloying elements additions like Cu, Mg, Si, Zn, Li leads to the formation of 
typical precipitates such as MgZn2, MgAl3, Al2Cu. The second type, constituent 
particles are relatively larger and are formed during alloy solidification. These 
particles are rich in alloying elements. Several different alloying elements are 
found in constituent particles, most common being Cu, Fe, Mn, Si, Mg and forming 
compounds like Al3Fe, Al2Cu, Al7Cu2Fe, AlCuFeMn and (Al,Cu)x(Fe,Mn)ySi. 
Dispersoid particles are smaller and contain elements that are highly soluble in 
aluminium like Cr, Ti, Zr, Mn.  

Among the wide variety of IM that can form in aluminium alloys, the most found in 
cast Al-Si include Al2Cu, Mg2Si, α-Al12(Fe,Mn)3Si2 and β-Al5FeSi. The solidification 
rates influence their size, morphology and distribution in the microstructure. Cu 
and Mg are common alloying elements that are added to increase strength and the 
presence of these alloying elements in the composition of the alloy result in the 
formation of some of these IM like Al2Cu and Mg2Si. Iron is an inevitable impurity 
in casting Al alloys, arising from the ore or from the casting processes wherein the 
mould walls are made of iron. Usually present in very low proportions (<0.1 wt.%), 
their low solubility in Al allows the formation of β-Al5FeSi that have a plate-like 
morphology [25]. 

1.3 Corrosion and corrosion inhibition 

Corrosion is an electrochemical phenomenon which takes places when the 
following conditions are met: (1) exposed metal surface (2) electron acceptor (3) 
continuous electrical contact between the two components (4) continuous 
electrolyte. A galvanic circuit is established upon fulfilment of the four conditions, 
and the relatively anodic component undergoes an oxidation/dissolution reaction 
while the cathode supports a reduction reaction. The different phases of the 
aluminium alloy microstructure are electrochemically heterogeneous and thus 
operate locally as relative anodes and cathodes [7,24].  
 
In aluminium alloys, a discontinuity in the native oxide film exists due to the 
presence of IM in the microstructure. This exposes the substrate, and when the 
alloy substrate is exposed to an aqueous environment, the micro-galvanic couple 
gets activated. Due to most of the IM in Al alloys being relatively cathodic, a micro-
galvanic cell is established (Figure 4). As can be seen from the figure, aluminium in 
the near vicinity of the cathodic phase undergoes an oxidation/dissolution reaction 
after the spontaneous oxide is broken. 

An untreated metal surface will fulfil the four requirements, mentioned above, and 
cause corrosion to occur. To protect it, one of the conditions must be curbed. It is 
impossible to separate the electrical contact between the two phases; thus, the 
route most often looked at in corrosion inhibition involves the formation of a 
barrier layer which physically prevents contact of the electrolyte with the metal.  
The first layer of a multi-layer coating system, pretreatment or conversion coating, 



 

is a thin layer with dimensions in the range of several nanometres which in 
addition to providing barrier protection, also gives the substrate good adhesive 
properties for the application of subsequent primer layer. The two most common 
pre-treatments are anodization and chemical conversion, of which the latter is the 
focus in this thesis. 

 
Figure 4. Schematic description of the localized micro-galvanic corrosion cell 

Among the many options of conversion coatings (CC), those based on the Cerium 
(CeCC), trivalent Chromium, Titanium and Zirconium form by the same underlying 
mechanism [27]. They leverage the electrochemical corrosion reaction from the 
galvanic coupling between the different phases to form a local region of high pH 
from the cathodic reduction of oxygen that further combines with cations from 
bath to form insoluble products that in-turn inhibit the corrosion reaction. Because 
oxygen reduction occurs at the local cathodic IM sites of the microstructure, their 
role is crucial in the deposition process [28]. These, however, are only a part of the 
story as there are other factors influencing the deposition process like the 
immersion bath chemistry (concentration, pH, additives) and immersion time, 
among others [29]. In this research, cerium conversion coatings are employed to 
understand the role of microstructure in CC formations driven by localized pH 
gradient over intermetallics. Common chemistry has been applied, and no 
optimization of deposition process parameters is performed. Ce coatings were 
chosen because there are many results in the literature to compare with and 
chemistry of conversion coating solutions is optimized.  

1.3.1 Cerium conversion coatings 

Rear-earth based oxides have shown promise since the 1980s as corrosion 
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is a thin layer with dimensions in the range of several nanometres which in 
addition to providing barrier protection, also gives the substrate good adhesive 
properties for the application of subsequent primer layer. The two most common 
pre-treatments are anodization and chemical conversion, of which the latter is the 
focus in this thesis. 
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Nd, Sm, Gd and Tb have since then been studied [29], but Ce is considered most 
viable. It provides a superior corrosion resistance than others [34,35] and also is 
relatively abundant in nature [36]. Additionally, other elements were ruled out as 
contenders for viable conversion coatings due to their high cost [29,37]. 

Mechanism of corrosion protection – cathodic inhibition 
The corrosion inhibition nature of CeCC is explained based on the suppression of 
the cathodic oxygen reduction reaction [32]. This was first observed from the shift 
of the cathodic branch of linear polarisation curves (as compared with curves 
obtained on the polarisation of bare alloy) AA7075 in studies by Hinton et al. but 
also later observed in other alloys like AA2024 [38], AA5083 [39,40], AA6063 [41], 
AA6061 [42]. The decrease in cathodic reaction rate has been attributed to the 
physical barrier formation over specific sites with precipitates of cerium oxide and 
hydroxide [33] that prevents contact with electrolyte. Evidence of this cathodic 
inhibition nature of CeCC has been reviewed in one of earlier papers of 
Bethencourt et al. [37] which attributed the discovery of this inhibition mechanism 
to Isaacs, Davenport and co-workers [43] in their deposition study on binary Al-Cu 
alloy where a cerium rich layer was observed to form over cathodic copper-
containing particles. Blocking of the cathodic activity and consequently, the 
associated anodic reaction leads to a decrease in icorr [31], ultimately causing 
increased corrosion resistance.  

Deposition process  
Inhibition of cathodic activity by deposition can be formed by various processes 
including the most commonly applied wet-chemistry method [28,40,44–52], and 
sparingly used electrolytic deposition method [53,54] and spray-method [55,56]. 
In the wet-immersion methods, the samples are immersed in baths of cerium salt 
solutions with or without additives. The most commonly applied conversion 
coating baths use aqueous solutions of cerium chloride [28,31,40,46,48–50,57–
62], less common cerium nitrate salt solution [42,56,63–70] or sparsely used 
cerium sulphate [71,72]. Upon immersion of aluminium substrates in such baths, 
conditions for dissolution of aluminium oxide and precipitation of cerium oxide 
simultaneously prevail due to highly localized alkalinity as a result of the oxygen 
reduction reaction. The high local concentration of OH- ions is capable of dissolving 
both the native oxide layer and precipitation of cerium (hydro)oxides [33]. 
Spontaneous deposition of CeCC on aluminium alloys by wet immersion in a 
cerium salt solution alone is a kinetically slow process and sometimes conversion 
coating treatment up to 7 days is needed to see uniform coverage of the substrate 
with a conversion coating. This is infeasible from an industrial perspective, and so 
various additives are used to accelerate coating deposition. It was discovered by 
Hinton et al. [28] that the addition of hydrogen peroxide to the coating solution 
accelerated the coating formation and decreased the coating time by four or five 
orders of magnitude. The efficacy of H2O2 in accelerating the coating deposition 
was later found out [73] to be due to its ability to act as a complexing agent, an 
oxidant and a source of OH- ions, all leading to enhanced precipitation reactions.  



 

Other oxidant additives also used, albeit much less prevalent, include NaClO4 
[48,69,74,75] and KMnO4 [56,69,76].  

The coating formation is influenced broadly by three factors: the pre-treatment, 
the CeCC solution process parameters and the microstructure of the underlying 
alloy. The most critical process parameters include the type and concentration of 
cerium salt, the type of anion, time of immersion, pH of the coating solution, 
additives, and temperature of the coating solution. The process parameters’ 
influence on CeCC deposition has been reviewed extensively in an article by Harvey 
[29]. The complexity of the deposition process is increased when considering that 
the substrate microstructure in terms of surface composition and electrochemical 
behaviour of the range of phases in the different alloys. The complexity of the 
deposition process is related to the substrate microstructure heterogeneity in 
terms of surface composition and electrochemical behaviour. The crucial role of 
microstructure in the deposition of CeCC was first established by Hughes et al. [28], 
where they found that cerium rich compounds deposited at different rates over 
different intermetallics.  

Deposition mechanism 
Due to the heterogeneity in aluminium alloy microstructure, several micro-
galvanic couples are formed throughout the substrate surface. In these micro-
galvanic couples, under aqueous immersion conditions, the aluminium matrix in 
the vicinity of the cathodic IM particle undergoes the anodic reaction (equation 1 
below), and solid aluminium corrodes. Cathodic IM particles support the reduction 
of oxygen locally that create a gradient of increased pH on and in the near vicinity 
of these particles. The reduction of oxygen may take place via either a two-electron 
or four-electron reduction (equation 2 and 3).  

Al → Al3+ + 3e- (1) Anodic 
reaction 

O2(aq) + 2H2O + 4e- → 4OH- (aq) (2) Cathodic 
reaction and 
source of local 
alkalinity  O2 (aq) + 2H2O + 2e- → H2O2 + 2OH- (aq) (3) 

Ce3+ + 3OH- → Ce(OH)3 ↓ (4) Hydroxide 
precipitation 

2Ce3+ + 2OH- + H2O2 → 2Ce(OH)22+ (5) Intermediate 
complex 
formation 4Ce3+ + O2 + 4OH- + H2O → 4Ce(OH)22+ (6) 

Ce(OH)3 → CeO2 ↓ + H3O+ + e- (7) 



 

Ce(OH)22+ + 2OH- → CeO2↓ + 2H2O (8) Oxide 
precipitation 

The local presence of OH- ions can further combine with cerium ions in solution to 
form insoluble precipitates of cerium oxides and hydroxides [31], shown through 
reactions 4, 7 and 8. As can be seen from these equations, cerium conversion 
coatings may contain either cerium hydroxides in the +3 oxidation state of cerium 
oxide in the +4 oxidation state. In fact, most CeCC is a mixture of Ce3+/Ce4+ 
conversion compounds with varying degrees of predominance. It has been 
questioned whether the pH increase (from four-electron reduction reaction) 
precipitated Ce3+ oxidation state conversion compound (equation 4) which was 
then oxidized to Ce4+ conversion compound, or that the oxidation of Ce3+ to Ce4+ 
occurred before the deposition process. By the latter mechanism, wherein CeCC 
precipitation occurs via complex formation (equations 5 and 6) and their 
subsequent reaction with hydroxide ions to form the insoluble precipitate is more 
accepted.  

The physical formation mechanism of CeCC involves deposit initiation on discreet 
cathodic sites of the heterogeneous microstructure from the localized pH rise over 
them [77,78]. As the precipitation reaction progresses, the dispersed islands 
coalesce and grow to cover the entire alloy substrate surface. Such a description of 
the CeCC formation is based on works of Hughes et al. [45] and Campestrini et al. 
[52,79], referred in this literature as “island initiation and growth mechanism”, and 
is the most commonly accepted.  

1.4 State-of-the-art 

The substrate microstructure has an important role as it affects the localized pH 
changes required for the precipitation reactions to occur. From this viewpoint, the 
surface conditions, chemistry and electrochemistry affect the deposition 
mechanism, the surface coverage, the oxidation state of Ce compounds and all 
these affect the corrosion inhibition.  

The majority of CeCC studies have been done on aerospace alloy AA2024, which is 
an Al-Cu-Mg based alloy. They constitute active particles in this alloy include 
Al2Cu2Fe, Mg2Si, Al6FeMn, Al2Cu(Mn,Fe)3, dispersoid particles in the sub-micron 
range like Al12(Mn,Fe)3Si and Al2Cu2Mn and hardening phase precipitates like S-
phase Al2MgCu and θ-phase Al2Cu. The deposition is observed to occur on all 
cathodic intermetallic particles, while the extent seems to be governed by particle 
size. Hughes et al. [28] found that the precipitate thickness was much higher on the 
larger intermetallic particles like Al2Cu2Fe and AlCu(Mn,Fe)3 than over smaller 
particles such as dispersoids and hardening precipitates. Furthermore, Aldykewicz 
et al. [43] have shown that the extent of deposition is also governed by their 
chemical composition and thus their electrochemical nature. In their model Al-Cu 
based microstructure, they found that IM rich in Cu showed preferential 



 

deposition, whereas other IM with Fe/Mn did not show any localized deposition at 
shorter immersion times. The deposition process was then shown to be a 
progressive one [80], starting with the most active phases like S-phase Al2CuMg 
and progressing to the next most active phase like AlCuFeMn and then finally to 
the bulk matrix.  

The deposition onto S-phase particles Al2CuMg and its governing mechanism has 
been controversial. While corrosion studies have shown the particle to have an 
anodic behaviour because they dissolute preferentially when the alloy is immersed 
in an aqueous NaCl solution[81], other studies like the one done by Campestrini et 
al. [36] have characterized using surface measurements with SKPFM as having a 
cathodic behaviour. Despite the claim of the IM showing anodic behaviour by 
certain studies, deposition is observed on these particles and under some 
conditions is even higher on and in its near vicinity than other cathodic 
intermetallics [81]. This contradiction, especially anodic dissolution and how it 
leads to deposition on it was studied by Kolics et al. [81]. They explained that Mg 
in the S-phase particle, is more anodic than the nobler Cu and therefore dissolves 
into solution and leaves behind a copper-rich particle. Furthermore, Kiryl et al. [82] 
have characterized this as “chemical dealloying” during the corrosion process upon 
contact with chloride-containing solutions, leaving behind a copper-rich local 
surface.  

Cu enrichment from redeposition may occur not only from the dissolution of S-
phase particle but also from the anodic dissolution of Al matrix with Cu in solid 
solution. Campestrini et al. [36] have shown that surface preparation with alkaline 
etching and acid pickling not only increase the surface activity by dissolving the 
native oxide layer but also bring out critical changes in the microstructure. These 
changes include uniform distribution of Cu particles deposited on the surface after 
dealloying from the Al-Cu solid solution, providing additional sites for cathodic 
reduction of oxygen [83]. They further emphasize that the redeposition of Cu is an 
essential condition for CeCC deposition reactions to occur.  

Conde et al. [84] however have pointed out that while Cu features enhance CeCC 
deposition, their presence is not necessary and this is observed from several 
studies reporting deposition to occur also on non-Cu containing IM. Arenas et al. 
[39] have shown that in a non-Cu containing alloy AA5083, preferential deposition 
occurs on IM such as Al6(Mn,Fe,Cr). Chunyu et al. [85] have also observed localized 
deposits to occur on cathodic IM of non-Cu containing alloy AA6061, without 
characterizing what the composition of the IM was. In the study by Padro et al. [53], 
deposits were observed to occur on β-Al5FeSi IM particles. Eslami et al. [51,86] 
have also reported preferential heavy deposition on these Fe-rich IM β-Al5FeSi. 

Irrespective of the microstructure, the deposition kinetics is extremely slow in the 
as-received condition (mechanically polished) as reported for different alloys such 
as AA2024 [36] and AA6062 [63,87]. Campestrini et al. [36] showed that even in 
the case of an active AA2024 alloy with highly cathodic Cu-rich IM, the spontaneous 



 

deposition reaction do not start very rapidly upon subjecting the alloy to CeCC 
treatment. In their study, they found that initial stages involved the dissolution of 
Al, dealloying and subsequent Cu redeposition and only after this initial process 
was the rapid CeCC deposition observed on the active rich sites.  

For activating the alloy surface to make it conducive for spontaneous CeCC 
deposition reactions to occur, the alloy substrate is commonly subjected to one or 
more pre-treatments like alkaline etching and/or acid pickling. The alkaline 
etching is able to dissolve the native oxide layer, and the pickling step is applied 
subsequently to “desmut” the surface off any hydroxides or oxides left behind by 
the etching step. The commonly applied NaOH alkaline etching and 
HNO3/H2SO4/HF bring out different changes in the surface properties and have a 
varied effect in a range of alloys on the CeCC deposition kinetics.  

For high Cu-containing alloys like AA2024, the acid pickling step was shown to be 
an important pre-treatment step as it results in Cu redeposition, providing active 
sites for the reduction of oxygen. Exposure of surfaces to acids promote the local 
attack on Al in the vicinity of IM, dealloying Al and subsequently redepositing Cu 
“smut” on the surface. Studies by Rangel et al. [63] have reported rapid deposition 
kinetics when subjected to two-step pre-treatment involving NaOH etching and 
HNO3 pickling. Pinc et al. [55] showed that a different acid pickling solution like 
H2SO4 is able to also have a positive effect on the surface that is conducive for rapid 
CeCC depositions.  

Other low Cu containing alloys seem to be activated to a greater extent when 
subjected to only NaOH etching. Decolry et al. [88] have showed that deposition 
reaction was faster when a NaOH etched surface was conversion coated than a 
NaOH etched and H2SO4/HF pickled surface where the coating deposits were non-
existent even after prolonged exposure. Moreover, after investigating the different 
sequence of steps, they found that the pre-treatment procedure, which ends with 
NaOH etching step prepares the surface best for CeCC deposition. Andreeva et al. 
[89] have also shown that deposition on AA1050 alloy occurs best when the 
surface is pre-treated with NaOH etching than with NaOH etching and HNO3 
pickling.  

1.5 Knowledge gap 

While Hughes et al. [45] have shown that the CeCC precipitate initiates on highly 
cathodic IM due to rise in local pH and that the localized deposit extends ~20% 
beyond the boundary of the IM, the influence of IM’s size on the local pH gradient 
remains yet to be understood. In addition, it is not known if the local pH gradients 
over an IM is influenced by the gradient over its neighbouring cathodic IM.  

Most studies have studied the deposition on high Cu containing alloys like AA2024 
that have Cu-rich IM. The high cathodic activity of these IM while can lead to rapid 
CeCC deposition, the presence of Cu in the alloy is not an essential criterion to 



 

achieve deposition. Localized deposition has been observed on non-Cu-containing 
IM like Al6(Mn,Fe,Cr) in AA5083 [39], IM in AA6061 [85], β-Al5FeSi IM in A360 [53] 
and Rheocast Al-Si alloys [51,86]. These studies do not investigate the deposition 
mechanism on the non-Cu containing IM, except for the ones by Eslami et al. 
[51,86] that addresses it to a limited extent. The deposition mechanism on these 
low cathodic activity IM remains to be fully understood.  

Surface pre-treatments are widely applied on aluminium alloys before conversion 
coating treatments, but their effect on the localized surface changes is not 
extensively investigated. A localized approach to characterize surface reactivity 
after different pre-treatments was done by Zhou et al. [90]. They explained that the 
surface pre-treatments highlight changes in surface topography and volta potential 
that creates conditions for localized deposition to take place. Their work, however, 
focused on the specific IM of AA6061, and there is still a lack of similar investigative 
approaches to characterizing surface changes in other alloys and their effect on 
surface reactivity for conversion coating deposition.  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

CHAPTER 2   

2.1 Purpose and aim of the work 

Conversion coatings typically are the first layer of a multi-layer coating system, and 
among the many options available, conversion coatings based on Ce, trivalent Cr 
and Zr/Ti form spontaneously on aluminium alloy surfaces with the same 
mechanism. Here, an interfacial pH change at certain cathodic sites of the 
microstructure from the reduction of oxygen triggers the chemical precipitation 
reaction of conversion compounds. Conversion coating deposition is influenced by 
three main factors: process parameters of the conversion coating bath 
(concentration and type of salt solution, pH, time of immersion, temperature and 
use of additives), the surface pre-treatment and the microstructure of the alloy. 
Only the former has been widely investigated, and gaps still lie in understanding 
the influence of the latter two on conversion coating deposition. This thesis adopts 
the use of cerium-based conversion coating treatment to understand the influence 
of microstructure and pre-treatments, due to vast literature available compared to 
other conversion coating treatments. 

The underlying microstructure of the different aluminium alloys is diverse 
containing several different intermetallic particles with a wide range of chemical, 
morphological and electrochemical traits. Most literature investigating conversion 
coating deposition choose the high Cu containing AA2024 whose IM are very 
active. While highly cathodic nature of Cu enhances deposition, their presence is 
not essential for the deposition reaction to take place as is shown in studies with 
non-Cu containing cathodic intermetallics. Furthermore, several deposition 
mechanisms hypothesized in literature are mainly related to Cu-rich intermetallics 
and do not consider geometrical properties and spatial distribution. Furthermore, 
the deposition mechanism on IM that is not as active on Cu is not addressed in the 
literature. The aim, then, of this study is to understand how the properties of 
intermetallics, both electrochemical and geometrical, affect the initiation of cerium 
conversion compound deposits on them. Pre-treatments’ effect on the changes in 
surface reactivity and consequent deposition also needs to be understood. These 
aims have been addressed in the framework of the specific research questions 
defined for the study (Section 2.2.2). 

2.2 Research design 

 Research perspective 

This research delves into fundamental aspects of the microstructure that drive 
localized pH increases, the most necessary condition for the conversion coating 



 

deposition reaction to occur. The components of the aluminium alloy 
microstructure that can change local pH include the cathodic IM particles. The 
extent to which they drive local pH gradients is influenced by their activity which 
depends on their chemical composition, their geometry and their spatial 
distribution in the microstructure. In this study, three specific IM properties will 
be investigated from the perspective of their reactivity: (1) Chemical composition 
and the corresponding volta potential [91] of the IM (2) IM particle size (3) 
distance between IM particles. To be able to study each variable’s influence on the 
local pH increase and in turn, the localized precipitation reaction, relatively “clean” 
microstructures with a controlled type of IM, its size and spatial distribution are 
designed in this study. Such microstructures are created by selecting a model alloy 
composition and controlled processing. Furthermore, the surface preparation 
procedure may affect the reactivity of the IM particles, which is investigated 
through localized electrochemical approaches. 

 Research questions 

RQ1: How do chemistry and volta potential of intermetallic affect 
deposition of conversion compounds on the substrate? (Addressed in 
Supplement I and II) 
There are a wide variety of intermetallics that can be found in aluminium alloys 
containing alloying Si, Fe, Cu, Mg, etc. The various intermetallics from these 
alloying elements may appear in the microstructure simultaneously and show 
differing electrochemical properties. Therefore, it will be important to understand 
how each type of intermetallic triggers CeCC deposition and how the presence of 
multiple such IM affect deposition on each of them. Cu-rich intermetallics are in 
general nobler (or higher in cathodic character) than Fe-rich. It is of interest in this 
study to understand the CeCC deposit initiation and progression on these two 
different nobility IM. 

RQ2: How do morphology, size and spatial distribution of intermetallic 
affect their reactivity? (Addressed in Supplement I) 
It remains to be understood if the geometrical and spatial distribution of 
intermetallics particles plays any role in the deposition of conversion compounds. 
As the CeCC formation is driven by local pH gradients produced by oxygen 
reduction reaction on cathodic intermetallic, IM’s size as and spatial distribution 
may affect the extent of the high pH domains as well. Furthermore, it is of interest 
to understand whether multiple such domains from different IM interact with each 
other due to their spatial distribution.  

RQ3: How the different surface preparation procedures affect the activity of 
the different intermetallics, which in turn influence the deposition? 
(Addressed in Supplement III) 
Aluminium alloys’ surface is most commonly pre-treated with either standalone or 
a combination of alkaline etching and acid pickling before conversion coating 
treatment. Each of these brings out changes to the surface reactivity, and it is of 



 

interest to characterize these changes through local electrochemical methods and 
study their influence on the deposition.  

 Research approach 

This research is experimentally based and adopts the use of cerium conversion 
coating treatments to understand the local surface reactivity of as a function of pre-
treatment as well as the cathodic IM’s chemical composition and geometrical 
properties. For such a study, model alloys with controlled microstructures will be 
created and subjected to the different combination of surface pre-treatments and 
subsequent conversion coating treatments. 

Selecting alloy composition and processing them– Obtaining specific 
microstructure “canvas” 
The objective to control the microstructures variable was approached by casting 
Al-Si alloys with alloying elements Cu and Fe and solidifying them at different rates 
for obtaining the desired “microstructure canvases” for deposition experiments. 
Al-7wt.%Si is chosen as the base alloy as it is one of the most common 
commercially used cast Al alloy. Alloying elements Fe and Cu have been added to 
allow the formation of intermetallics with the different cathodic property. The 
alloy compositions are selected so that they closely resemble the engineering 
alloys in applications and yet are sufficiently simple to produce ‘clean and uniform’ 
microstructures.  

By varying the solidification rate, IM with different size and spacing were obtained. 
A schematic is shown in Figure 5. The four microstructure canvases obtained from 
the tailoring of microstructures are used to investigate the variables mentioned in 
Section 2.2 and to answer the questions posed in Section 2.3 

 
Figure 5. Schematic representation of the strategy used for developing 

microstructure canvases for deposition experiments 
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Depending on the research question being answered, the microstructure canvases 
are subjected to specific surface pre-treatments and subsequent conversion 
coating treatment. When the role of underlying cathodic IM’s geometry and spatial 
distribution is studied, all the parameters except for the microstructure are fixed, 
and therefore for such a study, the same surface pre-treatments and conversion 
coating treatment is applied on all the different microstructure canvases. For the 
study involving the influence of pre-treatment on the reactivity of the surface, 
different pre-treatment is applied on different surfaces, but the conversion coating 
treatment is kept uniform for all “canvases”. 

2.3 Research ethics and quality 

One of the main ethical aspects that will be taken into considerations concerns 
data validity and reliability.  
To ensure reliability, repeatability of the results: 

• Each sample produced and test case are uniquely indexed, and a code 
designated, a register to keep track of single specimens and each 
measurements parameter will be created. 

• Tests on the same type of sample are repeated multiple times to consider 
measurement error and ensure results soundness. Specimens from 2 
different samples will be tested for repetition of measurement to check the 
repeatability of the results wherever necessary and feasible. 

• The characterisation equipment is checked for calibration periodically 
before making any observations. Standard analysis methods are followed 
during characterizations 

• Microstructure observations are reported with the same magnification for 
good comparisons 

2.4 Materials and methods 

2.4.1 Materials 

Model cast Al-Si alloys were created for this study for tailored microstructures to 
be used as a canvas for deposition experiments. The composition selected is 
presented in Table 1. Pure aluminium (99.9% purity with 0.1%Fe impurity) along 
with alloying elements Si, Fe and copper were melted in a Nabtherm Tilting 
Furnace at 800 ⁰C and cast in cylindrical graphite moulds. For ensuring that the 
elements are added in the right proportions, before the metal samples are cast, 
“coins” are cast first that are analyzed under a spectrometer for determining the 
weight fraction of the different alloying elements in the melt. Once confirmed, the 
melt was cast into cylindrical graphite moulds and left to cool in air. 
The cast cylinders were then subjected to remelting at 710 ⁰C and directional 
solidification in the Bridgeman furnace at starkly different rates of 0.03mm/s and 
6 mm/s. This solidification rate expressed here in mm/s is the speed with which 
the furnace is raised away from fixed cylindrical rods. The melted aluminium is 



 

solidified along the length of the cylinder under state conditions to obtain 
homogeneous microstructure.  

Table 1. Chemical composition of model alloys 
Serial 
number 

Name Wt.% Si Wt.% Cu Wt.% Fe Wt.% Al 

Model alloy 
1 

Al-Si-Fe 7 - 1 Balance 

Model alloy 
2 

Al-Si-Cu-
Fe 

7 2 1 Balance 

2.4.2 Substrate preparation  

The cylindrical rods were cut into smaller coin-shaped pieces of approximate ⌀10 
mm × 10 mm and mounted in either a non-conductive epoxy resin or a conductive 
PolyFast resin. The samples were ground with papers of grit size P320, P800, 
P1000, P2000, P4000 and then polished with a diamond suspension of colloidal 
particle size 3 µm, 1 µm and 0.1µm. They were then rinsed in acetone ultrasonic 
bath for 15 minutes to remove the residues of polishing.  

2.4.3 Surface preparation 

This work implements four different types of surface preparation procedures 
which include:  

• Mechanical polishing down to 0.1µm size (This surface is used as a 
benchmark and hereon referred to as polished surface preparation) 

• Mechanical polishing followed by alkaline etching with 0.5M NaOH solution 
for 2 minutes (Hereon referred to as NaOH surface preparation) 

• Mechanical polishing followed by alkaline etching with 0.5M NaOH solution 
for 2 minutes and subsequent acid pickling in 50 vol.% HNO3 solution for 
30 seconds (Hereon referred to as NaOH-HNO3 surface preparation) 

• Mechanical polishing followed by alkaline etching with 0.5M NaOH solution 
for 2 minutes and subsequent acid pickling in 40 vol.% H2SO4 solution for 30 
seconds (Hereon referred to as NaOH-H2SO4 surface preparation) 

Between each step in a multi-step surface preparation procedure, the samples 
were rinsed with distilled water.  

2.4.4 Conversion coating treatment 

Immediately after surface etching, the samples were immersed in a conversion 
coating solution. Two different cerium salts, CeCl3 and Ce(NO3)3, have been used in 
this study. Each salt was used to prepare two different conversion coating 
solutions: (1) 0.1M CeCl3 and (2) 0.1M Ce(NO3)3 + 0.1M NaCl.  The different 
substrates were subjected to conversion coating treatment for various times 
ranging from 0.5h and 18h.  



 

Two different mounting resins were used, a conductive one and a non-conductive 
one. When samples mounted in a conductive resin were subjected to conversion 
coating treatment, they were subjected to conversion coating treatment in a home-
built cell (elucidated in Supplement II). The samples mounted in a non-conductive 
resin were simply immersed in a bulk conversion coating solution. 

2.5 Experimental techniques and characterization 

2.5.1 Microstructure, morphology and composition 
Characterization involving the morphology and chemical composition of 
microstructure containing Al matrix, Al-Si eutectic, intermetallics as well as cerium 
conversion coating were done using Scanning Electron Microscopy and Energy 
Dispersive X-ray Spectroscopy (SEM-EDS). The SEM system primarily can “see” 
microscopic features of surfaces with a focussed electron beam traversing the 
substrate surface in a raster. When the beam of incident electrons interacts with a 
substrate, three different types of rays are generated depending on the interaction 
volume. The Secondary Electrons (SE) are generated from relatively superficial 
interaction of incidence electrons with the substrate and are thus useful for 
characterizing features such as the morphology of the surface. The contrast in SEM-
SE images is achieved from different phases interacting differently with incidence 
electrons. Due to the short wavelength of incidence electrons, very high-resolution 
images of surface morphology can be acquired, and this is used to the benefit of 
observing the microstructural features of surfaces in this study. X-rays originating 
from deep interacting with the substrate are scattered at different wavelengths 
from different elements. From a spectrum of X-rays detected by the EDS detector, 
spectroscopic analysis can be done, which allows analysis of the chemical 
composition of the substrate. Because the interaction volume of the incident 
electron beam is relatively higher to be able to be scattered as X-rays, the elemental 
composition acquired is not very accurate, especially so for fine microstructural 
features.  
The scanning electron micrographs reported in this thesis were acquired using 
JOEL 7110F at accelerating voltage 5kV. Furthermore, for characterizing the 
elemental composition and distribution across the microstructure, an in-built 
Energy Dispersive X-ray Spectroscopy (EDS) (EDAX Apollo X-SDD) detector was 
utilized. The accelerating voltage in case of EDS characterizations was 15kV. 
EDS analysis has its limitations due to the interaction volume of the electron beam 
being higher than the volume of the microscopic particle, so it has been 
complemented with X-ray Diffraction. Intermetallic phases in the microstructure 
are thus characterized also using an X-Ray Diffraction Smart (XRD) System – SAXS-
USAXS.  

2.5.2 Surface topography 

Nano-dimensional topography of bare microstructure and deposits is 
characterized using Park Systems NX10 atomic force microscopy (AFM). The 



 

surface topography measurements under the AFM were done using PPP-NCHR 
non-contact cantilever with a high resonant frequency and with PPP-NCSTAu 
when AFM measurements were done together with volta potential measurements.  

2.5.3 Local electrochemical properties 

Local electrochemical properties of the bare and deposited substrate are 
characterized using Park Systems NX10 Scanning Kelvin Probe Force Microscopy 
(SKPFM). For volta potential measurements, a different tip PPP-NCSTAu was used 
which operated in the non-contact mode and was highly conductive due to Au 
coating. Here the AFM tip is biased to measure the work function of the different 
regions of the microstructure to output a volta potential map of the surface that 
will help identify the relative nobilities of the different phases and regions of the 
microstructure. In the post-processing of the results, the obtained values were 
subtracted from the biased voltage to obtain the volta potential of the different 
phases of the microstructure. 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER 3   

 

3.1 The microstructure of tailored cast Al-Si alloys 

Directional solidification experiments described in Chapter 2 allowed the 
synthesis of tailored microstructure containing either (a) big and sparsely spaced 
IM (Figures 8 (a) and 9 (a)) or (2) small and closely spaced IM (Figures 8 (b) and 9 
(b)). Hereafter, slow and fast solidified microstructures are referred to as ‘coarse’ 
and ‘fine’ microstructures, respectively.  

 
Figure 6. Schematic representation of a Bridgeman furnace [92] 

To obtain desired microstructure “canvases”, the cylindrical cast Al-Si specimens 
were directionally solidified in a Bridgeman furnace (Figure 6) at a controlled rate 
to obtain a relatively uniform microstructure. Upon remelting and cooling cast 
hypoeutectic Al-7Si alloys, it solidifies with a dendritic structure [93]. The α-Al 
forming the dendritic arm and the inter-dendritic regions are Al-Si eutectic.  
Intermetallic particles nucleate and grow in the intra-eutectic region. The 
secondary dendritic arm spacing (SDAS) is sensitive to the directional cooling rate 
(Figure 7). Faster cooling entails faster kinetics of formation leading to lower SDAS 
and smaller intermetallic sizes; vice-versa for slower cooling where higher SDAS 
and larger intermetallics are achieved. And thus, by controlling the solidification 
rate in the Bridgeman furnace, it is possible to create microstructure where 
intermetallics are of desired sizes and spatial distribution. The 200 µm × 200 µm 
window in each microstructure of Figure 8 and Figure 9 shows how cooling rate 
affects the sizes and distribution of intermetallics in for the size and distribution 
for Al-Si-Fe and Al-Si-Cu-Fe cast alloys, respectively.  
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Figure 7. SDAS measurements for the two solidification rates in cast alloy, (a) Al-
Si-Cu-Fe (c) Al-Si-Fe 
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Figure 8. Comparison of intermetallics formed in Al-7Si-1Fe alloy after subject to 

(a) slow solidification and (b) fast solidification using a Bridgeman furnace 

 
(a)                                                               (b) 

Figure 9. Comparison of intermetallics formed in Al-7Si-2Cu-1Fe alloy after 
subject to (a) slow solidification and (b) fast solidification using a Bridgeman 

furnace 

 Cast Al-Si-Cu-Fe and Al-Si-Fe alloy microstructure 

Intermetallic particles nucleate and grow in the Al-Si eutectic regions between the 
secondary dendritic arms. Phosphorus is a common impurity existing in trace 
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amounts in aluminium alloys, and its compound AlP acts as a nucleating site for IM 
[94]. Because SDAS is sensitive to solidification rate (Figure 7), for each 
composition, two different microstructures can be produced (Figure 10).  The IM 
of Al-Si-Fe and Al-Si-Fe-Cu, as observed under SEM with the same magnification, 
are shown in Figure 10 and Figure 11, respectively. 

 
           (a)                                                                              (b) 

Figure 10. Description of IM seen in the (a) coarse and (b) fine microstructures 
of Al-Si-Fe cast alloy 

  
                                   (a)                                                                              (b) 

Figure 11. Description of IM seen in the (a) coarse and (b) fine microstructures 
of Al-Si-Cu-Fe cast alloy 

From comparison with microstructures in literature, the different IM in the two 
microstructures of alloys Al-Si-Fe and Al-Si-Fe-Cu were identified. The plate-like 
IM in both the microstructures is β-Al5FeSi [95,96]. In the Al-Si-Fe-Cu alloy, the 
rounded IM with a eutectic structure is θ-Al2Cu [97,98] and the small IM forming 
on the border of β were ω-Al7Cu2Fe [98]. However, the IM cannot always be 
accurately identified by their morphology [99] and thus supplementary EDS and 
XRD characterizations have been done. The average atomic fraction of 
intermetallics β in the coarse and fine Al-Si-Fe are listed in Table 2. The same 
characterization for IM in coarse and fine IM of Al-Si-Cu-Fe are reported in 
Supplement I: Table 2. The proportion of elements obtained using EDX point 
analysis does not match exactly with the stoichiometry of the intermetallic 
compounds, as the EDX beam has a certain volume interaction that may exceed the 
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volume of the intermetallic. This is especially so in the case of fine microstructure 
with small intermetallics. XRD technique is a powerful analytical technique that 
can accurately identify phases in a crystalline material. An incident X-ray beam on 
the sample scatters it at specific angles from the lattice planes in the sample. 
Because each phase has distinct atomic positions and lattice planes, “fingerprint” 
patterns in the XRD spectrum are observed for the different phases. A standard 
database exists with these fingerprint patterns for typical phases and has been 
used to confirm the presence of Al [100] and Si [101]. Other IM like β-Al5FeSi 
[95,102–104], θ-Al2Cu [102,105–107] and ω-Al7Cu2Fe [106,107] have been 
confirmed by comparison of XRD spectrum with those in the literature (Table 3). 
Figure 12 shows the indexed XRD peaks of the coarse and fine IM of Al-Si-Fe alloy. 
Similarly, the indexed XRD peaks for the IM in Al-Si-Cu-Fe have been reported in 
Supplement 1: Figure 2. 

Table 2. EDX spot analysis of different intermetallics in coarse and fine 
microstructure of Al-Si-Fe cast alloy 

Microstructure Intermetallic Al (at.%) Si (at.%) Fe (at.%) 
Coarse Fe-rich β 66.7±0.7 16.8±0.6 12.9±0.3 
Fine Fe-rich β 92.3±0.8 6.5±0.2 0.7±0.8 

 

  
                    (a)                                                                            (b) 

Figure 12. XRD spectrum and indexed phases in (a) coarse and (b) fine 
microstructures Al-Si-Fe alloy 

The big IM phases of plate-like β, rounded θ and ω in the coarse microstructure 
were measured to be between 20-100 µm long and 2-10 µm wide, 2-20 µm in 
equivalent diameter and 0.1-1 µm width, respectively. In the fine microstructure, 
on the other hand, the dimensions of plate-like β, rounded θ and ω in the fine 
microstructures were in the range 1-20 µm in length and 0.1-1µm in width, 1-8 µm 
in equivalent diameter and 0.1-1 µm in diameter, respectively. IM particles 
containing Cu, that were θ and ω are henceforth referred to as “Cu-rich” IM. The 
distances to nearest Cu-rich IM from individual Cu-rich IM were measured and 
were found to be on average 49.0 ± 6.8 µm and 8.0 ± 0.9 µm respectively for coarse 
and fine microstructures.  
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Table 3. Peaks in the characterized XRD spectrum identified using literature 
study for the coarse and fine microstructures of Al-Si-Cu-Fe and Al-Si-Fe alloy 

Phase 2θ  
(o)(From literature) 

Peaks characterized 
Al-Si-
Cu-Fe 
coarse 

Al-Si-
Cu-
Fe 
fine 

Al-Si-Fe 
coarse 

Al-Si-Fe 
fine 

α-Al 38.5 [95,97,102–
105,108,109], 45 

[95,97,102–105,108], 
64 [97,102–104,108], 

77.5 
[97,102,104,109], 83 

[109], 99 [109] 

38.3, 
45, 

77.5, 
83 

38.5, 
44.8, 
65.0, 
77.7, 
82.8 

38.4, 44.7, 
65.0, 78.2, 

85.0 

38.4, 44.7, 
65.0, 78.2, 

82.4 

Si 28 [92, 
96,97,99,100,104], 

48[104,105,109], 57 
[97,105,109], 69 

[101], 75.5 [97,109], 
82 [97], 88 [101] 

28.3, 
47.8, 
56.5, 

69, 88 

27.9, 
46.8 

28.4, 47.2, 
56.0, 69.1, 

76.2 

28.3, 47.2, 
56.0, 69.0, 
76.2, 87.9 

β-Al5FeSi 26 [95,102,103], 37 
[102,104], 40 [95], 44 

[95,102], 46 
[95,102,103], 55 

[103], 61.5[104], 88 
[102] 

44.6, 
55.3, 
88.1 

37.5, 
40.6, 
44.2, 
46.1, 
61.7, 
87.9 

34.0, 47.2, 
56.0, 69.1, 

76.2 

41.8, 44.2, 
52.9 

θ-Al2Cu 21 [105,106], 29 
[102,105], 37.5 [105], 

42 [105], 43 
[105,106], 47.5 [105], 
57.5 [105], 78 [107], 

80[107], 82 
[102,107], 99 [107] 

20.6, 
29.0, 
37.5, 
41.3, 
44.6, 
47.8, 
55.3, 
83.2 

21.0, 
29, 

37.5, 
42.2, 
43.1, 
46.8, 
82.1 

Not 
applicable 

Not 
applicable 

ω-
Al7Cu2Fe 
[106,107] 

23, 32, 40, 44.5, 46.5, 
49, 59, 65.5, 78.5, 

82.5, 92.5, 95.5, 99, 
101 

34.0, 
41.3, 
44.6, 
46.4, 
48.3, 
83.2 

32.3, 
40.0, 
44.6, 
46.5, 
82.4 

Not 
applicable 

Not 
applicable 

Unindexed Not applicable 16.8, 
53.1, 
68.0, 
83.2 

17.0, 
53.0, 
73.0 

18.1  17 

 



 

3.2 Local electrochemical properties of phases 

The relative nobilities of the different phases of the microstructure were 
characterized by SKPFM and are shown in Figure 13 (a, b, c). From each of these 
maps, the volta potential distribution along a line is presented in Figure 13 (d, e, f) 
respectively to show the relative volta potential of the different phases within the 
microstructure. 

   
                          (a)                                                             (b)                                                            (c) 

           
   
                    (d)                                               (e)                                                        (f) 

Figure 13. (a), (b) and (c) Volta potential maps of coarse cast Al-Si-Cu-Fe sample 
showing the different phases (d), (e) and (f) corresponding volta potential 

profiles across the white arrow 
Volta potential difference with respect to Al is denoted hereon as ΔV. The phases 
β-Al5FeSi, θ-Al2Cu and ω-Al7Cu2Fe, have a volta potential difference of 0.2V, 0.6V 
and 0.4V respectively showing that they have a cathodic character with respect to 
the Al matrix. While these values were measured using SKPFM in air, Andreatta 
[110] has found that the breakdown potential of areas containing IM in aqueous 
solutions (as measured through micro-capillary cell experiments) is related to the 
volta potential difference between IM and the matrix (as measured using SKPFM). 
So, relative cathodic phases characterized using SKPFM can be assumed to behave 
also cathodically in a micro-galvanic couple in aqueous solutions. Relatively, θ-
Al2Cu has the highest volta potential showing that they are highly cathodic. β-
Al5FeSi are not as highly cathodic as θ as their volta potential difference is observed 
to be lower than θ but higher than α-Al. IM phase ω-Al7Cu2Fe has an intermediate 
ΔV value, in between that of θ and ω. This is expected as the IM ω contains both Cu 
and Fe and so their volta potential difference is measured to be between that of Cu-
rich θ and Fe-rich β.  
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3.3 The microstructure of conversion coating treated 
surfaces 

 Conversion coated cast Al-Si-Cu-Fe  

3.3.1.1 Influence of surface preparation on conversion coating formation 
Four different surface preparation procedures were tried, enlisted in Section 2.4.3. 
Each surface was then subjected to conversion coating in the same solution of 0.1M 
Ce(NO3)3 + 0.1M NaCl. As can be seen from Supplement III: Figure 13, localized 
CeCC deposits were observed to form on only Cu-rich IM and not on Fe-rich IM and 
Si particles after a long conversion coating treatment of 18h. The “cracked-mud” 
like morphology of the localized deposit was similar to observations made by other 
studies [36,43,51,72,113]. Conversion coating treatment after only mechanical 
polishing surface preparation yielded only fractional Cu-rich IM coverage even 
after a long exposure time of 18h. All Cu-rich IM were covered with a localized 
conversion coating deposit (Supplement III: Figure 13 (b), (c) and (d)) after the 
other three surface preparations NaOH, NaOH-HNO3 and NaOH-H2SO4 after long 
coating time of 18h.  

 
Figure 14. NaOH surface pre-treated cast coarse Al-Si-Cu-Fe samples subjected to 
conversion coating treatment in 0.1M Ce(NO3)3 + 0.1M NaCl for (a) 1 h (b) 2 h 
The story was, however, different when these surfaces were subjected to 
conversion coating treatment for short times up to 2h. Mechanically polished 
surfaces did not show any deposition whatsoever after conversion coating for two 
hours (not shown in figures). The kinetics of deposition on the same type of IM 
after alkaline etching surface treatment was sluggish at short immersion times of 
up to 2h (Figure 14). Surfaces pre-treated with NaOH-HNO3 showed localized 
conversion coating deposits even after very short immersion times of 0.5h as can 
be seen from Figure 15. Surfaces pre-treated with NaOH-H2SO4 were found not to 
show any localized deposits after conversion coating treatment for up to 2h (Figure 
16). 
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Figure 15. NaOH-HNO3 surface pre-treated cast coarse Al-Si-Cu-Fe samples 

subjected to conversion coating treatment in 0.1M Ce(NO3)3 + 0.1M NaCl for (a) 
0.5 h (b) 1 h 

 
Figure 16. NaOH-H2SO4 surface pre-treated cast coarse Al-Si-Cu-Fe samples 

subjected to conversion coating treatment in 0.1M Ce(NO3)3 + 0.1M NaCl for (a) 1 
h (b) 2 h 

To investigate the local surface changes occurring from the different pre-
treatments, the same microstructural region was mapped after each of the four 
pre-treatments. All maps of the surface after each of the four pre-treatments are 
reported in Supplement III: Figures 6, 7, 8 and 9. It was found that different pre-
treatments bring specific changes in the surface topography and volta potential. To 
summarize the effect, Figure 17 is presented, which shows the microstructural 
region in the mechanically polished condition. The Z-height profile and Volta 
potential profile along the white line after the four different surface pre-treatments 
are presented plotted in Figure 17 (b) and (c), respectively.  
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Figure 17. (a) Microstructure region in the mechanically polished condition from 

the coarse cast Al-Si-Cu-Fe specimen that was subjected to the different pre-
treatments (b) Topography profile across white arrow and (c) volta potential 

profile across the white arrow 
When the sample is subjected to NaOH pre-treatment, the Al from the bulk matrix 
and the eutectic θ-IM is selectively etched, and thus the Al2Cu region appears raised 
(Supplement III: Figure 7 (a)). The red line profile is shown in Figure 17 (b) maps 
this Z-height trends along the white line in Figure 17 (a) for NaOH pre-treated 
surface. The line profile is relatively smooth at the peaks and troughs of the Al2Cu 
and indicates that the NaOH pre-treatment did not leave much residue. Upon 
subjecting the sample to NaOH-HNO3 pre-treatment however, dramatic changes 
are observed in the Z-height map (Supplement III: Figure 8 (a)), topography profile 
of which is shown through blue colour in Figure 17 (b). Very sharp spikes in the 
topography profile are observed, much larger than the topography profiles from 
other pre-treatments. Previous studies on AA2024 [36,55,63] have shown that 
pickling high Cu-containing alloys in HNO3 have resulted in selective Al dissolution 
and redeposition of Cu (which was earlier present in the IM or in a solid solution 
of Al matrix). The sharp line profiles seen for the NaOH-HNO3 surface pre-
treatment may provide evidence of fine particles of Cu that have redeposited from 
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the pickling step. A different pickling acid, H2SO4, did not cause surface changes like 
that seen in the case of HNO3 pickling. The Z-height profile for this pre-treatment, 
shown in green, is like that seen in the case of NaOH pre-treatment. However, one 
marked difference between the line profiles NaOH and NaOH-H2SO4 is observed, 
which is seen from Figure 17 (b). The line profile of NaOH-H2SO4 was not as smooth 
as that seen for NaOH, and this could be due to Cu-redeposition from H2SO4 step. 
Comparing the line profile of NaOH-HNO3 and NaOH-H2SO4, it is evident that 
pickling with HNO3 brought in more dramatic changes to the Z-height topography. 

The θ-IM is a eutectic IM, containing eutectic phases Al and Al2Cu, has the 
morphology like “leopard skin”. This morphology is also shown in the volta 
potential map (Supplement III: Figure 6 (b)). The volta potential profile traced 
along the white line is reported in Figure 17 (c) for the different surface pre-
treatments. The peaks of the volta potential profile are the Al2Cu component of the 
eutectic θ-IM, and the troughs are the Al component. Comparing the polished 
condition (black volta potential profile) with the NaOH pre-treatment, it is 
observed that the Al matrix region is passivated as the volta potential becomes 
more positive and is at same levels as Al2Cu. The troughs of this profile are the volta 
potential of the eutectic Al from the θ-IM. The drastic difference in the volta 
potential profile for NaOH-HNO3 pre-treatment is seen compared to the volta 
potential profile of the mechanically polished condition. Instead of peaks and 
troughs following the morphology of the eutectic IM, only one broad peak is seen. 
This is likely due to redeposited fine Cu particles from the HNO3 pickling step 
throughout the eutectic θ-IM. Whereas for the NaOH-H2SO4 pre-treatment, such a 
broad peak (green profile in Figure 17 (c)) was not seen and that the volta potential 
profile was like that of the polished and NaOH pre-treatment condition. In 
comparison, however, small sharp spikes are seen on the profile indicating that Cu-
redeposition may have taken place from the H2SO4 step, albeit to a lower extent 
than with the HNO3 step. 
Cu-redeposition during the pre-treatment step HNO3 [36] and H2SO4 [55,63] 
pickling of AA2024 has been shown to occur that provides an active surface for 
rapid deposition of CeCC. In the current study, however, selective Al dissolution 
and consequent Cu-redeposition during the pickling step has been evidenced in, 
heretofore unreported, cast Al-Si-Cu-Fe alloys through AFM-SKPFM observations. 
The analyses of the surface changes during after different combinations of surface 
pre-treatment have indicated that the HNO3 pickling step brings out dramatic 
changes in both the Z-height and volta potential and these changes are related to 
the high degree of Cu redeposition. The fasted deposition kinetics observed in the 
case of samples pre-treated with HNO3 pickling is related to the higher amount of 
Cu re-depositions compared to another pickling pre-treatment with H2SO4. The 
sluggish kinetics of deposition on NaOH pre-treated samples is related to the 
passivation of the eutectic θ-IM. 
 
 



 

3.3.1.2 Influence of IM size on the localized deposit initiation 
The most rapid deposition kinetics were observed when the surface was pre-
treated with NaOH-HNO3, and for the following study, it has been adopted. All 
substrates reported in this sub-section were subjected to the same surface 
preparation and conversion coating treatment. The surface was activated by 
etching with 0.5M NaOH solution for two minutes, followed by acid pickling in 50 
vol.% HNO3 solution. The conversion coating treatment included immersion of cast 
Al-Si-Cu-Fe substrates in a solution of 0.1M Ce(NO3)3 + 0.1M NaCl for three 
different immersion times 0.5h, 1h and 2h respectively. From each specimen, two 
samples each were subjected to surface preparation and conversion coating 
treatment to gather statistics for numerical analysis. Furthermore, the statistical 
population included IM from 8 different regions in each sample. 

 
Figure 18. Localized deposits on Cu-rich IM in the coarse Al-Si-Cu-Fe 

microstructure after 0.1M Ce(NO3)3 + 0.1M NaCl conversion coating treatment 

Same regions in each sample were observed under SEM in SE imaging mode before 
(that is an untreated surface with bare IM) and after conversion coating treatment. 
As can be seen from an exemplar in Figure 18, discernible conversion coating 
deposits were locally observed to form preferentially on high activity Cu-rich IM, θ 
and ω, whose higher cathodic activity was established by SKPFM maps shown in 
Figure 13. The localized conversion coating deposits were observed to have a 
‘mud-crack’ morphology, a characteristic feature also observed in other studies in 
the literature [36,43,51,72,113]. SKPFM characterization showed that Fe-rich IM 
and Si-particles also have higher volta potential than Al, deeming them to be 
relatively cathodic compared to the Al matrix, albeit not as high as Cu-rich IM. If 
the deposition mechanism that entails pH rise at local cathodic sites and 
consequent deposition of conversion compounds on them are to be deemed to be 
the mechanism at play, deposition on all cathodic particles should occur. However, 
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no such localized deposition on Fe-rich β-IM and eutectic Si particles were 
observed for short immersion times up to 2h, as shown in Figure 18.  

Hughes et al. [28] have reported differences in the extent of deposition due to 
different cathodic reduction efficiencies of different composition intermetallics. It 
could be that due to weak cathodic nature of Fe-rich β-IM and sparsely conductive 
nature of Si particles, slow kinetics of oxygen reduction did not yield a high enough 
local pH rise in the vicinity of particles to obtain heavy localized deposits. It must 
be noted, however, that a very thin film of conversion coating may exist throughout 
the surface, but it cannot be seen under an SEM in either in secondary electron 
imaging mode or in backscattering, due to a higher volume interaction than the size 
of this very thin layer.  

 
Figure 19. Localized deposits on Cu-rich IM in the fine Al-Si-Cu-Fe 

microstructure after 0.1M Ce(NO3)3 + 0.1M NaCl conversion coating treatment 
Similarly, when fine microstructure containing small IM were subjected to 
conversion coating treatment after the same surface preparation technique, 
localized heavy deposition was observed to occur on only Cu-rich IM of the 
microstructure (Figure 19). In the figure, blue and red circles are shown for 
indexing Cu-rich IM that showed a localized deposition and those that did not, 
respectively. The fine Fe-rich IM and Si particles, just like in the case of coarse 
counterparts, did not show any SEM observable localized deposition on them 
(Figure 19). Furthermore, even after prolonged exposure to conversion coating 
solution up to 18h, no such localized deposit was observed on cathodic particles 
other than Cu-rich IM in both coarse and fine microstructures (Figure 20).  
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Figure 20. Localized CeCC deposition observed on only Cu-rich IM after long 
conversion coating time of 18h in 0.1M Ce(NO3)3 + 0.1M NaCl solution 

Because preferential heavy deposition was observed to occur preferentially on Cu-
rich IM particles only, in this sub-section, the influence of Cu-rich IM surface area 
on the extent of deposition on itself is analyzed. For quantitative analyses, various 
Cu-rich IMs have been measured for the surface area before and after deposition 
(as shown in exemplar Figure 18 and Figure 19). The data for such an investigation 
was obtained by conversion coating two different samples from the same specimen 
at three different coating times: 0.5h, 1h and 2h. The surface area was measured 
using ImageJ software, and the methodology for marking the boundaries of the IM 
and the deposit area is presented in Figure 21. 

      
                   (a)                                                                    (b) 

Figure 21. Description of surface area measurement of (a) bare IM and (b) 
localized cerium conversion coating deposit over it as done using ImageJ software 
A total of 76, 66 and 52 big Cu-rich IM of the coarse microstructure from two 
different specimens were measured from samples that were subjected to 
conversion coating for 0.5h, 1h and 2h respectively. Similarly, a total of 144, 88 and 
104 small Cu-rich IM from the fine microstructure Al-Si-Cu-Fe alloy were measured. 
The trends in the extension of deposit area over the surface area of the underlying 
IM with increasing conversion coating time is shown in Figure 22. From the deposit 
area extensions calculated, it appears that the localized conversion coating deposit 
extended between 200-400% with respect to the underlying surface area, for both 
coarse and fine Cu-rich IM. Increasing the conversion coating time from 0.5h to 2h 
did not significantly affect the growth of the localized deposit area.  
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While for both coarse and fine microstructure Cu-rich IM increasing conversion 
coating time did not have any effect on the growth of the localized deposit, an 
increasing trend in the % number of deposited IM was observed. Majority of coarse 
Cu-rich IM were activated for deposition (90.8%) after 0.5h conversion coating 
treatment, and after 2h, 100% of the coarse IMs investigated showed a localized 
deposit. In the case of fine Cu-rich IM, however, a lower proportion of the IM was 
activated for deposition (63.2%) upon conversion coating for 0.5h and this number 
increased 86.5% for 2h conversion coating treatment. Comparing the trends in % 
local deposit area extension and % number of IM covered at progressive 
conversion coating times, it becomes clear that with the progression of conversion 
coating treatment, the localized deposits do not necessarily grow once initiated on 
an IM, but rather start to form over those Cu-rich IM that are not covered. 
Furthermore, a greater proportion of coarse Cu-rich IM activated for deposition 
compared to the fine Cu-rich IM.  

  
                                    (a)                                                                    (b) 

Figure 22. Trends of average area extension of localized deposit over an IM 
(blue) and proportion of IM showing preferential heavy deposition (red) with 
increasing conversion coating times as observed for the (a) coarse and (b) fine 

microstructure Al-Si-Cu-Fe alloys 

Upon investigation of deposition on many Cu-rich IM, it was found that the area of 
the localized deposit forming over big and small IM was proportional to the 
underlying surface area of the IM with a linear correlation (Supplement I: Figure 
7). The linear correlation between the underlying coarse Cu-rich IM surface area 
and the localized deposit area over it had slopes of 2.53, 1.96 and 2.23 with 
correlation coefficients (R2) 0.59, 0.88 and 0.72 respectively for the three 
conversion coating times 0.5h, 1h and 2h. A similar linear correlation for the fine 
Cu-rich IM had slopes 1.40, 2.60 and 2.38 with R2 values 0.62, 0.71 and 0.85 
respectively for conversion coating times 0.5h, 1h and 2h respectively. No 
increasing trend in slope (denoted by ‘k’ in Figure) with increasing conversion 
coating time between 0.5h and 2h was found. Furthermore, at the global level, the 
ratio between overall area fraction of bare IM surface area and conversion coated 
surface area (denoted by ‘r’ in Figure), no increasing trend with conversion coating 
time between 0.5h and 2h was found. These quantitative observations indicate that 

 

While for both coarse and fine microstructure Cu-rich IM increasing conversion 
coating time did not have any effect on the growth of the localized deposit, an 
increasing trend in the % number of deposited IM was observed. Majority of coarse 
Cu-rich IM were activated for deposition (90.8%) after 0.5h conversion coating 
treatment, and after 2h, 100% of the coarse IMs investigated showed a localized 
deposit. In the case of fine Cu-rich IM, however, a lower proportion of the IM was 
activated for deposition (63.2%) upon conversion coating for 0.5h and this number 
increased 86.5% for 2h conversion coating treatment. Comparing the trends in % 
local deposit area extension and % number of IM covered at progressive 
conversion coating times, it becomes clear that with the progression of conversion 
coating treatment, the localized deposits do not necessarily grow once initiated on 
an IM, but rather start to form over those Cu-rich IM that are not covered. 
Furthermore, a greater proportion of coarse Cu-rich IM activated for deposition 
compared to the fine Cu-rich IM.  

  
                                    (a)                                                                    (b) 

Figure 22. Trends of average area extension of localized deposit over an IM 
(blue) and proportion of IM showing preferential heavy deposition (red) with 
increasing conversion coating times as observed for the (a) coarse and (b) fine 

microstructure Al-Si-Cu-Fe alloys 

Upon investigation of deposition on many Cu-rich IM, it was found that the area of 
the localized deposit forming over big and small IM was proportional to the 
underlying surface area of the IM with a linear correlation (Supplement I: Figure 
7). The linear correlation between the underlying coarse Cu-rich IM surface area 
and the localized deposit area over it had slopes of 2.53, 1.96 and 2.23 with 
correlation coefficients (R2) 0.59, 0.88 and 0.72 respectively for the three 
conversion coating times 0.5h, 1h and 2h. A similar linear correlation for the fine 
Cu-rich IM had slopes 1.40, 2.60 and 2.38 with R2 values 0.62, 0.71 and 0.85 
respectively for conversion coating times 0.5h, 1h and 2h respectively. No 
increasing trend in slope (denoted by ‘k’ in Figure) with increasing conversion 
coating time between 0.5h and 2h was found. Furthermore, at the global level, the 
ratio between overall area fraction of bare IM surface area and conversion coated 
surface area (denoted by ‘r’ in Figure), no increasing trend with conversion coating 
time between 0.5h and 2h was found. These quantitative observations indicate that 



 

once localized conversion coating deposits form on an active IM, the kinetics of 
growth is further reduced which prevents further growth of the island from 
covering the entire matrix with a similarly heavy deposit.  
 

    
               (a)                        (b) 

Figure 23. Trends in slope ‘k’ and ratio ‘r’ with increasing conversion coating 
time 

Very few quantitative studies analysing the growth of localized deposit exist in the 
literature, and none investigating the influence of IM size on the localized 
deposition. A study by Hughes et al. [18] has found that the deposits extend ~20% 
beyond the IM boundary for short immersion time of up to 4 minutes.  In their 
study, however, peroxide accelerant was used, which being an oxidizer provided 
additional oxygen species for rapid pH increase. In this work, no accelerant was 
used, and deposits were observed to extend >200% beyond the boundary of the IM 
for relatively longer immersion times. Moreover, it was observed that at prolonged 
conversion coating time of 18h, the localized deposit did not extend to a greater 
extent as compared to deposition at 2h. In the absence of an accelerant like H2O2, 
pH increase is only driven by reduction of oxygen species from solution. Hence, 
slower kinetics of growth are observed a result and localized deposition on active 
sites, the kinetics is slowed down even further, hindering the uniform distribution 
of conversion coating over the entire surface, including the matrix.   

3.3.1.1 Influence of IM neighbourhood and spatial distribution on the 
deposition reaction  

 
The Cu-rich IM investigated in this work existed in different “neighbourhoods”, 
that is they presented different scenarios of micro-galvanic coupling. The Cu-rich 
θ-IM in different neighbourhoods, all present in the Al-matrix, were indexed as (● ) 
independently existing, (♦) attached to a β IM plate, (▲) attached to eutectic Si 
particle, (■ ) attached to both eutectic Si and β (Figure 24).  The localized 
conversion coating deposit on independent IM ●  (Figure 24 (b)) was observed to 
laterally spread beyond the boundary of the IM, nearly equally in all directions. 
However, when the Cu-rich θ-IM was attached to either Si ▲ (Figure 24 (b)) or β ♦ 
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(Figure 24 (c)) or both ■  (Figure 24 (c)), the lateral spread of the localized deposit 
appeared to extend more across the θ/Al border than across the θ/β border or β/Si 
particle border (Figure 24 (d) and (e)).  
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Figure 24. Description of the different neighbourhoods in which Cu-rich θ-IM 
was present in the microstructure: (a) ●  independently existing, (b) ▲ attached 
to Si particles, (c) ♦ attached to β IM plate and ■  attached to both β IM plate and 
Si particle. The localized deposits on the different θ IM particles are shown in (d), 

(e) and (f) respectively 

The localized deposition driven by local pH rise is a result of micro-galvanic 
coupling (MGC) wherein the cathodic sites support the reduction of oxygen. The 
electrons required for the cathodic reaction are supplied from the anodic reaction 
through the MGC interface. When such an interface consists of either β or Si on one 
side, the rate of electron transfer can be feeble to none, causing an insignificant rise 
in pH at its location. Thus, the lateral spread of the localized deposit was observed 
to be dependent on the locality or neighbourhood within which the highly cathodic 
Cu-rich θ-IM exists.  

The high pH gradient over a Cu-rich IM was very localized just over the IM and did 
not interact with the pH gradient over another Cu-rich IM closest to it. This is 
inferred from looking at depositions on several IM and observing if coalescence of 
deposits occurred. It was found that the coalescence of deposits over two 
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neighbouring deposits only occurred when the two Cu-rich IM were very close to 
each other (~1 µm). This was observed in <1% instances in the fine microstructure 
alloy. It must also be noted that while the coalescence of deposits over two very 
closely situated Cu-rich IM did occur, the overlap was however not caused due to 
bigger than average pH gradient over either of the IM. The coarse Cu-rich IM were 
relatively farther apart from each other, and no coalescence of localized deposit 
was observed. Furthermore, looking at Figure 25, no definitive trend between 
nearest neighbour distance and deposit area extension is seen. From this, it can be 
inferred that the pH gradient over a Cu-rich IM is very localized and does not affect 
the pH gradient of it nearest Cu-rich IM neighbour. The proximity of Cu-rich IM 
particles in the microstructure does not provide a higher-than-average driving 
force for deposition reaction. is also interesting to know how far the pH gradient 
over a Cu-rich IM extends and if the pH gradient over it can affect the pH gradient 
over another nearest Cu-rich  
 

 
         (a)                                                                        (b) 

Figure 25. Scatter plot showing the measured distance to nearest neighbour and 
the extensions in deposition area for different conversion coating times in (a) 

coarse Al-Si-Cu-Fe alloy and (b) fine Al-Si-Cu-Fe alloy 

 Conversion coated Al-Si-Fe substrates 

The Al-Si-Fe cast alloys have proved difficult to coat after conversion coating 
treatment due to Fe-rich IM being not as highly cathodic as Cu-rich IM. Due to the 
absence of Cu in solid solution, pre-treatments with HNO3 and H2SO4 are also not 
able to cause surface changes like redeposited Cu particles that make the surface 
conducive for deposition. In the previous section it was observed that in a 
microstructure of cast Al-Si-Cu-Fe alloy containing both Cu-rich and Fe-rich IM, 
preferential deposition is observed to occur on only Cu-rich IM even after long 
conversion coating times of up to 18h. It is interesting to see how the absence of 
Cu-rich phases affects deposition on the next most cathodic Fe-rich IM.  
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3.3.2.1 Influence of surface pre-treatments on the deposition of CeCC 

The four different surface pre-treated samples were subjected to conversion 
coating treatment in a 0.1M Ce(NO3)3 + 0.1M NaCl solution for 18h. The SEM-SEI 
micrographs are reported in Supplement III: Figure 10. Conversion coating treated 
mechanically polished, and NaOH-H2SO4 pre-treated samples did not show any 
localized deposition whatsoever. All the Fe-rich β-IM in the NaOH-HNO3 surface 
pre-treatment condition did not show deposition after conversion coating 
treatment, but individual localized deposits were observed on the eutectic Al-Si 
region of the microstructure. This will be investigated in Section 3.3.2.2, but for 
now, it is sufficient to infer that the NaOH-HNO3 pre-treatment did not bring 
surface changes in the cast Al-Si-Fe alloy that make it conducive for conversion 
coating deposition. Only one pre-treated surface, NaOH, showed localized 
conversion coating deposits on Fe-rich β-IM.  

The type of surface preparation treatment applied affects the coating formation 
[88]. Unlike with Cu-containing alloys, alkaline etching with NaOH and acidic 
treatment with HNO3/H2SO4 does not yield any deposition whatsoever, as 
observed in a study by Decolry et al. [88]. In their investigations into sequential 
alkaline-acidic and acidic-alkaline surface pre-treatments, they found that the final 
step should always be one with an alkaline solution to obtain any CeCC deposition. 
Similar observations were made in works of Andreeva et al. [114] on AA1050, and 
Eslami et al. [51] on Rheo-HDPC cast Al-Si-Fe alloy wherein preferentially thick 
CeCC coating over Fe-rich IM was observed when the surface preparation involved 
only NaOH etching.  

To investigate the local surface changes occurring on IM of the cast Al-Si-Fe alloy, 
the same region of the microstructure in the substrate after the four different pre-
treatment conditions were characterized with AFM-SKPFM. Figure 26 (a) shows 
the microstructural region in the benchmark mechanically polished condition. The 
volta potential profile across white arrow in Figure 26 (a) was similar for the three 
pre-treatments: polished, NaOH and NaOH-H2SO4. A significant reduction in the 
volta potential for the Fe-rich β-IM was observed in the case of surface pre-treated 
with NaOH-HNO3 (blue volta potential profile in Figure 26 (c)). It is inferred from 
these results that the pre-treatment step with HNO3 passivates the surface, and this 
is the reason for the diminishment of the volta potential of all the phases.  
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(b)                                                                (c)  

Figure 26. (a) Microstructure region in the mechanically polished condition from 
the coarse cast Al-Si-Fe specimen that was subjected to the different pre-

treatments (b) Topography profile across white arrow and (c) volta potential 
profile across the white arrow 

The absence of localized deposits on Fe-rich β-IM after conversion coating NaOH-
HNO3 pre-treated surfaces is related to the drastic reduction in the volta potential 
of the IM, making it less cathodic and unable to support strong oxygen reduction 
reactions capable of increasing the pH to a sufficiently high for conversion coating 
precipitation reactions. H2SO4 is not as strong an oxidizing acid as HNO3 and thus 
did not cause the passivation of the surface to the same extent. Surface inactivity 
to support deposition of CeCC after NaOH-H2SO4 surface pre-treatment has been 
reported by Decolry et al. in their study of CeCC formation on AA6082 [88]. A 
localized explanation for the effect of H2SO4 pickling on the surface state and 
consequent inactivity to support CeCC deposition remains unclear and needs more 
work. The only pre-treatment that worked was the one involving NaOH and is 
explained based on an increase in volta potential of the Fe-rich β-IM. Greater 
cathodic potential can support stronger oxygen reduction reactions, and in turn, 
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raise the localized pH to a sufficiently high enough value to alloy precipitation 
reaction of conversion coating compounds to occur.  

3.3.2.1 Deposition mechanism on Fe-rich IM particles 

Not only is the chemical composition (and consequently the volta potential) of Fe-
rich β-IM different from the eutectic θ-IM, but the morphology is also significantly 
different. Due to these differences, the mechanism of localized CeCC deposition 
may be varied. To investigate the influence of size on the localized conversion 
coating deposition behaviour, coarse and fine cast Al-Si-Fe samples were subjected 
to the same surface preparation (NaOH alkaline etching) and the same conversion 
coating treatment with 0.1M CeCl3 solution for 2h. Preferential CeCC deposition on 
coarse Fe-rich IM was observed with morphology, as shown in Figure 27. The 
deposition appeared to preferentially form on only the boundary of Fe-rich β-IM. 
For fine IM, however, such morphology was not observed by SEM, but EDS detected 
a uniform Ce signal over the fine Fe-rich β-IM sites (Supplement II: Figure 9), unlike 
in the case of coarse β-IM where the deposition was seen on only the border. 

   

Figure 27. Morphology and elemental distribution of conversion coated coarse 
microstructure after immersion in 0.1M CeCl3 for 2h 

The initiation of conversion compound precipitates on only the border of the IM 
can be explained based on the low conductivity of the particle since it contains Si. 
Si has a resistivity of 6.4× 102 Ωm compared to that of Al and Fe, which are 2.8 × 
10-8 Ωm and 1.0 × 10-8 Ωm, respectively. So, the conductivity of β-IM of composition 
Al5FeSi is reduced due to the presence of Si in its composition. The electrons thus 
supplied from the anodic reaction reach at high concentration only to those parts 
of the cathodic β-IM closest to the micro-galvanic couple interface (Supplement II: 
Figure 10). The higher concentration of electrons reaching the regions near the 
boundary is high enough to reduce oxygen molecules such that a pH gradient 
sufficient for the heavy precipitation is reached. It must be noted, however, that 
such preferential deposition phenomenon was seen on only a fraction of coarse IM. 
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In the case of fine Fe-rich β-IM, however, due to their small size, the number of 
electrons reaching its surface is low and can support fewer oxygen reduction 
reactions. This does not yield a pH high enough to cause preferential heavy 
deposition, as seen in the case of coarse IM. The CeCC morphology was not 
observed through SEM, but Ce detected by EDS (Supplement II: Figure 9), 
indicating that the weak pH gradient caused only a very low quantity of deposit to 
form over the fine Fe-rich β-IM. 

Another type of deposit morphology was observed on some specimens of the 
coarse microstructure Al-Si-Fe sample, and surprisingly on the NaOH-HNO3 
surface pre-treated Al-Si-Fe alloy (Figure 28 (a)). From AFM-SKPFM 
characterization presented in Section 3.3.2.1, it was observed that the volta 
potential of Fe-rich β-IM is greatly reduced after the HNO3 pre-treatment step and 
this causes no deposition to occur on the IM compared to the same sample in the 
NaOH only pre-treated condition where localized deposits were seen on Fe-rich β-
IM (Figure 28 (b)).  

            
                                  (a)                                                                                 (b) 

Figure 28. Comparison deposit morphology observed on pre-treated surfaces: 
(a) NaOH-HNO3 and (b) NaOH after conversion coating treatment in 0.1M 

Ce(NO3)3 + 0.1M NaCl solution for 18h 

Some specimens of the coarse Al-Si-Fe sample contained small IM particles that 
had the same SEM-SEI contrast as big Fe-rich β-IM plates (Figure 29 (a)) and 
conversion coating treatment after NaOH-HNO3 pre-treatment led to localized 
deposition on the small IM but not on β-IM. AFM-SKPFM study showed that the 
small Fe-rich particle had a much higher volta potential (+0.8 V) (Supplement III: 
Figure 11) compared to 0.15 V measured for the β-IM particle (Supplement III: 
Figure 4) after the NaOH-HNO3 pre-treatment. Furthermore, EDS analysis of the 
small Fe-rich particle revealed that its composition was significantly different than 
the Fe-rich β-IM (Figure 30 and Table 4). The small Fe-rich particle was found to 
be richer in Fe and poorer in Si than the β-IM. The compositional difference seemed 
to have made the small IM react differently to the NaOH-HNO3 pre-treatment, 
leaving it with a higher volta potential than the β-IM and thus led to localized CeCC 
deposition.  
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            (a)                                                                                (b) 

Figure 29. (a) SEM-SEI characterized coarse microstructure of cast Al-Si-Fe alloy 
showing the two IM with same contrast and (b) Localized deposition obtained on 
only the small Fe-rich IM after surface NaOH-HNO3 pre-treatment and conversion 

coating treatment in 0.1M Ce(NO3)3 + 0.1M NaCl solution for 18h 

 
Figure 30. FIB cross-sectioning and SEM of localized deposits on three different 

Fe-rich IM; Spot EDS reported in Table 4 

Table 4. Atomic fractions of different elements in the three different Fe-rich IM 
show in Figure 30 

Spot Al (at. %) Si (at. %) Fe (at. %) 

1 82.94 3.61 12.58 

2 76.00 5.27 18.18 

3 98.74 0.56 0.23 

4 25.97 72.87 0.44 

5 71.49 6.19 21.73 

6 74.16 6.83 18.44 
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CHAPTER 4   

This thesis investigates the localized conversion coating deposition mechanism 
aluminium alloys using a novel approach. While the critical role of IM in the 
conversion coating deposition has been identified by researchers, few studies have 
focused on the influence of IM geometric and electrochemical properties on the 
localized deposition behaviour. Moreover, most studies probing the deposition 
mechanism use AA2024 alloy, which contains mostly very active IM particles. Also, 
AA2024 being a commercial alloy, has a complex microstructure containing several 
phases of different nobilities and broad size distribution. To tackle this issue, this 
work creates a model alloy with controlled compositions and solidification rates to 
achieve “clean” or homogeneously distributed phases of narrow size distribution. 
In this work, two model cast Al-Si alloys have been created with compositions Al-
7wt.% Si-2wt.%Cu-1wt.% Fe and Al-7wt.%Si-1wt.%Fe and they have been 
subjected to directional solidification at slow and fast rates to obtain homogeneous 
coarse and fine microstructure, respectively. General surface pre-treatments and 
conversion coating treatments have been applied and local morphological, 
topographical and electrochemical characterization techniques have been applied 
to investigate the microstructural influence on the deposition mechanism. From 
the investigations done, the following conclusions can be made: 

1. Four different surface pre-treatments’ effect on surface changes and 
subsequent conversion coating were investigated and they included 
mechanical polishing, NaOH etching only, NaOH etching + HNO3 pickling, 
NaOH etching and H2SO4 pickling. These surface pre-treatments brought 
specific changes to the topography and volta potential of the phases, and in-
turn determined their activity for subsequent localized conversion coating 
deposition. 

2. Mechanical polishing did not effectively activate the surface as the deposition 
kinetics even on highly cathodic Cu-rich particles after this surface pre-
treatment was very slow. Deposition kinetics were relatively faster, but still 
slow when conversion coating treatment was applied to NaOH etched 
surfaces. Acid pickling with H2SO4 and HNO3 caused dealloying of Al and 
subsequent Cu-redeposition on the Cu-rich cathodic IM eutectic θ-Al2Cu and 
due to this more rapid deposition kinetics was observed. Pickling with HNO3 
caused more amount of Cu redeposition, and this created the most active 
surface compared to other pre-treatments tried in this study, as localized 
deposits started to form even after 0.5h of conversion coating treatment after 
HNO3 pre-treatment. 



 

3. In a cast Al-Si-Cu-Fe microstructure containing phases α-Al, eutectic Si, β-
Al5FeSi eutectic θ-Al2Cu IM and ω-Al7Cu2Fe IM, a preferential deposition was 
observed on only the latter two IM that were Cu-rich. Even after a prolonged 
18h conversion coating treatment, no localized deposits were observed on 
the former two phases. Preferential deposition on Cu-rich phases is explained 
due to their relatively higher volta potential than other phases. Whereas the 
volta potential measurements of the β-Al5FeSi IM showed a weaker cathodic 
character and did not participate in the localized deposition reaction when 
other more active Cu-rich IM were present in the microstructure. Eutectic Si 
particle, while showed a positive volta potential, did not show localized 
deposit after any of the conversion coating treatments tried, and this 
observation is explained based on it very high electrical resistivity.  

4. Quantitative analysis of IM before and after conversion coating treatment 
show that the size (surface area) of Cu-rich IM linearly correlated with the 
lateral as well as Z-direction spread of conversion coating deposit. This 
correlation was observed for three conversion coating treatments in 0.1M  

5. The pH gradient over a Cu-rich IM was observed to be very localized and does 
not interact with the pH gradient over another nearby Cu-rich IM. 

6. Surface pre-treatment NaOH-HNO3 had a detrimental effect on the reactivity 
of the coarse cast Al-Si-Fe surface, as a very drastic reduction in volta 
potential of the Fe-rich β-IM was observed. The HNO3 pickling step passivates 
the cast Al-Si-Fe surface, and this is the reason for no deposition observed 
after this pre-treatment procedure.  

7. The deposition mechanism on Fe-rich IM was composition specific. The 
initiation of deposits on Fe-rich β-IM plate was observed to initiate on the 
boundaries whereas in other Fe-rich IM with lower Si content and richer in 
Fe, although much smaller in size, the deposition morphology was like that 
observed in the case of Cu-rich IM. The deposits forming on only the border 
of Fe-rich β-IM plate after a short conversion coating treatment is explained 
due to the high resistivity of Si, which is present in the composition of the IM. 
 

 

 

 
  



 

CHAPTER 5   

 

The localized approach to investigating the influence of IM properties like chemical 
composition, size and distribution is novel. From the current study, it was found 
that chemical compositional differences between eutectic θ-Al2Cu IM and ω-
Al7Cu2Fe IM did not significantly affect the deposition mechanism as both IM were 
readily deposited upon conversion coating treatment in a 0.1M Ce(NO3)3 + 0.1M 
NaCl solution, as the deposition is observed even after a short conversion coating 
treatment for 0.5h after NaOH-HNO3 surface pre-treatment. However, chemical 
compositional difference between the two types of Fe-rich IM in this study was 
shown in this affect the localized deposition of conversion coating on each. After a 
NaOH-HNO3 surface pre-treatment, a preferential deposition was observed on 
unindexed Fe-rich IM particles that had higher Fe content than Fe-rich β-Al5FeSi 
(Supplement III: Table 2) where no deposition was observed.  SKPFM 
characterization supported these localized deposition observations (or their lack 
of) as the surface pre-treatment NaOH-HNO3 caused a drastic reduction in the 
cathodic potential of the Fe-rich β-Al5FeSi but not for the other, compositionally 
different, Fe-rich IM.  
Furthermore, it was also shown that the localized deposits on Fe-rich β-Al5FeSi 
initiate at the IM boundary due to its lower electrical conductivity resulting from 
the presence of significant content of Si after NaOH surface pre-treatment followed 
by conversion coating treatment in 0.1M CeCl3 solution for 2h. In investigating 
deposition on the two compositionally different Fe-rich IM, some more questions 
arise in the context of the role of chemical composition, particularly about the Si 
and Fe proportion in the IM on the kinetics of deposition on an IM. While, creating 
IM with controlled Fe:Si atomic fraction ratios is practically difficult, indirect clues 
about the influence of Fe:Si ratio may be obtained by studying deposition on other 
types of IM containing different Fe and Si content. For future work, it would be 
interesting to conduct a similar localized investigation with AFM-SKPFM and SEM 
characterization on other Fe-rich IM. For this, Al alloys shall be created using a 
similar approach as in the current thesis, with different IM containing varying Fe 
and Si content 
In the current work, only some very high cathodic activity Cu-rich IM were 
investigated. There are other IM which have similarly high cathodic activity for 
instance, S-phase IM Al2CuMg. Some commercially important alloys like wrought 
AA2024 and cast Al-Si-Cu-Mg contain both very cathodically active θ and S phases. 
For future work, tailored microstructures with a controlled size of these phases 
will be created to understand how each’s electrochemical and physical properties 



 

affect the localized deposit initiation sequence and quantity of conversion coating 
deposited.  
This approach should be then extended to the different IM of interest and 
investigate more their initiation when present simultaneously in the 
microstructure. 
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The Influence of Al Alloy Microstructure on  
Conversion Coating Formation

The formation of conversion coatings based on Ce, trivalent Cr and Ti/Zr is triggered by the local 
pH increase at cathodic IM sites of the aluminium alloy microstructure. The pH gradient is created 
over the cathodic intermetallic (IM) sites of the microstructure and its intensity is influenced by 
their activity which depends on their chemical composition, their size, and spatial distribution. 
Furthermore, the pre-treatment applied also affects the surface reactivity. The role of each of 
the microstructural features on the increased pH gradient and the subsequent triggering of local 
conversion coating deposition remains to be understood. To address the knowledge gap, model cast 
Al-Si-Fe and Al-Si-Cu-Fe alloys have been designed. Cerium based conversion coating treatment 
with standard parameters is applied to investigate the microstructure’s influence. Furthermore, four 
different surface pre-treatments’ effect on the topographical and electrochemical properties have 
been investigated by localized techniques and have been correlated with deposition experiment 
observations to prove surface reactivity. 

In this study, it was found that the four surface pre-treatments – polishing, NaOH, NaOH-HNO3, 
NaOH-H2SO4 activate the surface of alloys containing Fe-rich IM and Cu-rich IM differently. The 
surface pre-treatment NaOH-HNO3 was found most detrimental to the surface reactivity as the 
pre-treatment resulted in passivation of the IM and a drastic reduction in its volta potential. The 
best pre-treatment for the alloy Al-Si-Fe was found to be one with NaOH etching. In the case of 
Al-Si-Cu-Fe alloy, pre-treatments where a pickling step (with either H2SO4 or HNO3) was applied 
followed a NaOH etching step, the surface of the IM was activated more than other pre-treatments 
due to selective Al dealloying and Cu-redeposition. The extent of Cu-redeposition was observed 
to be the most when surfaces were pickled with HNO3 solution and with the NaOH- HNO3  
pre-treatment, fastest deposition kinetics were observed. 

In the cast Al-Si-Cu-Fe alloy, the localized deposits were preferentially observed to form on only 
strong cathodic Cu-rich IM. The size (surface area) of the Cu-rich IM correlated linearly with the 
lateral deposition area as well as z-direction spread. It was found that the pH gradient resulting 
from the oxygen reduction reaction near an IM is very local and does not affect pH gradients of 
a neighbouring Cu-rich IM. The size did not have a profound impact on the extent of deposition 
occurring on a Cu-rich IM, but it was found that big Cu-rich IM activated faster for deposition 
reaction than small Cu-rich IM. When the progression of deposition on both coarse and fine 
microstructure cast Al-Si-Cu-Fe was quantitatively monitored at increasing conversion coating 
times 0.5h, 1h and 2h, it was observed that big Cu-rich IM in the coarse alloy triggered deposition 
faster than small Cu-rich IM.

Deposition mechanism on Fe-rich IM was found to be composition specific. In the cast of big  
Fe-rich β-Al5FeSi IM, localized deposition initiated at the border on the IM and is explained based 
on Si content in the composition of the IM, which has very high resistivity. In another Fe-rich IM, 
although of a much smaller size, which had lower Si content and was richer in Fe, a localized 
deposition was observed on the entire IM. 




