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Abstract

Cerium-based conversion coatings were deposited on rheocast Al-Si alloys by immersion in cerium nitrate aqueous
solutions. Rheocast AISi alloy have a heterogeneous microstructure and present a challenge for pretreatments.
Different parameters were studied to optimize the conversion coating, and NaCl or H202 were also addied to the
treatment to modify or accelerate the deposition process. The mechanism of the coating formation was studied by
means of focused ion beam milling (FIB) assisted SEM. the results show that applying cerium-based conversion
coating to Al-Si alloys, is possible and a preferential deposition is obtained due to the presence of iron-rich
intermetallic particles inside the eutectic region. The formation mechanism of selectively deposited cerium-based
conversion coating includes dissolution of aluminium matrix, selective dissolution of aluminium near to the noble
intermetallic particles, oxidation of iron from the intermetallic particles, and the deposition of cerium hydroxide/oxide
layer. the results reveal that the improvement in corrosion resistance in the presence of selectively deposited cerium-
based conversion coating is more significant compared to the homogenous coating deposited from the conversion

solution containing H2O».
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1. Introduction

Conversion coatings are oxide-based coatings which have been utilized to replace the native oxide film on a metal
surface such as aluminium, zinc, or magnesium to provide higher corrosion resistance [1]. For many decades,
chromium-based conversion coating (CrCC) has been used due to its extensive corrosion protection, especially for
aluminum alloys. However, concerns and new restrictions about the environmental hazards of chromium compounds
[2] have led to intensive efforts to develop alternative pretreatments [3].

Corrosion inhibitive effect of rare earth metal salts for aluminium alloys was first discovered by Hinton et al. back
in the 1980s [4]. These salts were found to be non-toxic, relatively cheap, and abundant [5]. Not only pioneer studies
[5], but recent ones [6] have also emphasized that cerium-based salts and subsequently cerium-based conversion
coatings are the most effective in the sense of corrosion inhibition over other lanthanide-based conversion coatings.
Cerium-based conversion coating (CeCC) was also shown to possess self-healing properties under specific
conditions[7], a feature which is the unique for CrCC.

Cerium-based conversion coatings consist of a combination of Ce (l11) and Ce (I1V) hydroxide/oxide layers [8, 9]
formed on the metal surface due to the metal electrochemical activity. Sharing the same common characteristics,
cerium-based conversion layers exhibit morphologies and compositions, which are specific to the substrate
composition and microstructure [10]. A local pH increase due to the cathodic activities, such as oxygen or hydrogen
peroxide reduction reactions (in H.O; containing solutions) can result in cerium hydroxide/oxide precipitation:

02+2H,0+4e” — 40H" 1)
H.0, +2e" — 20H )
Ce3*+30H" — Ce(OH)3 ©))
4Ce**+ 0,+40H+2H,0 — 4Ce(OH)2* (4)
Ce(OH),2*+20H— Ce(OH); — CeO,+2H,0 (5)

The cathodic reactions occur over the phases with higher potential with respect to the aluminium matrix, therefore
the role of these phases (for instance intermetallic (IM) particles) and their influences on CeCC are worth to be
investigated. There are many papers supporting the idea that the deposition of cerium-based compounds starts locally
on the cathodic IM particles [11-13] while the lateral growth of the coating and the integration of small precipitations
lead to covering the whole surface [4, 8].

Researches on the formation mechanism of CeCC have been mainly focused on alloys for aerospace applications
such as AA2024 [8, 9, 11-28] and AA7075 [19, 29-36]. In these alloys the role of copper-rich and other noble IM
particles on the deposition of cerium-based layers has been widely studied [11-13, 27, 28]. Most of the IM particles
in copper containing alloys are cathodic with respect to the aluminium matrix (such as AlFeMnCu ). However, anodic
particles such as Al,CuMg (S-phase) also participate in the deposition mechanism after dealloying (selective
dissolution of magnesium and aluminium) making them nobler compared to the aluminium matrix [13, 27]. A further
model [27] states that even a small dissolution of magnesium and the consequent hydrogen evolution can locally

increase the pH high enough for cerium hydroxide/oxide precipitation. In this way, precipitation of cerium-based



compounds on the IM particle can happen even before it becomes cathodic. Other studies [13] showed that copper
dissolution from S-phase during the deposition of the conversion coating and the further cathodic reduction of copper
ions on the matrix result in the formation of copper islands. This phenomenon promotes more dissolution of
surrounding aluminium matrix leading to areas of major oxide growth. Interestingly, the composition of cerium layer
differs from CeO, on more active cathodic IM particles (AICuFeMn) to Ce(O2)(OH). over the aluminium matrix. The
oxide layer over S-phase changes from aluminium oxide to an aluminium oxide containing copper oxide and cerium
oxide [13].

The study by Hughes et al. [14] on the formation kinetics of cerium hydroxide/oxide layer on AA2024 showed that
the coating deposition occurs in two stages involving induction and deposition. Induction step was found to involve
the deposition of cerium-based compounds over the cathodic IM particles together with aluminium oxide growth while
the deposition step involves deposition of cerium-based compounds over the surface.

Despite many researches on the formation of CeCC on different aluminium alloys, only a few works [37, 38] have
been reported on the formation of CeCCs on cast Al-Si alloys.

High Pressure Die Casting is a commonly used casting process for the majority of light alloy components [39, 40].
Recently, this process has been integrated with semi-solid metal processing such as rheo-casting to introduce a new
casting technology (called Rheo-HPDC) for producing high-quality components with sound microstructure [40-43].
Rheo-HPDC widens the composition range of castable alloys, but unfortunately, it also increases the inhomogeneity
of the microstructure in the final component in comparison to the conventional HPDC process [44]. Previous studies
showed that this microstructural inhomogeneity together with the presence of the eutectic silicon phase and iron-rich
IM particles can result in pitting corrosion in chloride containing environments which differs in various positions of
the component [45]. It can be expected that the complexity of the microstructure in Rheo-HPDC aluminium alloys
can influence the formation of CeCCs.

This paper focuses on the formation mechanism and characterization of CeCC on Rheo-HPDC low silicon content
aluminium alloys. Focused ion beam milling scanning electron microscope (FIB-SEM) as an adequate tool to study
the of the substrate and surface features beneath the CeCC. This method has also been used by other researchers such
as Pinc et al. [22] to study the formation of subsurface crevices during the cerium conversion process. Electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization were applied to investigate the electrochemical
behavior of CeCCs. Two Al-Si alloys with 2.5 and 4.5 wt.% silicon were chosen to be treated by the conversion
treatment in order to examine the effect of silicon content on the process. The pretreatment optimization was obtained
by varying the coating process parameters such as immersion time, concentration of cerium ions, chloride ions, and

hydrogen peroxide on the deposition and the corrosion resistance of CeCCs.

2. Experimental
2.1. Rheo-HPDC process

Components of two Al-Si alloys with the measured compositions of (wt.%) Si: 2.41, Fe: 0.46, Cu: 0.13, Mn: 0.02,
Mg: 0.58, Zn: 0.04, Al: balance (2R) and Si: 4.5, Fe: 0.48, Cu: 0.13, Mn: 0.02, Mg: 0.58, Zn: 0.04, Al: balance (4R),
were produced using a 400 tons HPDC machine that was equipped with an automated RheoMetal™ slurry generator.

RheoMetal™ exploits an Enthalpy Exchange Material (EEM) as an internal cooling agent to generate the slurry. The
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die utilized included two halves: a fixed and a moving half. The temperature of the fixed half was set between 230-
250 °C while the temperature of the moving half was set between 280-320°C. The holding furnace temperature was
fixed at 675 °C. The shot weight was approximately 5 kg and ladling was performed using a standard cast iron ladle
to which the EEM was added (5-6 % of the shot weight). The stirring rate used was 900 rpm and the slurry solid
fraction was about 40 %. The final slurry temperature was then set at 610 + 1 °C. The die cavity fill-time was 31 ms
while the first stage and the second stage piston speed were 0.23 and 5.2 m/s, respectively. These conditions were
similar to standard settings for this type of component under normal HPDC processing. The studied component is an
experimental cavity filter demonstrator resembling the real component used in telecom base stations. We have studied

the microstructural and electrochemical features of these Al-Si alloy components in our previous work [45].

2.2. Cerium conversion process

Samples of the two alloys were cut into pieces of 1cmx1cm and ground using SiC abrasive papers of P1200 and
P4000. These samples were then rinsed and ultrasonically cleaned in acetone for 10 minutes. The alkaline activation
step included etching in 40 g/l NaOH solution for 15 seconds. Between each of these steps, samples were rinsed with
deionized water and then dried. Conversion treated samples were then dried and kept in a desiccator for further
microstructural and electrochemical testing. Conversion solutions were made from analytical grade hydrated cerium
nitride (Ce(NOs)3.6H20), sodium chloride (NaCl), and hydrogen peroxide (H20-). Before immersion of the samples,
all the solutions were aged for at least 30 minutes so that the cerium species reached the equilibrium. Details of the

solutions chemistry and immersion times are presented in Table. 1.

2.3. Layers characterization

Microstructural features of the cerium-based conversion coatings were examined by Scanning Electron Microscopy
(SEM, JSM-IT300), under high vacuum conditions with 20 kV beam energy Energy-dispersive X-ray spectroscopy
(EDXS) was exploited to measure the composition of the conversion layers and to collect the elemental map of Al,
Si, Fe, Ce and OA LYRAS3 FIB/SEM was used for cross sectioning and analyses the treated surfaces. The FIB milling
conditions were as follows: 30kV, 5nA for rough milling and 1 nA for final polishing. In this case, beam energy of 15
kV was employed. For EDAX/EDS analysis 254 frames mapping and 50 us dwell time were utilized.

The surface state of conversion treated samples were analysed using X-ray photoemission spectroscopy (XPS). The
analysis was carried out using an Axis DLD Ultra instrument (Kratos—Manchester UK). Acquisitions were composed
by wide scans on a BE energy range of 1250 — -5 eV using a 160 eV pass energy. High-resolution core line spectra
was performed by setting the analyser pass energy at 20 eV and the energy step at 0.05 eV. When necessary, charge
compensation was utilized on samples with scarce conductivity. Compensation was optimized by maximizing the
peak intensity and minimizing the peak full width at half maximum of the main core line peaks. C 1s from

contaminants at 285 eV was selected as a reference for energy scale alignment. The final energy resolution was ~ 0.35



eV. The analysis of the XPS spectra was performed using a home-made software based on the R platform. Care was
taken when selecting the appropriate background subtraction and Gaussian components for peak fitting.

The electrochemical behavior and the corrosion resistance of CeCC treated Al-Si alloys were examined in a 0.05M
NaCl solution by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). A traditional three
electrode cell was exploited including the sample as the working electrode (with the exposure area of 1cm?), a platinum
electrode as the counter electrode and a silver/silver chloride electrode (Ag/AgCl 3M KCI (0.210 V vs NHE) as the
reference electrode. All the electrochecal tests were monitored by a computer-controlled potentiostat (Metrohm
Autolab PGSTAT302N). In the polarization test, the sweep rate of 0.166 mV/s and the initial delay of 10 minutes
were set. Cathodic and anodic branches were collected separately, starting from the open circuit potential (OCP) in
both cases. Anodic and cathodic polarizations were stopped after the maximum current densities of 9x10* A/cm? and
4x105 Alcm? were reached, respectively. In the EIS tests, frequency ranged from 100 kHz to 10 mHz with 36
points/decade and the amplitude of the sinusoidal potential signal was 10 mV with respect to the OCP. To guarantee
the reliability of the data , the electrochemical tests were repeated at least three times. Moreover, to compare the

results, all the electrochemical tests were conducted also on bare 2R and 4R alloys.

3. Result
3.1. Morphology and composition

Fig. 1 depicts the microstructure of two Al-Si alloys substrates processed using Rheo-HPDC method. As it can be
seen in these images, the microstructure of semi-solid cast Al-Si alloy contains primary a-Al particles in two different
sizes, Al-Si eutectic dual phase region, and iron-rich needle shape intermetallic particles (B-AlFeSi). SEM image at
higher magnification (Fig. 1 (b)) shows that the location of the intermetallic particles is mainly the eutectic region.
Formation of two different range sizes of a-Al phase is attributed to the two-stage solidification in the semi-solid metal
process. The formation of coarser a-Al particles (0;-Al) is related to the nucleation during slurry preparation, while
finer particles (a,-Al) are formed during the second solidification stage inside the cavity with high cooling rate and
the absence of shear force [46].

Fig. 2 shows the primary conversion coatings deposited from solutions of different Ce(NOs)s concentrations on the
alloy with 2.5 wt.% Si. According to the images in Fig. 2, cerium hydroxide/oxide deposition (white islands in the
backscattered SEM images) is or has been started locally. It can be observed that the amount of cerium-based
precipitates is higher on the eutectic region and/or the iron-rich IM particles inside them. the deposition of the
conversion layer increases as the concentration of Ce(NQOs)s increases. It is noticeable that the background matrix of
the conversion coating is less visible in the case of samples treated using the solutions of 0.01 and 0.05 mol/l Ce(NO3)s,
while in the sample immersed in the solution of 0.1 mol/l Ce(NQs)s, the presence of background matrix is easily
detectable, especially due to its cracked structure. According to the literature [4, 8], this means that the deposition of
cerium hydroxide/oxide layer starts from the cathodic sites but it grows further to cover the entire aluminium alloy
surface [12]. In Fig. 2 (b), SEM image from a cerium-based nuclei at a higher magnification shows this lateral growth.
Higher Ce(NOs)s concentration provides more cerium ions required for the precipitation since their numbers are
reduced due to the formation of stable cerium nitrate complexes such as Ce(NO3)s> and Ce(NO3)s® [47]. These stable

complexes result from the oxygen-donor ligand and cerium cation interactions [48].



In these series of treated substrates, no significant difference can be observed on the degree of cerium deposition over
a;-Al and o,-Al particles. As expected, not all eutectic region are covered by the CeCC and therefore not all of them
were cathodically activated

The effect of the addition of chloride ions and/or hydrogen peroxide to the solution on the morphology of the CeCC
layers on 2R alloy is presented in SEM images of Fig. 3. Considering Fig. 3 (a) , with 0.1 mol/l NaCl. , higher amount
of cerium compounds depositions is observed. This coating shows some differences in comparison to the coating
deposited from the same solution without NaCl (Fig. 2(b)). In presence of NaCl, the primary a-Al particles (os-Al)
show less coverage of CeCC (or a thinner layer) on their surfaces compared to o,-Al or compared to samples without
NaCl. SEM image of this coating at a higher magnification and the results of EDXS analysis confirm this phenomenon
(Fig. 4).
Chloride ions in the conversion solution have an accelerating effect on the precipitation of cerium hydroxide/oxide.
They can break the native aluminium oxide layer on the alloy surface and accelerate and activate the corrosion
reactions (anodic and cathodic) on the micro-galvanic couples, formed in the eutectic regions [45]. This eads to higher
pH and therefore more cerium hydroxide deposition [33, 49]. In this condition, CeCC deposition process is faster
resulting in a thicker coating [33]. Nitrate ions are not able to breakdown the aluminium oxide and they also passivate
the surface of aluminium alloys by incorporation into the oxide [22, 51, 52], therefore a faster deposition is expecting
in the presence on Cl ions compared to the plain Ce solution
Moreover, the activating effect of the chloride ions highlights the difference between the two different a-Al phases.
az-Al particles are less covered compared to ap-Al particles, resulting in heterogeneous deposition of the conversion
layer due to the different activity. The results of WDS analysis of these grains show that they differ in ththe Si content
in solution in the Al: ap-Al grains containhigher silicon in comparison to as1-Al ones [46]. The higher level of silicon
in the az-Al phase contributes to increase its potential toward more cathodic values [53]. Moreover the size of the
grains makes the az-Al grains closer and more interacting with the Si and Fe-rich IM and therefore easier to be covered.
The presence of chloride ions in the conversion solution can also affect the valence state of cerium. The equilibrium

potential of oxidation reaction of Ce (l11) to Ce (1V) is sensitive to the anions present in the solution:

Ce¥*+2H,0 <> Ce(OH) 2 +2H*+¢" (6)

The chloride ions decrease the equilibrium potential by 400 mV allowing the oxidation reaction to take place more
easily [48].

Hydrogen peroxide can be added to the conversion solution to act as an oxidizing agent and therefore have a more
homogenous deposit The presence of hydrogen peroxide, either alone or together with chloride ions increases the
deposition rate and the thickness of the conversion layer, resulting in the formation of a conversion layer with cracked-
mud structure (Figs. 3 (b) and (c)). This feature is due to the stresses induced in the coating during the drying step
[11]. By adding the H,O,, the entire surface is covered by the conversion layer. However, some heterogeneities are

still visible on the coating surface in which a:-Al particles result to be covered by a thinner deposit.



In the deposition of Ce-based conversion layer hydrogen peroxides acts as a complexing agent, an oxidant, a
crystallization inhibitor, and a source of OH" ions [54]. Reduction of hydrogen peroxide on the cathodic areas provides
a source of hydroxyl ions (Reaction 2). Hydrogen peroxide also oxidizes Ce®* ions to Ce** by the formation of a
complex [54, 55]:

2Ce%* +H,0,+20H" <> 2Ce(OH),2* )

The literature reports that these conditions lead to the formation of a hydroxide/oxide coating containing mainly Ce
(V) species [54, 55].

The conversion layers deposited on 4R alloy from the solutions containing chloride ions (Fig. 5 (a)), hydrogen
peroxide (Fig. 5 (b)), and chloride ions together with hydrogen peroxide (Fig. 5(c)), have similar characteristics to
those on 2R alloy. The heterogeneity related to the thinner deposition over ai-Al particles is detectable especially in
the conversion coating deposited from the solution of 0.05 mol/l Ce(NQOs); and 0.1 mol/l NaCl (Fig. 5 (a)). The addition
of hydrogen leadsto a thick cracked coating all over the surface (Figs. 5 (b) and (c)). This coating is also heterogeneous
in some parts as it can be seen in Fig. 5 (b). The surface morphology of the Ce-based layer deposited from a
combination of chloride ions and hydrogen peroxide, contains Ce-rich nodules over the cracked background matrix.

Understanding the formation mechanism of the cerium-based conversion layer is possible by looking at the cross-
sectional view of the local cerium-based precipitates. Fig. 6 provides this view for the conversion coating on 2R alloy,
immersed in 0.05 mol/l Ce(NOs3)s for 18 hours. The elemental maps of Al, Si, Fe, Ce, and O are also provided in this
figure. These images depict the presence of an iron-rich IM particle located inside the eutectic region, which is
detectable through the elemental map of Si (Fig. 6(c)). It can be observed that the formation of the cerium-based layer
started from the iron-rich IM particle. In addition, a cavity is visible under the cerium-based nuclei where the IM
particle is located. The presence of this cavity is due to the corrosion process and is the result ofthe dissolution of
aluminium phase in the eutectic region. It is worth mentioning that many cerium-based precipitates were checked and
a cavity was always seen underneath each of them. . According to the elemental map of O (Fig. 6 (f)), there is also
oxide inside the cavity proving that it was the result of an oxidation pedation.

SEM image and the elemental maps from the cross-sectional view of a Ce-based nuclei on 2R alloy treated in 0.05
mol/l Ce(NOs)s and 0.1 mol/l NaCl for 18 hours are depicted in Fig. 7. The interesting phenomenon captured in this
image is the oxidation of the IM particle, which can be seen through the oxygen mapping in Fig. 7 (f). The oxide
seems to fill the cavity that was formed in the previous step. In the presence of chloride ions in the conversion solution,
anodic and cathodic reactions are promoted and accelerated. After Al dissolution from Al phase, another process that
can occur is the selective dissolution of aluminium from the IM particle that makes it richer in iron and silicon [56].
Considering the OCP of this system (~-0.6 V), pH of the solution (4.4), and according to Pourbaix diagram of iron
[57], oxidation of iron is not thermodynamically possible. However, cathodic reactions increase the pH locally high
enough for the possible formation of iron oxide when all the Al has dissolved. The extension of iron oxidation is
visible in the SEM image and EDXS results taken after removing the conversion layer as shown in Fig. 8. Upon

oxidation of iron, the particle becomes more cathodic [56], therefore, more suitable for the cathodic reactions. The



very first layer of the cerium-based nuclei seems to be richer in cerium compounds as it appears whiter in the
backscattered image (Fig. 7 (a)). The rest of the coating can be assumed to be a mixture of cerium hydroxide/oxide
and aluminium oxide.

Fig. 9 presents the proposed formation mechanism of the cerium-based conversion layer. The presence of iron-rich
IM particles is the main reason of the deposition of the conversion layer on the Al-Si alloy. According to our results,
the formation mechanism includes three steps:

1. Dissolution of aluminium phase next to an iron-rich IM particle until there is no connection between the IM
particle and the aluminium matrix. The cathodic reactions are localized on the IM raising the pH and triggering the
cerium hydroxide/oxide deposition.

2. Selective dissolution of aluminium from the IM particle and then oxidation of the remained iron. The dissolution

of aluminium from the iron-rich IM particle can occur according to the following reaction [58]:

2A1+20H +6H,0 — 2AI(OH) 4+3H, ®)

The iron oxide fills the cavity that was formed due to the dissolution of aluminium in the previous step. Cerium
deposition continues during this step.

3. Growth of the existing cerium hydroxide/oxide nuclei and start of a later growth.

Results of XPS analysis of 2R alloy treated using three different solutions (including the solution of 0.05 mol/Il
Ce(NOg)s, the solution of 0.05 Ce(NOs3); and 0.1 mol/l NaCl, and the solution of 0.05 mol/l Ce(NOs)s and 0.02 mol/I
H,0 »)are illustrated in Figs. 10 (a), (b) and (c) respectively. In each of the XPS spectrum, a peak of carbon is also
noticeable. This peak is attributed to the accumulation of contaminants on the surface due to exposure to air, which
has also been observed and reported before by other researchers [9]. It can be also due to the dye releasing agent which
is entrapped in the very first solidification layer of the aluminium alloy surface during casting. This was proved by
XPS spectra of bare aluminium alloys were carbon peak was present in all the specimens
The analysed cerium-based conversion coatings presented a mixture of Ce (Il1l) and Ce (IV) compounds. The
interpretation of the Ce 3d core line was made a long time ago by Burroughs et al. [59]. In this case, the more recent
work of Romeo et al. [60] can be also referred. Ce (IV) and Ce (111) in their ground state possess a 4f° and 4f* orbital,
respectively. When an X photon creates a hole in the 3d level a rearrangement of the cerium electronic structure in the
valence band occurs. In particular, the 4f orbital is pulled away from the Fermi into the valence band to screen the 3d
hole. This in presence of Ce (V) or Ce (l11) oxides or hydroxides leads to a strong hybridization of the cerium ground
state 4f° with the 2p oxygen orbital. Concerning the analysis, the Ce 3d core line appears as doublets in XPS spectra
due to the spin orbit splitting. The energy of the photo-emitted 3d electron will depend on the coupling between the
initial 3d and 4f hybridized orbital. The result of this coupling is that in the case of Ce (V) the 3ds, level will show
three components while the same orbital in Ce (I11) will be composed of two features. Then the description of the Ce
3d core line in presence of both the Ce (111) and Ce (IV) will need a total of 10 fitting components. Here the component
assignment and nomenclature is done in agreement with the work of Burroughs et al. [59]: v, v’* and v’*’ are associated
to Ce (IV). The first two derived from a mixture of (5d 6s)° 42 O 2p* and (5s 6d)' 4f* O 2p® orbitals, while v’** is



associated to (5d 6s)° 4f° O 2p® [60]. Features derived from Ce (l11) are indicated with vo and v’ and are generated by
mixing (5d 6s)°4f2 O2p* and (5d 6s)° 4f* O2p° orbitals. A list of correspondent components is presented for the 3dss
using the letter u and the same indexes. u and v components are separated by the spin orbit splitting energy which for
cerium is ~18.3eV. A summary of results for the coatings deposited from the different conversion solutions is
presented in Table. 2. The ratio of Ce (I11)/Ce (IV) (in forms of oxide and/or hydroxide) is 0.86 for the conversion
layer from the plain solution (with only 0.05 mol/l Ce(NOa)s), 0.79 for the layer deposited from the solution with
chloride ions, and 0.55 for the coating deposited from the solution containing hydrogen peroxide. As expected, the
presence of chloride ions and hydrogen peroxide increases the fraction of Ce (IV) species in the coatings. Hydrogen
peroxide affects by oxidizing Ce®* while chloride ions by decreasing the equilibrium potential of the oxidation reaction
of Ce® to Ce**. Ce (I11) species are shown to be concentrated in the inner layer of the conversion coating, while Ce
(V) species are mostly located in the outer layer of the coating [9, 61]. Considering oxygen peaks (high resolution
peaks in Figs. 10 (g), (h) and (i)), the peaks centred at 531.49 eV, 532.14 eV, and 530.62 eV are ascribable to
aluminium oxide (Al.Os) [61]. While the shoulders at 529.23 eV, 530.29 eV, 529.67 eV, 530.49 eV, 529.37 eV, and
530.62 eV can be attributed to the presence of CeO, and Ce,0s, respectively. Aluminium oxide (Al.Os) percentages
vary from 16 % in the conversion coating from the plain solution to 16.5 % for the layer deposited from the solution
with chloride ions and to 4 % for the coating deposited from the solution containing hydrogen peroxide. This obviously
indicates the higher thickness of the cerium-based layer in the case of the conversion coating deposited using the
hydrogen peroxide solution.

The presence of hydrogen peroxide in the conversion solution also changes the response of Al,Os, in which the sample
treated using the solution of 0.05 mol/l Ce(NQOs)s and 0.02 mol/l H,0O, shows a significant difference in O 1s binding
energy compared to the other two samples. In addition, in oxygen peak in Fig. 10 (i), there is a component at low

binding energy whose essence is still unclear.

3.2. Electrochemical properties

Fig. 11 depicts the results of EIS test on the samples of 2R alloy treated using different conversion solutions. It
presents the impedance spectra after 6 and 24 hours of immersion in NaCl solution of 0.05 mol/l. The impedance
values for all the systems during 24 hours are quite stable. Regarding the effect of Ce(NO3); concentration (Figs. 11
(@) and (d)), all the conversion layers possess higher impedance values at low frequency compared to the bare
aluminium alloy. The low-frequency impedance modulus valueis an estimate of the total resistance of the system [6].
As it is obvious from Fig. 11 (a) and (d), these values are increased by more than one order of magnitude for the
treated samples compared to the bare aluminium alloy. This improvement is due to the presence of cerium-based
conversion layer which especially passivates iron-rich IM particles located inside the eutectic regionsPassivating these
phases hinders the microgalvanic couple and therefore the corrosion process. Some scattered points at low frequencies
are observed in the values of |Z| of the conversion layer obtained from the solution of 0.1 mol/l Ce(NOs)s. In general,
in these set of results, the best corrosion performance is related to the conversion layer deposited from the solution of

0.05 mol/l Ce(NOs)s. As Ce(NOs)s concentration increases so does the deposition extent and the thickness of the



conversion layer. However, it seems that if the concentration of Ce(NQOs)s is too high the deposited layer will develop
cracks and therefore decrease its protection (Fig. 2 (c)) .

The addition of different concentrations of NaCl to the conversion solution also produces coatings with higher

impedance values in comparison to the bare aluminium substrate.
However, according to the results shown in Fig. 11 (b) and (e), none of the conversion coatings deposited from NaCl
containing solutions shows higher impedance values compared to those of the coating from the plain Ce(NOs)s
solution. For comparison, the results related to the coating deposited from the conversion solution of 0.05 mol/l
Ce(NOs3); (the optimum concentration) are presented in these graphs as well. This can depict the detrimental effect of
chloride ions, in the conversion solution, on the corrosion resistance of the aluminium substrate. In addition, a high
concentration of NaCl (0.1 mol/l) results in the deposition of a thicker conversion layer (Fig. 3(a)) which again suffers
from the cracked morphology. By comparing the results related to the two optimum coatings with and without 0.05
mol/l NaClit can be seen that the conversion layer deposited from NaCl containing solution shows higher impedance
values compared to the one deposited from the plain conversion solution after 6 hours of EIS test Fig. 11 (b). However,
at the end of the 24 hours test Fig. 11 (e), the coating deposited from the chloride free conversion solution possesses
higher impedance values at low frequencies. The relatively lower corrosion resistance of the conversion layers
deposited using NaCl containing solution can be a result of heterogeneous deposition, in which as-Al particles are
covered by a thinner conversion layer.

Hydrogen peroxide was added to the conversion solution (alone or together with NaCl (Fig. 12)) to shorten the
required time for the conversion process and to obtain homogenously deposited coatings (Figs. 11 (c) and (f) and Fig.
12). . Regarding the coatings deposited from the mix solution (Fig. 12), only 20 minutes of immersion is enough to
achieve higher values of the total impedance, compared to the bare aluminium alloy while 60 minutes of immersion
deteriorates the corrosion properties. This is attributed to the fact that the combination of chloride ions and hydrogen
peroxide canbe very agressive and cause subsurface crevices [33]. In addition, the coating deposited from this
combination after longer immersion time is thicker and have a morphology full of cracks. The conversion solution of
0.05 mol/l Ce(NOs3); and 0.02 mol/l H,O; produces a coating with improved corrosion resistance after both 20 and 60
minutes immersion (Figs. 11 (c) and (f)). This improvement is comparable to the conversion layer deposited from the
solution of 0.05 mol/l Ce(NOs)s, while the required process time has shortened from 18 hours to only 1 hour. However,
it should be noted that the selectively deposited coating from the plain conversion solution (with optimum
concentration of Ce(NOs)s) still shows higher corrosion resistance.

The results of EIS measurements related to the treated samples of 4R alloy are shown in Figs. 13 and 14. These
samples were treated with the same conversion solutions presented in Figs. 11 and 12. The samples were also treated
using a solution with lower concentration of sodium chloride mixed with hydrogen peroxide (0.05 mol/l Ce(NOs)s,
0.01 mol/l NaCl, and 0.02 mol/l H,0,) and also a solution with lower concentration of hydrogen peroxide (0.05 mol/Il
Ce(NOs3)3 and 0.01 mol/l H20,).

First of all, the bare Al- 4.5 wt.% Si show higher total impedance values compared to those of Al- 2.5 wt.%Si. In
fact, other researches on the corrosion behavior of Al-Si alloys have all indicated the positive effect of silicon on the

corrosion resistance of the aluminium alloys [62-64]. The higher corrosion resistance of alloys with higher silicon
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content has been partly attributed to the incorporation of silicon atoms to the passive film, which repairs the film
defects and renders it more stable [62, 65].

Regarding the treated samples using the plain Ce(NOs)s solutions (Figs. 13 (a) and (d)), all the samples show almost
the same extent of improvement in the total impedance values compared to the bare aluminium alloy substrate. It
seems that the surface of Al-Si alloy with 4.5 wt.% Si have enough active cathodic sites for the oxygen reduction to
occur leading to pH increase and the deposition of cerium hydroxide/oxide layers, even when the substrates are
immersed in low concentrated solutions of Ce(NQs)s. As it can be seen, the negative effect of high concentration of
Ce(NOs3); is negligible, unlike the similar 2R treated samples. A decrease in the values of |Z| at low and medium
frequencies can be observed for the untreated sample after 24 hours of EIS test. However, values of the total impedance
of treated substrates remain considerably high even after 24 hours of immersion in NaCl solution of 0.05 mol/I.

By adding the proper concentration of chloride ions to the conversion solution, cerium-based layers with improved
total impedance values are achieved. According to Figs. 13 (b) and (e), the highest total impedance values among the
coatings deposited from chloride ions containing solutions belongs to the coating deposited from the solution
containing 0.01 mol/l NaCl. This shows that the surface of Al-Si alloy with a higher Si content needs lower
concentrations of chloride ions for its cathodic sites to get activated. The values of the total impedance of this coating
are similar to the one from NaCl free solution, especially after 24 hours of EIS test. In this case, the higher
concentration of NaCl in the conversion solution (0.05 and 0.1 mol/l) results in poor corrosion resistance.

Results regarding 4R alloy samples treated using more oxidizing solutions (solutions containing hydrogen peroxide

and the mix solutions) are presented in Figs. 13 (c) and (f) and Fig. 14. According to these curves, almost all the
solutions are too aggressive for the samples of 4R alloy. They produce thick and cracked conversion layers without a
significant improvement in the corrosion resistance.
In the mix solution (Fig. 14), sodium chloride concentration was reduced to the optimum concentration of 0.01 mol/I
and in the solution of Ce(NOs); and H,O;, the concentration of hydrogen peroxide was reduced to 0.01 mol/l.
However, the only treated sample which showed improved corrosion resistance was the one immersed in the solution
of 0.05 mol/l Ce(NO3); and 0.02 mol/l H20, for 60 minutes. All the other samples of these sets showed weaker or
equal corrosion resistance to that of the bare aluminum alloy. Fig. 15 depicts SEM image of the corroded surface of
one of the mentioned set of conversion treated substrates. According to this image, the corrosive solution has
permeated through the cracked coating resulting in intense corrosion. Here we can again conclude that the selectively
deposited coatings from the plain conversion solutions possess higher corrosion resistance compared to that of the
thick, cracked, and homogenously deposited coatings.

Results of the potentiodynamic polarization test in NaCl solution of 0.05 mol/l for samples of 2R and 4R alloys
treated under optimum conversion conditions are presented in Fig. 16. The results of the polarization test related to
the bare 2R and 4R alloys are presented as well. The alloy with higher silicon content shows a nobler corrosion
potential and lower current densities in both anodic and cathodic branches. In the case of the treated samples of 2R
alloy, both samples (treated using the plain 0.05 mol/l Ce(NOs3)s solution and hydrogen peroxide containing solution)
show nobler corrosion potential in comparison to the bare 2R aluminium alloy. In the anodic branches, the sample

treated using the plain solution (0.05 mol/l Ce(NOs)s) shows lower current density compared to those of the conversion
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layer from the solution of 0.05 mol/I Ce(NOs3)3 and 0.02 mol/l H,O; and the bare Al-2.5 wt.%Si alloy. This is probably
attributed to the cracked morphology of the conversion coating deposited from hydrogen peroxide containing solution
which lets permeation of the corrosive solution to the surface resulting in higher corrosion rates. Regarding the
cathodic branches, both conversion layers show lower current densities compared to the untreated 2R aluminium alloy.
This is attributed to the decreased oxygen reduction rate [6], which obviously shows the efficiency in passivating and
blocking he cathodic Similar results can be observed for the treated Al- 4.5wt.% Si alloy.

4. Conclusion

Cerium based conversion coatings were successfully deposited on two Rheo-HPDC Al-Si alloys. According to the
results, the chemistry of the conversion solution changes the coating morphology from locally and selectively
deposited coating to a thick and cracked coating using the plain Ce(NO3); solution and NaCl and H,O- containing
solutions, respectively. The deposition of the conversion layer starts from iron-rich IM particles located inside the
eutectic region. The formation mechanism of the coating includes dissolution of the aluminium matrix, and deposition
of cerium hydroxide/oxide layer. When the process is very fast and aggressive, even selective dissolution of aluminium
from the intermetallic particle, oxidation of iron on the surface of intermetallic particle is observed. The aluminium
alloy with the higher amount of silicon shows more active surface during the conversion process which reduces the
required concentration of Ce(NOs)s but also makes it difficult to work with more aggressive solutions. Finally, the
conversion treatment significantly increases the corrosion resistance of the aluminium alloys in which selectively

deposited coating shows more improvement compared to the cracked, thick, and homogenously deposited coating.
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List of Figure Captions

Fig. 1. SEM-BS images of alloy (a) 2R and (b) 4R.

Fig. 2. SEM-BS images of 2R alloy treated using the solution of (a) 0.01 mol/l Ce(NOs)s, (b) 0.05 mol/l Ce(NOs3)3
and (c) 0.1 mol/l Ce(NOs); for 18 hours.

Fig. 3. SEM-BS images of 2R alloy treated using the solution of (a) 0.05 mol/l Ce(NO3); and 0.1 mol/l NaCl for 18
hours, (b) 0.05 mol/l Ce(NOs3); and 0.02 mol/l H,O; for 1 hour and (c) 0.05 mol/l Ce(NOs)s, 0.05 mol/l NaCl and 0.02
mol/l H,O, for 1 hour.

Fig. 4. SEM-BS image and EDXS analysis of 2R alloy treated using the solution of 0.05 mol/l Ce(NOs)s and 0.1 mol/Il
NaCl for 18 hours.

Fig. 5. SEM-BS images of 4R alloy treated using the solution of (a) 0.05 mol/l Ce(NOs); and 0.1 mol/l NaCl for 18
hours, (b) 0.05 mol/l Ce(NOs)3 and 0.02 mol/l H,O; for 1 hour (c) 0.05 mol/l Ce(NOs)s, 0.05 mol/l NaCl and 0.02
mol/l H,O, for 1 hour.

Fig. 6. (a) SEM-BS image and (b), (c), (d), (¢) and (f) the elemental mapping of cross-sectional view of 2R alloy
treated using the solution of 0.05 mol/l Ce(NQs)s for 18 hours.

Fig. 7. (a) SEM-BS image and (b), (c), (d), (e) and (f) the elemental mapping of cross-sectional view of 2R alloy
treated using the solution of 0.05 mol/l Ce(NOs); and 0.1 mol/I NaCl for 18 hours.

Fig. 8. (a) SEM-BS image of underneath a cerium-based nuclei (the sample treated using the solution of 0.05 mol/Il
Ce(NOs3); and 0.1 mol/l NaCl for 18 hours), (b), (c) and (d) EDXS results from different points in the SEM image.
Fig. 9. Formation mechanism of the cerium-based conversion coating.

Fig. 10. XPS analysis of 2R alloy treated using the solution of (a), (d), (g) 0.05 mol/l Ce(NOs); for 18 hours; (b), (e),
(h) 0.05 mol/l Ce(NOs); and 0.1 mol/l NaCl for 18 hours; (c), (f), (i) 0.05 mol/l Ce(NOs)s and 0.02 mol/l H,O, for 1
hour.

Fig. 11. Bode plots of EIS spectra of treated samples of 2R alloy using the conversion solutions of (a), (d) x mol/I
Ce(NOs3); for 18 hours, (b), (e) 0.05 mol/l Ce(NQOz)s and x mol/l NaCl for 18 hours, (c), (f) 0.05 mol/l Ce(NQOs3)s, 0.02

mol/l H,O, for 20 minutes and 1 hour.
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Fig. 12. Bode plots of EIS spectra of treated samples of 2R alloy using the conversion solutions of 0.05 mol/l
Ce(NOs3)3, 0.05 mol/l NaCl and 0.02 mol/l H,O; for 20 minutes and 1 hour after (a) 6 and (b) 24 hours of EIS test.
Fig. 13. Bode plots of EIS spectra of treated samples of 4R alloy using the conversion solutions of (a), (d) x mol/I
Ce(NOs)s, (b), (e) 0.05 mol/l Ce(NOs); and x mol/l NaCl for 18 hours, (c), (f) 0.05 mol/l Ce(NOs3)s, 0.02 (0.01) mol/l
H,0, for 20 minutes and 1 hour.

Fig. 14. Bode plots of EIS spectra of treated samples of 4R alloy using the conversion solutions of 0.05 mol/I
Ce(NOs3)3, 0.05 (0.01) mol/l NaCl and 0.02 mol/l H,0; for 20 minutes and 1 hour after (a) 6 and (b) 24 hours of EIS
test.

Fig. 15. SEM-BS image of the corroded surface of treated 4R alloy using the conversion solution of 0.05 mol/l
Ce(NOs3)3, 0.01 mol/l NaCl and 0.02 mol/l H,O, for 1 hour.

Fig. 16. Potentiodynamic polarization curves of CeCCs on 2R and 4R alloys in 0.05 mol/l NaCl solution.

List of Table Captions

Table. 1. Details of conversion process parameters
Table. 2. Summary of results derived from XPS spectra of the cerium-based conversion layer
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Table. 1. Details of conversion process parameters

Substrate Ce(NO3)3.6H,0 (mol/l) NaCl (mol/l) H,0, (mol/l) Immersion time (h)
Alloy 2R 0.01,0.05,0.1 0.01,0.05,0.1 0 18
0.05 0.05 0.02 0.3 (20m),1,
Alloy 4R 0.01,0.05,0.1 0.01,0.05,0.1 0 18
0.05 0.05, 0.01 0.02,0.01 0.3 (20m),1
Table. 2. Summary of results derived from XPS spectra of the cerium-based conversion layer
Conversion Ce,04 CeO, Ce,03 CeO, CeO,
solution
0.05 mol/l Ce3d5/2  V, Vv v’ v V>
Ce(NOs)s BE 880.6 882.0 885.3 888.1 897.4
Ce3d3/2 U U u u” u”
BE 899.0 900.7 903.8 906.8 916.1
0.05 mol/l Ce3d5/2  V, \Y \'A A% A
Ce(NO;);and 0.1 BE 880.2 882.1 885.3 888.0 897.7
mol/l NaCl Ce3d3/2 U U u u” u”
BE 898.0 900.9 903.9 906.8 916.2
0.05 mol/l Ce3d5/2  V, Vv v’ v V>
Ce(NO;);and 0.02 BE 879.7 882.6 886.1 888.9 895.9
mol/l H,0, Ce3d3/2 U, u [O§ [V U
BE 898.2 901.1 904.4 907.3 916.5
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Fig. 2. SEM-BS images of 2R alloy treated using the solution of (a) 0.01 mol/l Ce(NOs)s, (b) 0.05 mol/l Ce(NOs)s
and (c) 0.1 mol/l Ce(NQOsg); for 18 hours.
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Fig. 3. SEM-BS images of 2R alloy treated using the solution of (a) 0.05 mol/l Ce(NOs); and 0.1 mol/l NaCl for 18
hours, (b) 0.05 mol/l Ce(NOs3)3 and 0.02 mol/l H,0O- for 1 hour and (c) 0.05 mol/l Ce(NOs3)s, 0.05 mol/l NaCl and
0.02 mol/l H,0O; for 1 hour.
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Fig. 4. SEM-BS image and EDXS analysis of 2R alloy treated using the solution of 0.05 mol/l Ce(NO3); and 0.1
mol/l NaCl for 18 hours.
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Fig. 5. SEM-BS images of 4R alloy treated using the solution of (a) 0.05 mol/l Ce(NOs); and 0.1 mol/I NaCl for 18
hours, (b) 0.05 mol/l Ce(NOs)s and 0.02 mol/l H,O, for 1 hour (c) 0.05 mol/l Ce(NOsz)s, 0.05 mol/l NaCl and 0.02
mol/l H20; for 1 hour.

Fig. 6. (a) SEM-BS image and (b), (c), (d), (e) and (f) the elemental mapping of cross-sectional view of 2R alloy
treated using the solution of 0.05 mol/l Ce(NO3)3 for 18 hours.
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Fig. 7. (a) SEM-BS image and (b), (c), (d), (e) and (f) the elemental mapping of cross-sectional view of 2R alloy
treated using the solution of 0.05 mol/l Ce(NOs); and 0.1 mol/l NaCl for 18 hours.
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Fig. 8. (a) SEM-BS image of underneath a cerium-based nuclei (the sample treated using the solution of 0.05
mol/l Ce(NOs)s and 0.1 mol/l NaCl for 18 hours), (b), (c) and (d) EDXS results from different points in the SEM

image.
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Fig. 9. Formation mechanism of the cerium-based conversion coating.
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Fig. 10. XPS analysis of 2R alloy treated using the solution of (a), (d), (g) 0.05 mol/l Ce(NQOs3); for 18 hours; (b), (e),
(h) 0.05 mol/l Ce(NOs)s and 0.1 mol/l NaCl for 18 hours; (c), (f), (i) 0.05 mol/l Ce(NOs)s and 0.02 mol/l H,O; for 1

hour.
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Fig. 11. Bode plots of EIS spectra of treated samples of 2R alloy using the conversion solutions of (a), (d) x mol/l
Ce(NOs3); for 18 hours, (b), (e) 0.05 mol/l Ce(NOs)s and x mol/l NaCl for 18 hours, (c), (f) 0.05 mol/l Ce(NOs3)s,
0.02 mol/l H,0; for 20 minutes and 1 hour.
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Fig. 12. Bode plots of EIS spectra of treated samples of 2R alloy using the conversion solutions of 0.05 mol/I
Ce(NO3)s, 0.05 mol/l NaCl and 0.02 mol/l H20; for 20 minutes and 1 hour after (a) 6 and (b) 24 hours of EIS test.
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Fig. 13. Bode plots of EIS spectra of treated samples of 4R alloy using the conversion solutions of (a), (d) x mol/I
Ce(NO3)s, (b), (e) 0.05 mol/l Ce(NOs)3 and x mol/l NaCl for 18 hours, (c), (f) 0.05 mol/l Ce(NOs)s, 0.02 (0.01) mol/l

H,0, for 20 minutes and 1 hour.
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Fig. 14. Bode plots of EIS spectra of treated samples of 4R alloy using the conversion solutions of 0.05 mol/I
Ce(NOs3)s, 0.05 (0.01) mol/l NaCl and 0.02 mol/l H,0, for 20 minutes and 1 hour after (a) 6 and (b) 24 hours of EIS

test.
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Fig. 15. SEM-BS image of the corroded surface of treated 4R alloy using the conversion solution of 0.05 mol/l
Ce(NOs)s, 0.01 mol/l NaCl and 0.02 mol/l H,O; for 1 hour.
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Fig. 16. Potentiodynamic polarization curves of CeCCs on 2R and 4R alloys in 0.05 mol/l NaCl solution.
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