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A B S T R A C T   

Cerium-based conversion coating formation is triggered by a local rise in pH at cathodic sites produced by the 
oxygen reduction reaction. Therefore, size, morphology distribution and electrochemical potential of those sites 
play a crucial role. While the deposition reaction is sensitive to both immersion bath concentrations and underlying 
substrate microstructure, only the former has been widely investigated. This research attempts to fill the gap by 
studying the effect of controlled microstructure variables like the cathodic intermetallics' geometry and spatial 
distribution on the conversion compound deposit initiation. A controlled cast Al alloy was synthesised for this 
study and consisted of distinct cathodic phases: Cu-rich intermetallics, Fe-rich intermetallics and Si particles. The 
localised deposition preferentially formed only on strong cathodic Cu-rich intermetallics. Size (surface area) of the 
Cu-rich intermetallic correlated linearly with the deposited area over it in terms of lateral and z-direction spread. 
The pH gradient occurring from the oxygen reduction near an IM is very local and does not affect pH gradients of a 
neighbouring IM. When immersion time is increased from 0.5 h to 1 h, the percentage of Cu-rich IM covered with 
conversion coating increases. Big Cu-rich IM activate faster for deposition reaction than small Cu-rich IM.   

1. Introduction 

Localised corrosion damage in aluminium alloys occurs due to 
heterogeneities in the microstructure. Second phases or intermetallic 
(IM) particles, especially those containing Cu and Fe, show cathodic 
behaviour compared to anodic aluminium matrix [1–3] and form a 
local micro-galvanic couple leading to corrosion damage [4–7]. Systems 
for corrosion protection consist typically of multi-layered coatings, the 
first layer of which is often a conversion coating [8]. The conversion 
layer is composed of compounds that are more stable than native oxides 
in aggressive environments and thus providing corrosion protection. 

Several conversion coating treatments, like those based on cerium as 
reviewed by Harvey [9], trivalent chromium as reviewed by Mitton et al. 
[10] and Ti-Zr [11–15], form the protective layer with the same under
lying mechanism. The conversion coating deposition mechanism le
verages the electrochemical corrosion reaction from the galvanic cou
pling between microstructural second-phases and aluminium matrix to 
form precipitates that in-turn block the corrosion reaction. On the 
cathodic sites of the microstructure, a local rise in pH [16–18] occurs due 
to the formation of OH− ions from the cathodic reduction of oxygen. 
Local hydroxide anions in vicinity of cathodic sites combine with 

respective cations from solution to form a local deposit. Such local-pH- 
increase-driven-deposition reactions have been observed on aluminium 
alloys by immersion in conversion coating treatments based on cerium 
[18–32], Ti-Zr [15,33–41] and trivalent chromium [35,42–46]. Among 
the several types of pre-treatment layers forming by this deposition 
mechanism, cerium-based conversion coating (CeCC) is the most in
vestigated. The offered corrosion inhibition in CeCC is attributed to 
physical barrier formation by insoluble precipitates of cerium oxides and 
hydroxides [47] over cathodic sites. Blocking of the localised micro
structural cathodic activity [21] and consequently, the associated anodic 
reaction related to the micro-galvanic coupling leads to a decrease in icorr 

[19], ultimately causing increased corrosion resistance. Due to the ex
tensive literature available, this study will employ CeCC to investigate 
the localised-ph-increase-driven deposition mechanism further. 

The spontaneous coating deposition reactions upon immersion of the 
substrate in cerium ion-containing solution are described in the literature 
to be multi-step – ‘island initiation’ at cathodic sites and ‘coalescence’ to 
further cover the entire surface [18]. The factors influencing deposition 
include the immersion bath process parameters (pre-treatments, con
centration of immersion solution, type of salt in solution, pH, time of 
immersion, temperature of bath and use of additives) reviewed 
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extensively by Harvey [9], and the underlying microstructure of the 
aluminium alloy substrate. Spontaneous deposition of conversion coat
ings by immersion in a cerium ion containing solution is kinetically slow, 
and to accelerate the process oxidants like H2O2 [31,48–59], NaClO4 

[51–53,60] and KMnO4 [60–62] have been used promote more rapid 
deposition. H2O2 is the most common additive in cerium conversion 
coating solutions, being an oxidant it provides additional hydroxide ions 
and promotes the precipitation reaction [59]. 

The microstructure of alloy substrates, especially the cathodic IM 
particles, plays a crucial role on the precipitate ‘island initiation’, a 
phenomenon central to CeCC deposition mechanism. Local precipitates 
of CeCC have been observed to form on cathodic IM Al7Cu2 [22], S- 
phase Al6(Cu, Fe, Mn) [26,63] of AA2024, Al6-(Mn, Fe-Cr) [24] of 
AA5083, Fe-rich IM Al-Si cast alloys [32]. The study by Hughes et al. 
[20] has demonstrated that Al-Cu IM have a much thicker coating 
compared to that over Mn-Fe IM. They established that the rate of 
oxygen reduction is a function of electrochemical activity of IM and that 
more active IMs show higher precipitation compared to other IMs with 
lesser cathodic activity. Furthermore, in the same study, the extent of 
deposition was observed to be a function of cathodic particle size. The 
precipitate thickness was observed to be higher on larger IM like 
Al2Cu2Fe and AlCu(Mn,Fe)3 in comparison to smaller cathodic particles 
such as dispersoid and hardening precipitates. 

Several researchers have reported localised deposition on other 
cathodic IM sites [22,24–26,28,63,64]. Because the IM particles are 
significantly affecting the initiation of precipitation product under their 
effect on the rise of local pH at cathodic sites, their electrochemical and 
geometrical properties critically influence the conversion layer. Mi
crostructure, or more specifically the cathodic IM particles, has not 
been a variable in explaining the deposition mechanism as most studies 
use commercial alloys like AA2024 and AA7075 where the micro
structure is fixed by the standard composition and processing route. 
This research attempts to cover the gap by controlling the micro
structure and study its effect on the CeCC nucleation and growth as a 
function of (1) IM size (2) IM spatial distribution (3) IM neighbourhood. 

For such an investigation, a relatively simple microstructure has 
been tailored to contain different nobility phases rich in Cu, Fe and Si 
respectively. The model alloy was subjected to directional solidification 
at two starkly different cooling rates to obtain two types of micro
structure where these three cathodic phases have the same composition 
but have very different size and spatial distribution. The surface acti
vation treatments, immersion bath concentrations and IM phase com
position have been kept the same, only variables being IM size and their 
spatial distribution. Details of the precipitation initiation and evolution 
sequence have been investigated by performing quantitative analysis of 
deposit formation between immersion periods of 0.5 h and 2 h over 
different IM geometries. Quantitative measurements of deposit were 
done on microstructural observations obtained using Scanning Electron 
Microscopy (SEM) and Atomic Force Microscopy (AFM). Scanning 
Kelvin Probe Force Microscopy (SKPM) was used to characterise the 
volta potential of the different IMs. Finally, cathodic potentiodynamic 
polarization has been performed on the pre-coated and conversion 
coated samples to determine if the localised deposits help in inhibiting 
the cathodic current. 

2. Materials and methods 

2.1. Materials 

Table 1 shows the chemical composition of model cast Al-Si alloys used 
in this study. Pure aluminium (99.9% purity with 0.1 wt% Fe impurity) 
along with alloying element Cu and Fe were melted in a Nabtherm Tilting 
Furnace at 800 °C and cast in cylindrical graphite moulds. The cast sam
ples were re-melted at 710 °C and then subjected to solidification at dif
ferent pulling rates (0.03 mm/s and 6 mm/s) in a Bridgeman furnace to 
obtain “coarse” and “fine” microstructure, respectively. 

2.2. Methods 

2.2.1. Sample preparation 
The directionally solidified cylindrical rods were cut in cross sec

tional direction (discs of ⌀10 mm × 10 mm) and mounted in a non- 
conductive epoxy resin of size ⌀30 mm × 20 mm. The samples em
bedded in the epoxy resin were ground with papers of grit size P320, 
P800, P1000, P2000, P4000 and then polished with a diamond sus
pension of colloidal particle size 3 μm, 1 μm and 0.1 μm. They were 
then rinsed in acetone ultrasonic bath for 15 min to remove the residues 
of polishing and to degrease the surface. 

2.2.2. Surface preparation before coating treatment 
The native aluminium oxide layer was removed by etching the po

lished aluminium alloy surface with a 0.05 M NaOH solution for 2 min 
followed by acid pickling in 1:1 HNO3 solution for 30 s. Between the steps 
of etching and pickling and after the final pickling step, the surface was 
thoroughly rinsed with distilled water to remove any loosely bound pro
ducts of the dissolution reaction. A water film was maintained at all times 
after each to prevent exposure of etched and pickled surfaces with air. 

2.2.3. Coating deposition 
Samples were then immediately immersed in a freshly prepared 

conversion coating treatment bath of composition 0.1 M Ce 
(NO3)3 + 0.1 M NaCl (pH 2.8) at room temperature and immersed for 
three different times 0.5 h, 1 h and 2 h. Immersion was carried out in a 
cylindrical container of diameter 9 mm filled with 250 mL coating so
lution. Each conversion coating treatment was performed twice on two 
different specimens. After the respective immersion times, the samples 
were removed from the bath and rinsed with distilled water. Cleaned 
samples after deposition were placed in a desiccator for thorough 
drying before being taken for various characterisations. 

Each conversion coating treatment was performed twice on two 
different specimens. 

2.3. Surface characterisation 

Microstructure and surface morphology of bare and conversion 
coating deposited samples were characterised using JOEL JSM-7001F 
SEM in the secondary electron imaging mode at an accelerating voltage of 
5 kV. The characterisation of “before” and “after” deposition morphology 
for each immersion time on the slow and fast solidification rate samples 
was repeated twice on specimens from two different cylindrical rods. 

Additionally, the phases of the samples were investigated by Rigaku 
SmartLab X-ray Diffractometer (XRD) system (with a Cu Kα radiation, 
λ = 1.5405 Å), operating at room temperature within the 2theta range 
5°–90°. 

Surface topography of local deposits was performed using a Park 
Systems NX10 AFM in non-contact mode. The local electrochemical 
properties of the different intermetallics were characterised using SKPM. 

Cerium conversion coatings reduce corrosion by inhibiting the 
cathodic reaction. To study the efficiency of cathodic inhibition after 
localised conversion coating depositions, the samples were polarized 
only at cathodic potentials sweeping at 0.16 V/s scan rate in a 0.05 M 
NaCl solution and the current was measured using a potentiostat. The 
potentiodynamic polarization was started 600 s after immersion in 
0.05 M NaCl solution. The reference electrode used in the study was an 
Ag/AgCl 3 M KCl electrode (+0.220 V vs SHE) and a platinum counter 
electrode was used. 

Table 1 
Selected composition for the model alloy.       

Element Al Si Cu Fe  

wt.% Balance 7.0 2.0 1.0 
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2.4. Image analyses 

For the image analysis, for each experimental condition, eight dif
ferent regions were investigated from two specimens before and after 
deposition. The quantifications of uncovered IM and deposited features 
of the microstructures were carried out using image analysis software 
ImageJ [65]. In coarse microstructure, each region investigated has 
dimensions 32 × 43 μm while each region in fine microstructure in
vestigated had a dimension of 4 × 5 μm. The IM boundary was sket
ched by ‘Freehand selection’ tool of ImageJ and its area measured by 
the same software. ‘Nearest neighbour distance’ reported in this study 
was measured as the distance between a point on the circumference of a 
Cu-rich IM and the circumference of its nearest Cu-rich IM. 

3. Results and discussion 

3.1. Characterisation of tailored cast Al alloy microstructure 

Cast Al-Si alloys solidify with a microstructure consisting of α-alu
minium dendrites and the inter-dendritic regions contain aluminium- 
silicon eutectic [66]. Phosphorus is a common impurity existing in trace 
amounts in aluminium alloys, and its compound AlP acts as a nucle
ating site for IM [67]. IM nucleate and grow in the eutectic Al-Si regions 
between the primary aluminium dendrites. The spacing between the 
arms of the dendrites – Secondary Dendritic Arm Spacing (SDAS) is a 
function of the solidification rate. The average value of SDAS for slow 
and fast solidified alloy were 76.5  ±  8.7 μm and 10.2  ±  1.1 μm, 
respectively. Slow and fast solidified microstructures are hereafter re
ferred to as ‘coarse’ and ‘fine’ respectively. The microstructure con
taining either (a) big and sparsely spaced IM or (b) small and closely 
spaced IM can thus be tailored by changing the rate at which solidifi
cation takes place (Fig. 1(a) and (b), respectively). 

Different types of IMs formed in both coarse and fine microstructure 
(Fig. 1(a) and (b)) are (1)β-Al5FeSi (2)θ-Al2Cu (3) ω-Al7Cu2Fe. The β 
IMs, in both slow and fast solidification microstructures, show a needle- 
shaped morphology [68,69]. Cu-containing IMs θ and ω have a more 
“rounded morphology”. Because IM cannot always be identified accu
rately by their morphology [70], they have been additionally char
acterised using EDX and XRD. Fig. 1(c) and (d) shows the corresponding 
elemental maps of microstructures. The average atomic fraction of 
different elements in the two types of intermetallics β and θ char
acterised using EDX point analysis is presented in Table 2. The pro
portion 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 volume 
of the intermetallic, especially so in the fine microstructure with small 
intermetallics. Furthermore, XRD technique was used to confirm the 
presence of the different IM phases (Fig. 2) Al [71], Si [72], β-Al5FeSi 
[68,73–75], θ-Al2Cu [73,76–78] and ω-Al7Cu2Fe [77,78]. 

The coarse microstructure's IM phases of plate-like β, rounded θ and 
ω IM were measured to be in the range 20–100 μm long and 2–10 μm 
wide, 2–20 μm in equivalent diameter and 0.1–1 μm width respectively. 
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 0.1–1 μm 
in width, 1–8 μm in equivalent diameter and 0.1–1 μm in diameter, re
spectively. The average nearest neighbour distance for coarse and fine 
microstructure was 49.0  ±  6.8 μm and 8.0  ±  0.9 μm respectively. 

The relative nobility of the different phases were characterised by 
mapping the relative volta potential of the microstructure using SKPM 
(Fig. 3(a)). Volta potential profile in Fig. 3(b) of the line segment in  
Fig. 3(a) shows that the two compositionally different Cu-containing IM 
θ and ω have higher volta potential than Al and β. While the ω (Al,
Cu,Fe) has slightly lower volta potential than θ(Al,Cu), they are both 
treated as “Cu-rich” from hereon. Fe-containing IM β have relatively 
higher volta higher than Al, but lower than that of Cu-rich IM indicating 
that they are weakly cathodic. They are referred to as “Fe-rich” IM from 

hereon. Si particles had similar SKPM potential as Cu-rich IM 
(Fig. 3(b)). 

3.2. Characterisation of cerium conversion compounds deposits 

All substrates were subjected to the same surface preparation 
methods elucidated in the experimental section and then immersed in a 
solution of 0.1 M Ce(NO3)3 + 0.1 M NaCl for three different times 0.5 h, 
1 h and 2 h. The “before” and “after” deposition for numerous substrates 
in two different IM sized microstructure were characterised with sec
ondary electron imaging mode of an SEM. An exemplar is shown in  
Figs. 4 and 5, respectively, for coarse and fine IM. The local deposits on 
cathodic sites had a “cracked mud” like morphology, which has also been 
observed in other studies [21,27,31,79,80]. The depositions were ob
served to occur preferentially on Cu-rich IM θ and ω but were not evident 
on the plate-like β (hereby referred to as “Fe-rich”) unless they were 
attached to the Cu-rich IM, in which case the deposit extended over the 
Fe-rich IM covering it partially. IM β is weakly cathodic, and so the 
oxygen reduction reaction did not yield a sufficiently high concentration 
of OH− ions needed for the precipitation of conversion compounds. 
Hughes et al. [20] have reported differences in the extent of deposition 
due to different cathodic reduction efficiencies of different composition 
IM. Si particles did not show any deposition unless they were in attached 
to Cu-containing IM in which case the deposit extended over the Si 
particle covering it partially. Even though volta potential maps in Fig. 3 
showed that Si particles and Cu-containing IM have nobilities, the loca
lised precipitating reaction did not occur on Si particles. 

Cerium conversion deposits have been observed on Si particles and 
weakly cathodic Fe-rich IM in the study by Eslami et al. [31] in a non- 
copper-containing alloy immersed in the same solution for 18 h. The 
mechanism proposed by them professes that heavier deposition be
comes possible only when Al from β-Al5FeSi selectively dissolves, en
riching the IM with Fe and Si, making it more cathodic to support 
precipitation of conversion compounds. No deposit were observed on 
Fe-rich β or on Si particles after 18 h immersion on the alloy used in the 
current study with the same solution as used by Eslami et al. [25]. In 
Cu-rich phase containing microstructure, the very active IM sites pre
ferentially deposit conversion compounds on them, and a thin conver
sion layer is formed on the rest of the alloy surface. The activity of 
weakly cathodic Fe-rich β phase and Si particles is diminished due to 
the formation of a thin passive layer on them and even long immersion 
times of 18 h show no precipitate build-up. 

Increased pH region extending beyond the IM boundary has been 
reported before in a study by Hughes et al. [18] to be ~20% more than 
the total size of the Cu-rich IM for short immersion times up to 4 min. In 
the current study, the area of local deposit forming on coarse Cu-rich IM 
was on average, 316  ±  96%, 192  ±  25% and 234  ±  44% of the area 
of IM respectively for immersion times 0.5 h, 1 h and 2 h. On fine Cu-rich 
IM, the deposit was on average, 301  ±  42%, 313  ±  50% and 
241  ±  27% of the area of IM respectively for immersion times 0.5 h, 1 h 
and 2 h. The margin of error reported here is at 95% confidence level. 

IM particle size and spacing influence the corrosion kinetics of alloys 
[81,82]. Because the conversion coating deposition reaction leverages 
the IM-Al matrix micro-galvanic corrosion reaction for deposition of 
conversion compounds, the IM spatial distribution and size can also in
fluence the conversion coating deposition reaction. These micro
structural factors are quantitatively analysed and discussed below. 

3.2.1. Influence of IM neighbourhood and spatial distribution on the 
deposition reaction 

The Cu-rich IM exist in different neighbourhoods, all present in an 
aluminium matrix. They are classified as (●) independently existing, (♦) 
attached to a β IM plate, (▲) attached to Si particle, (■) attached to both 
Si and β (Fig. 4(a), (b) and (c)). The different neighbourhoods demon
strate different scenarios of micro-galvanic coupling. Deposition on in
dependent IM spread equally in all directions across the Cu-rich IM/Al 
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Fig. 1. Cast alloy Al-7Si-2Cu-1Fe characterised with SEM in secondary electron imaging mode to show differences in microstructure when slow and fast solidified 
respectively: (a) big IM that are spaced father apart with greater average nearest neighbour distance (b) small IM that are closer together with lesser nearest 
neighbour distance (c) elemental map of microstructure in Fig. 1(a) obtained using EDX at accelerating voltage 20 kV and (d) elemental map of microstructure in (b). 
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matrix interface. When the Cu-containing IM is attached to a β – greater 
lateral spread is observed across the Cu-rich IM/Al matrix interface as 
compared to Cu-rich IM/Si particle or Cu-rich IM/β IM interface. Because 
Cu-rich IM is more cathodic than Fe-rich β, a higher pH increase on the 
strong cathodes compared to that on weak cathodes, leading to pre
ferential heavy precipitation on only the Cu-rich IM. The extent of lateral 
spread across the Cu-rich IM and Al matrix interface was greater than the 
extent of spread across the Cu-rich IM and Si particle interface. Due to 
semiconducting properties of Si particles, they do not provide a good 
conduction path for the electrons. Negligible amount of oxygen may have 
been reduced in its vicinity and therefore due to lack of OH− ions the 
precipitation reaction did not happen to the same extent on the Si-par
ticle/Cu-rich IM as it did across the Cu-rich IM/Al matrix interface. 

The influence of IM spatial distribution on the deposition was studied 
by plotting ‘nearest neighbour distance’ vs % deposit area extension over 
IM (Fig. 6). ‘Nearest neighbour’ to a Cu-rich IM in this study is the nearest 
Cu-rich IM only. Points with colours red, blue and magenta denote 
measurements done for deposition over IM after immersion for 0.5 h, 1 h 
and 2 h respectively. While coalescence of precipitate zones was observed 
when the IM participating in the deposition reaction were very close 
(~1 μm), the vicinity of neighbour did not cause the deposit region to be 
extended much more than average. When two coarse IM are very close, 
the increased pH regions may overlap, but the overlap was not caused due 
to a bigger-than-average pH gradient. Similarly, deposits on two finer IM 
(Fig. 5(a) and (d)) was observed to coalesce due to nearest neighbour 
distance shorter than deposit extension governed by its particle size. At 
farther nearest neighbour distances, no coalescence was observed. No 
trend between nearest neighbour distance vs % deposit area over IM is 
observed in either fine or coarse microstructure as shown in Fig. 6. It can 

be inferred that the OH− concentration region is very locally situated 
over its own IM only and that the OH− concentration gradient over one 
IM does not affect OH− concentration over its nearest neighbour. Proxi
mity does not provide a higher driving force for more precipitation. 

3.2.2. Influence of IM size on deposition 
After analysing the deposition over a population of big and small Cu-rich 

IM in coarse and fine microstructures respectively (Table 3), it is observed 
that increasing immersion times led to greater number of IM getting acti
vated for deposition (% number of IM covered with conversion compounds) 
in both coarse and fine microstructures. Furthermore, bigger IM activated 
faster than smaller IM. After a short immersion of 0.5 h, over 90% of the big 
Cu-rich is covered compared to just 63% small Cu-rich IM. After 2 h of 
immersion, 100% of the big Cu-rich IMs showed deposition compared to 
only 86% of the small Cu-rich IM. This suggests that the size of the particles 
and microstructure coarseness impact the number of locally activated sites, 
more that the local deposits grow. Bigger particles get activated in higher 
number and the time for full coverage becomes shorter. 

Fig. 7 plots a localised deposit area over several individual IMs as a 
function of its own bare surface area. The localised deposit area is 
observed to linearly increase with the surface area of the underlying IM. 
The slopes of the linear correlation line (Table 4) for both coarse and 
fine microstructures are nearly equal for all immersion times indicating 
that the once conversion coating spontaneously deposits on an active 
IM, it does not grow significantly between immersion time 0.5 h and 
2 h. The conversion coating formation reaction, while driven by micro- 
galvanic coupling, is also a self-extinguishing process as the deposit 
formation entirely or partially blocks the cathodic sites and reduces the 
electrochemical reaction kinetics. 

Table 2 
EDX spot analysis of different intermetallics in coarse and fine microstructure.        

Microstructure Intermetallic Al (at.%) Si (at.%) Fe (at.%) Cu (at.%)  

Coarse Fe-rich β 66.0  ±  0.8 16.3  ±  0.8 13.4  ±  0.3 0.2  ±  0.0 
Cu-rich θ 71.2  ±  3.0 3.7  ±  1.3 0.4  ±  0.2 19.2  ±  2.1 

Fine Fe-rich β 91.7  ±  2.5 6.8  ±  2.5 0.5  ±  0.2 1.3  ±  0.9 
Cu-rich θ 82.6  ±  2.8 7.7  ±  2.1 1.5  ±  0.8 8.2  ±  2.0 

Fig. 2. XRD characterisation for IM validation in alloy Al-7Si-2Cu-1Fe (a) coarse IM (b) fine IM.  
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Z-direction topography of deposits over eleven small IMs was 
characterised using AFM in non-contact mode on the fine micro
structure obtained after 2 h immersion. Fig. 8(a) and (b) shows the SEM 
morphology and AFM topography of the deposited region investigated. 
Measurements of z-height of deposit over the several IM were found to 
be between 600 nm and 1600 nm. A strong correlation is found be
tween the IM area and the deposit z-height (Fig. 8(c)). Not only does the 
precipitation reaction spread radially outward in x- and y-direction but 
also in the z-direction, all proportional to the IM area. 

3.3. Cathodic polarization of samples 

CeCC pre-treatments primarily reduce corrosion rate by blocking the 
cathodic reaction and the samples have been subjected to potentiody
namic polarization only in the cathodic branch. The pre-coated and 
conversion coated (after 0.5 h, 1 h and 2 h immersion in conversion 
coating solution respectively) samples were polarized from +0.05 V to 

−1 V with respect to OCP in a 0.05 M NaCl solution at 0.16 V/s scan 
rate, and the results are shown in Fig. 9. For each surface treatment 
condition, the cathodic polarization was performed twice and re
presentative polarization curves are reported. The average cathodic 
current density (ic,avg.) reported in Table 5 is an average value of current 
density between potential values −100 mV and −400 mV with respect 
to OCP. Ecorr is also reported in the table and the value is not influenced 
by the immersion time in the coating solution. Compared to the ic,avg. of 
pre-coated surface. (etched and pickled), all conversion coated surfaces 
showed lower ic,avg.. The scatter in ic,avg. values obtained from cathodic 
polarization of 0.5 h, 1 h and 2 h immersion coated samples is high and 
thus no definitive trend between immersion time and cathodic inhibition 
effect can be established. Nevertheless, a reduction in cathodic current 
density is seen even after short immersion times of 0.5 h and is attributed 
to physical barrier layer formed locally over the cathodic sites. A greater 
reduction in cathodic current density is observed when coarse micro
structure is conversion coating solution treated compared to conversion 

Fig. 3. (a) Volta potential maps of coarse Cu-containing IM θ in different neighbourhoods and (b) corresponding volta potential variation along line segment.  

Fig. 4. (a), (b) and (c) coarse microstructures of slow solidified Al-7Si-2Cu-1Fe and corresponding local precipitate type deposit morphology after immersion for (d) 
0.5 h, (e) 1 h and (f) 2 h characterised using SEM in secondary electron imaging mode. 

S. Sainis, et al.   Surface & Coatings Technology 402 (2020) 126502

6



coating solution treated fine microstructures. It can be due to a greater 
number of cathodic sites being covered after immersion of coarse mi
crostructure alloy in conversion coating solution (Table 3). 

4. Conclusions 

Cathodic IM particles play a crucial role in the deposition of CeCC 
on aluminium alloy substrates due to their effect on the local pH rise 
that triggers local conversion compound deposition. In this work, the 
influence the cathodic intermetallics' geometries and spatial distribu
tion on the deposit initiation were studied. Microstructures of con
trolled cathodic feature size and spacing were synthesised for such an 
investigation. They were then immersed in a conversion coatings so
lution (0.1 M Ce(NO3)3 + 0.1 M NaCl) for short times (0.5 h, 1 h and 
2 h) to observe local precipitate initiation and growth sequence. The 
deposition reaction was observed and quantified on a wide variety of 

IM, from which we can conclude that:  

• Preferential heavy deposition occurs only on very active Cu-rich IM 
even at short immersion time of 0.5 h. A thin conversion coating 
layer may have formed on the rest of the surface and passivated the 
weakly cathodic Fe-rich IM, leading to no SEM discernible deposit 
even after long 18 h immersion.  

• Cu-rich IM existing alone in the aluminium matrix showed different 
deposit lateral growth compared to Cu-containing IM in electrical 
contact with other second phases like Fe-containing β IM and Si 
particles. When existing alone, the deposit spread equally in all di
rection along the Cu-containing IM/Al matrix interface. When ex
isting in contact with β IM or Si particles, the coating deposit spread 
laterally to a lesser extent across the Cu-rich IM/β IM interface and 
Cu-rich IM/Si particle interface as compared to lateral spread across 
the Cu-rich/Al matrix interface. 

Fig. 5. (a), (b), and (c) fine microstructures of fast solidified Al-7Si-2Cu-1Fe and corresponding local precipitate type deposit morphology after immersion for (d) 
0.5 h, (e) 1 h and (f) 2 h characterised using SEM using secondary electron imaging mode. 

Fig. 6. Influence of nearest neighbour on deposition area extension over an IM observed in (a) slow solidified alloy (b) fast solidified alloy for different immersion times 
0.5 h (red), 1 h (blue) and 2 h (magenta). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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• Increased number of Cu-rich IMs activated for a deposition reaction 
when immersion time was increased from 0.5 h to 2 h.  

• Big Cu-rich IM in the coarse microstructure activated faster than 
small Cu-rich IM in the fine microstructure. 100% of the big Cu-rich 
IM in coarse microstructure investigated in the study showed de
position after 2 h compared to 86% small Cu-rich IM in the fine 
microstructure.  

• The size of the Cu-rich IM (surface area) correlated linearly with the 
amount of deposition on it in terms of lateral spread in x- and y- 
direction as well as outward in the z-direction.  

• The slope of the linear correlation between deposit surface area and 

surface area of the underlying IM were similar for all immersion 
times, reported between 1.96 and 2.60, indicates that spontaneous 
deposition occurring after short 0.5 h immersion did significantly 
grow laterally for up to at least 2 h.  

• The distance between two Cu-rich IM did not affect the extent of 
deposition over it. The pH gradient in the vicinity of the IM re
sponsible for deposition reaction to occur is highly localised. 

The approach to investigating the role of microstructure on con
version coating formation by controlling the cathodic IM geometry and 
spacing is novel. Therefore, more parameters should be investigated 
and compared. For example, different IM with varying cathodic po
tential can be considered. Longer time should also be monitored to 
verify the growth of the protective film further. 
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Table 3 
Localised deposition numbers of the entire population of Cu-rich IM investigated in this study.         

Microstructure Immersion time Total number of Cu-rich IM 
investigated 

% number of IM covered with 
conversion compounds 

Area fraction of bare Cu- 
rich IM 

Area fraction of deposits over 
Cu-rich IM 

Factor  

Coarse 0.5 h  76  90.8  0.035  0.080  2.27 
1 h  66  92.4  0.036  0.066  1.85 
2 h  52  100.0  0.022  0.049  2.18 

Fine 0.5 h  144  63.2  0.008  0.019  2.23 
1 h  88  81.8  0.008  0.022  2.62 
2 h  104  86.5  0.007  0.016  2.32 

Fig. 7. Scatter plot showing the measured IM area before (x-axis) and after deposition (y-axis) for different immersion times 0.5 h (red), 1 h (blue) and 2 h (magenta) 
in alloy Al-7Si-2Cu-1Fe with (a) coarse and (b) fine microstructure. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Table 4 
Correlation parameters obtained from linear correlation of data points reported 
in Fig. 7.      

Microstructure Immersion time Slope of linear 
correlation line 

Correlation 
coefficient (R2)  

Coarse 0.5 h  2.53  0.59 
1 h  1.96  0.88 
2 h  2.23  0.72 

Fine 0.5 h  2.40  0.62 
1 h  2.60  0.71 
2 h  2.38  0.85 
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Fig. 8. (a) Morphology of a deposit region (after 2 h immersion) in a fast solidified alloy microstructure as observed with SEM in secondary electron imaging mode 
(b) topography of the same deposit region and (c) (i) primary y-axes: 2-D topography of deposit along the cross-sectional plane (linear line segment denoted in x-axis) 
where deposit reaction was seen to be the highest (ii) Secondary y-axis: the highest z-height of deposit and the area of IM. 

Fig. 9. Potentiodynamic polarization curves in 0.05 M NaCl solution for samples with (a) coarse microstructure (b) fine microstructure after subjecting to immersion 
coating treatment for different times. 

Table 5 
Electrochemical parameters obtained from cathodic polarization curves in Fig. 9.       

Treatment Coarse microstructure Fine microstructure 

Ecorr (mV) ic,avg. (μA/cm2) Ecorr (mV) ic,avg. (μA/cm2)  

Pre-coated −589  ±  32 28.7  ±  5.0 −589  ±  24 11.5  ±  1.9 
0.5 h immersion −601  ±  6 9.2  ±  1.8 −589  ±  11 5.9  ±  2.3 
1 h immersion −586  ±  2 13.6  ±  3.3 −585  ±  7 7.3  ±  2.3 
2 h immersion −584  ±  3 10.0  ±  1.8 −590  ±  20 10.05  ±  2.69 
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