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PUBLICATION THESIS OPTION
This thesis has been prepared in the style utilized by Corrosion Science and the
Journal of the Electrochemical Society. It consists of two papers be submitted for
publication. The first paper (pages 18-41) is intended for submission to Corrosion

Science. The second paper (pages 42-69) is intended for future publication in the Journal

of the Electrochemical Society.
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ABSTRACT

This investigation focused on the deposition and characterization of cerium-based
conversion coatings {(CeCCs) on cast aluminum alloys. Previous research has shown that
CeCCs are viable alternatives to chromate conversion on high strength alloys such as
2024-T3 and 7075-T6. For the casting alloys such as 380 and 413, the presence of Si
affects the composition and stability of the native oxide, which means that pretreatment
plays an important role for the coating deposition. This thesis consists of two papers that
describe the results of the study.

The first paper reports the effect of the final rinsing temperature before coating
deposition on coating morphology, thickness, and corrosion performance. The AA 380
panels were activated in 60°C sulfuric acid and rinsed at 25°C or 100°C in distilled water
before immersion in the coating solution for 2, 5, and 8 minutes. The morphology and
thickness data suggest that rinsing at 25°C resulted in a faster deposition rate, but less
corrosion resistance due to cracking. However, rinsing at 100°C reduced the deposition
rate, but increased corrosion resistance by producing a more homogeneous coating.

The second paper focused a deposition of cerium-based conversion coatings on
aluminum 413 and 380 alloys under the assistance of ultrasound. Electrochemical
impedance spectroscopy and the potentiodynamic measurements showed that ultrasound
increased impedance and reduced the corrosion current. The morphology of coatings
deposited with ultrasound showed reduced cracking. The salt spray corrosion testing
(ASTM B117) showed that CeCCs deposited with ultrasound wave had better corrosion

resistance than coatings deposited using the conventional process.
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1. INTRODUCTION

1.1. HISTORY OF CERIUM CONVERSION COATING

Cerium-based conversion coatings (CeCCs) have been proposed as an
environmentally friendly alternative to chromate-based conversion coatings (CrCCs) for
corrosion protection of high strength aluminum alloys [1-15]. Numerous studies have
shown that CrCCs are highly effective coatings for corrosion protection of a variety of
metals [16-21]. However, hexavalent chromium has been identified as a carcinogen;
thus, there is considerable effort in finding an alternative to CrCCs. The pioneering
research conducted by Hinton et al. [7-10] has shown that CeCCs deposited on high
strength aluminum alloys were capable of providing significant corrosion protection.
Since then many groups have investigated CeCCs for corrosion protection of metals [1-6,
14-21]. This research focused on deposition, morphology, and the corrosion protection
mechanism of CeCCs on casting aluminum 380 and 413 alloys.
1.2. RESEARCH OBJECTIVE

The initial research objective was to develop a new method for deposition of
corrosion resistant CeCCs on Al 380 and 413 alloys. In order to obtain good coatings,
attention was paid to the mechanism of coating deposition as well as the thermodynamic
and kinetic aspects of the coating deposition. It found that coating deposition was
affected by the panel temperature. So, this research concentrated on the temperature of
the panel before the coating. Additional research examined the structure of CeCCs that
was modified by applying ultrasound during deposition. The scientific contributions of

this research are described in two manuscripts that make up the body of the thesis.



Paper 1. The first paper described the effect of final water rinsing temperature prior to
the immersion on the chemical composition and thickness the surface oxide layer on Al
380 alloy. The paper develops a method using different rinsing temperatures, one at 25°C
and another at 100°C, followed by immersion in the coating solution for 2, 5, or 8
minutes. The main outcome of the paper was identification of the 100°C rinse as a
promising approach to deposit coatings with improved corrosion resistance.

Paper II. The second paper reported the effect of ultrasound on the coating morphology
and thickness as well as the morphology of the interface between the substrate and
coating on aluminum 413 and 380 alloys. Coatings deposited under the assistance of
ultrasound performed differently due to differences in morphology and thickness, which

would lead to improved corrosion resistance.



2. LITERATURE REVIEW
2.1. CASTING ALUMINUM ALLOY

Aluminum (Al) is a soft, durable, silvery-white lightweight metal with a density
of 2.70 g/cm® which is about one-third the density of steel. Pure annealed aluminum
(99.99%) has a tensile strength of 45 MPa, yield strength of 10 MPa, and is very
corrosion resistant [22, 23, 24]. However, in order to change the properties of the
aluminum, other elements such as copper, silcon or zinc are added to improve its
mechanical properties and refine its grain size [25]. Because of the existance of the
second phases, which lead to the pitting corrosion, chromate conversion coatings have
been wildly used to protect the alloy from the corrosion [26-29].

Al-Si alloys constitute 80% of the aluminium casting alloys due to their high
fluidity, high resistance to corrosion, good weldeability, reduction in shrinkage and low
coefficient of thermal expansion, etc. [30]. Eutectic alloys with a high degree of fluidity
and low shrinkage on solidification are mainly used for the applications where strength is
not a criterion such as domestic cookware, pump castings, manifolds, etc. When as-cast
alloys are subjected to elevated temperature they tend to experience growth due to the
precipitation of silicon from solid solution. Strengthening of Al-Si alloys is possible by
the addition of other alloying elements like Cu and Mg.

2.2. CORROSION OF ALUMINUM ALLOYS

When aluminum surfaces are exposed to the atmosphere, a thin oxide skin forms
immediately, this protects the metal from further oxidation. This self-protecting
characteristic gives nominally pure aluminum its high resistance to corrosion. Unless

exposed to some substance or condition, such as acid [31] or biological organisms [32] or



low pH values [33], which destroys this protective oxide coating, the metal remains fully
protected against corrosion. Aluminum alloys can suffer different kinds of corrosion,
such as: pitting corrosion, crevice corrosion, poultice corrosion, intergranular and
exfoliation corrosion, etc. [34]. Pitting corrosion is the most common phenomenon and
widely studied by the laboratory [35-38]. Other types of corrosion can be mitigated or
eliminated by proper design, proper fabrication, or the choice of appropriate materials;
however, pitting corrosion occurs in halide-containing environments such as near salt
water that cannot be changed and are therefore difficult to control. Thus, this research
focused on mitigation of pitting corrosion on cast aluminum 380 and 413 alloys by
cerium-based conversion coatings (CeCCs).

2.3. ELECTROCHIMAL TESTING

The classical electrochemical methods are based on the simultaneous
measurement of current and electrode potential. In simple cases the measured current is
proportional to the rate of an electrochemical reaction. However, generally the
concentrations of the reacting species at interfaces are different from those in the bulk,
since they are depleted or accumulated during the course of the reaction. Here, several
electrochemical tests are used to study the corrosion and anti-corrosion behavior of bare
substrates and coated specimens.

Simon Joshi et al. [39] have used electrochemical testing to characterize the
surface oxide after the alkaline treatments on aluminum alloy 7075-T6. They
demonstrated that pitting corrosion was more severe when using a test electrolyte at pH
of 5.5 than at pH of 9.0. The electrochemical impedance spectroscopy (EIS) data were fit

to an equivalent circuit with two time constants, which represented the properties of a



bulk oxide and the corrosion pits. The reduction in overall resistance after pretreatment
indicated that the native oxide layer was more susceptible to corrosion, which, in turn,
made it easier for the conversion coating solution to penetrate the oxide and react with
the substrate to form spontaneous coatings.

In order to characterize the intermetallic phases in the aluminum alloy, Birbilis,
and Buchheit [40] developed as electrochemical experiment to test the Ecor and  igorr Of
second phases; such as Al;Fe, Al,Cu, AlgMn, etc. In the present research, a similar
electrochemical test was used for obtain the corrosion current, corrosion potential, pitting
potential and impedance of panels and coatings. From analysis of these data, the
properties of the CeCCs deposited by different methods were studied.

2.4. CERIUM-BASED CONVERSION COATINGS

Pioneering research by Hinton et al. found that CeCCs are an environmentally
benign alternative to CrCCs for the protection of aluminum alloys against pitting
corrosion [7-10,41]. Their research showed that the maximum corrosion resistance was
achieved by long-term exposure (200 hours) under open circuit potential (OCP)
conditions to the conversion coating solution. This treatment resulted in an almost
complete replacement of the natural aluminum oxide by a protective and durable cerium
oxide/hydroxide film. Polarization experiments suggested that the conversion coatings
were deposited at cathodic sites such as copper-rich IMCs, thereby suppressing the
oxygen reduction reaction that occurred during the corrosion process [8,42]. This
suppression in turn led to reduced values of icr and significant separations between Epj
and E¢or Thus, CeCCs were identified as cathodic inhibitors during the corrosion process

that lead to improved corrosion resistance.



CeCCs can be deposited using both spontaneous and non-spontaneous methods
[46]. In both cases, the protective cerium oxide/hydroxide coating forms by a
precipitation mechanism that depends on electrochemical potential, pH, dissolved
oxygen, and the presence of hydrogen peroxide in the solution. In the original research
conducted by Hinton et al. [7-10,41,43], it took about 200 hours to deposit a coating that
was about 100 nm thick. The deposition solution used by Hinton did not contain
hydrogen peroxide or any other oxidizing compound. The local pH increase resulting
from the reduction of dissolved oxygen at cathodic sites by the reaction expressed in
equation (1) permits precipitation of Ce(OH); and/or Ce(OH);. The Ce(Ill) is then

oxidized to Ce(IV) by reactions such as the one shown as Reaction (2) [43,44]:

0,(aq) + 2H,0, + 4¢~ — 40H (aq) (D

4Ce3*(aq) + 0,(aq) + 40H (aq) + 2H,0 — 4Ce(OH)3* (aq) (2)

When hydrogen peroxide (or another oxidizer) is added to CeCC deposition
solutions, the peroxide is reduced at cathodic sites as indicated by equation (1). For
example, previous research used a 1:3 molar ratio of CeCl; to H,O, [45]. The OH" ions
generated by this reaction increased the pH of the solution above the solubility limit of
cerium species, thereby promoting precipitation of species such as CeO;°2H,O or
Ce(OH)4 on the alloy surface. Hydrogen peroxide also acts as an oxidant by oxidizing
Ce(I1I) to Ce(1V) in solution. The reactions for precipitation and coating formation in the

presence of peroxide are thought to be as follows [43,44]:

Ce3*(aq) + 30H™ — Ce(OH)5(s) (3)



Ce3*(aq) + OH (aq) + %HZOZ — Ce(OH)5% (aq) )]

The soluble cerium species such as Ce(OH)3* precipitate as insoluble hydroxides,
hydrated oxides, and/or peroxy-containing species (Reaction 5) due to the local pH
increase near the alloy surface, which is caused by reduction of water and/or the

production of OH’ ions by processes such as those describes in Reaction (1):
Ce(OH)5*(aq) + 20H (aq) — 4Ce(OH)4(s) — Ce0, ¢« 2H,0(s) (5)

Post-treatment in heated phosphate solutions (> 85°C) enhances the corrosion
resistance of CeCCs. During phosphate post-treatment, precipitated species such as
Ce(OH); and Ce0;2H,0 are converted to CePO4*H,0. Coatings that undergo post-
treatment have fewer or smaller cracks than as-deposited coatings [46,47]. Post-treated
coatings also perform much better in salt spray testing per ASTM B117 than as-deposited
coatings [46]. Electrochemical tests have shown improvements in corrosion resistance by
a reduction of i, an increase in Ecyr and Epy, and an increase in total impedance
[46.,47].

2.5. APPLICATION OF ULTRASOIC ENERGY

Ultrasound is a tool to with many different uses. For example, ultrasound is used
in the field of cardiovascular diagnosis [48,49], metal defect detection [50,51], corrosion
characterization [52-56] and chemical analysis [57-59]. In these and other applications,
ultrasound-based techniques are accepted as effective methods for applications in which

other method are not effective in obtaining the desired results.



For corrosion, ultrasound is known for its dual effect on the formation and
breakdown of passivity on metal surfaces [56]. As an interfacial process, corrosion is
related to three parameters mass transport, surface state, and temperature, each of which
can be dramatically changed under the irritation of ultrasound.

A number of recent studies have been undertaken concerning the influence of
ultrasound on electrodeposition. The influence of ultrasonic energy with a frequency of
20 kHz has been studied on the mechanism of deposition of zinc, lead, cobalt and
mercury on glassy carbon [60]. Using cyclic voltammetry, the authors concluded that in
electrodeposition or plating under ultrasonic irritation enhanced mass transport enough to
change the deposition mechanisms from diffusion-controlled to charge transfer
controlled. Ultrasound also affects microstructure as was shown for the electroplating of
iridium on copper in aqueous hexabromoiridate(IIl) solution, where it was observed that
fewer defects such as cracks formed using ultrasonication[61].

Zheng et al. also investigated the morphology, electrochemical properties and
Vickers hardness of the nanocomposite coatings of Zn-Ni-Al,Os3, which were fabricated
by electrodeposition[62]. The authors found all of the tested parameters improved
significantly, and the corrosion protection was not only related to the dispersion and
combination state of nano-alumina particles in the matrix, but also related to the nano-
alumina content in the composite coating. Various other studies are concerned with the
influence of the power and frequency of ultrasound waves on the deposition rate,

nucleation rate, morphology, and electrochemical properties of coatings [63-68].



2.6. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

Electrochemical Impedance Spectroscopy (EIS) is a map of the internal
distribution of electrical conductivity o and dielectric permittivity € in an area of a test
specimen. In the process, electrodes are placed in contact with the surface of the region
being studied, and the response currents and/or voltages, which are induced by the
current or voltage stimuli, are measured at some or all of the electrodes. As a relatively
new and powerful method of characterizing many of the electrical properties of materials
and their interfaces with electronically conducting electrodes, EIS is broadly used by
scientist to investigate the dynamics of bound or mobile charges in the bulk or interfacial
regions of many different kinds of physical material or living cell: ionic, semiconducting,
mixed electronic-ionic and even insulators (dielectrics) [69-72].

a IHP OHP Diffusion layer

<

Electrode

K.
. Cation

& Electron
. Solvent

. Adsorbent

(=
Cs {L
WE —AAN—® ce
R'
Rﬂ

Figure 1. Schematic of an electrified interface in which the electrode is negatively
charged and countercations are aligned along the electrified surface. At bottom are the
electrical circuit elements corresponding to each interface component. Abbreviations: Cy ,
double-layer capacitor; CE, counterelectrode; IHP, inner Helmholtz plane; OHP, outer
Helmholtz plane; R;, polarization resistance; R, solution resistance; WE, working
electrode; Zw,Warburg impedance. This schematic is from reference 73.
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To provide a physical interpretation of EIS data, electrical equivalent circuits
(EECs) are used to predict responses similar to those that are measured. Typically, EECs
focus on reactions that happen near interfaces. However, EECs are analogs not models,
and hence the information that they can deliver on the physico-electrochemical processes
that produce the measured responses is limited. As described in a review by Macdonald
[74], the utility of EIS arises from four points: (i) it is a linear technique, which means
that the results can be interpreted using linear systems theory[75]; (i1) if measured over an
infinite frequency range, EIS data contain all of the information that can be gleaned from
the system by linear electrical perturbation response techniques; (iii) the experimental
efficiency (amount of information transferred to the observer compared to the amount
produced by the experiment) is high; and (iv) the validity of the data is readily
determined using integral transtform techniques, such as the Kramers—Kronig transforms,
that are independent of the physical processes involved. Therefore, mathematical
interpretation is a key to interpreting EIS data and applying EIS to corrosion problems.

Sunil et al. [76] developed three mathematical models for the proton exchange
membrane (PEM) fuel cells based on three different reaction mechanisms. By comparing
simulated results with EIS data, they proved that the formation of hydrogen peroxide is
an intermediate in a two-step oxygen reduction reaction. As part of the same study,
experimental evidence indicated that dissolution of Pt was associated with a decrease in
catalytic activity. In a companion paper [77], Sunil et al. also analyzed differences
between the impedance response of PEM fuel cell and their EEC. In some cases, the

differences were attributed to low-frequency inductance, which was consistent with the
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Kramer—Kronig relations, while in other cases nonstationary phenomena were found to

have influenced the low-frequency response.
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ABSTRACT

Cerium-based conversion coatings were deposited on as-cast aluminum 380 alloy
substrates by a spontaneous immersion process. In this study, the effects of rinsing
temperature prior to immersion in the coating deposition solution were studied with
respect to the surface morphology, electrochemical response, and corrosion resistance of
the coatings. Panels rinsed at 25°C prior to coating had large cracks and holes in the
coating. In contrast, panels rinsed at 100°C prior to coating had a uniform coating
morphology with fewer, smaller cracks. Electrochemical testing revealed that coatings
deposited on substrates rinsed at 100°C had higher impedance (~80 kQescm?) and lower
corrosion current (~0.34 pA/cm?) compared to coatings deposited on substrates rinsed at
25°C, which had 10 kQecm?® impedance and 2.7 pA/cm’ corrosion current. Finally,
ASTM B117 salt spray testing showed that rinsing at 100°C prior to coating resulted in

cerium-based conversion coatings that could resist the formation of salt tails for 8 days.
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1. INTRODUCTION

Casting aluminum alloys are widely used in the automotive and aerospace
industries where innovative, lightweight materials and product forms are needed to
improve performance [1]. For cast metals such as the 3xx.x series aluminum alloys, the
presence of Si and Cu leads to pitting corrosion, which can lead to the failure of
aluminum alloy components [2].

Corrosion protection for a wide variety of aluminum alloy components is
provided by coatings such as chromate conversion coatings. However, the toxicity and
carcinogenic properties of hexavalent chromium (Cr®) [3] have caused severe
restrictions to be imposed on the use of chromates. As a result, environmentally benign
alternatives to chromates have been extensively investigated [4,5]. Potential
replacements for chromate conversion coatings include anodized coatings [6], rare-earth-
based inhibitors in conversion coatings [7], and sol-gel coatings [8]. Among potential
chromate replacements, rare-earth inhibitors have attracted significant attention. Hinton
et al. were the first to investigate cerium-based conversion coatings (CeCCs) as an
environmentally benign alternative to chromate conversion coatings [9].

The corrosion resistance of CeCCs is thought to arise from a combination of
barrier properties and active response to the environment. The barrier protection
properties of CeCCs have been studied by changing processing parameters, specifically
surface preparation [10], post-treatment [11], and the use of gelatin [12]. To optimize the
corrosion resistance of CeCCs on high strength aluminum alloys, screening studies have

been made [13]. The composition of the spray deposition solution used in the present
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research is based on the optimal values identified by Geng et al, [13] that resulted in the

best corrosion resistance on Al 2024-T3 alloy.

Previous study has focused on the deposition mechanisms of CeCCs from cerium
chloride solutions onto aluminum alloy substrates. Hinton et al [14], speculated that many
electrochemical cells would arise due to the different activities of intermetallic particles
on the surface of an aluminum alloy when the alloy was immersed into the solution.
When immersed, anodic dissolution would occur at different locations according to the

inhomogeneous surface activity:

Al > A’ +3e” (1)

As Al dissolves, the corresponding cathodic reaction would be hydrogen

evolution or the reduction of peroxide and/or oxygen dissolved in solution:

2H" +2¢” > H, 2)
H,O,+2H" +2¢” —»2H,0 3)
O, +4H" +4¢" = 2H,0 (4)

The pH in the electrolyte near local cathodic sites increases as the electrode
reactions proceed. At pH values lower than 2.5, H,O, complexes with Ce(1ll) species in
solution as Ce(H,0,)*", and with increasing pH values (2.5-3.3) through deprotonating

steps peroxo species form Ce(O,)*" and when the pH value reaches 6.5 Ce(0,)*
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transforms to Ce(O2)(OH), [15]. In the deposition process, H>O, acts as a complexing
agent, oxidant, crystallization inhibitor and OH™ generator [15].

The purpose of this paper is to investigate the deposition of cerium-based
conversion coatings on cast AA380 alloy. The effects of pre-treatment and the
temperature of the panel before immersion on coating morphology, electrochemical
response and corrosion resistance were investigated.

2. EXPERIMENTAL PROCEDURE

AA380 alloy sheets 0.3 cm thick were cut into test panels 2.5 ¢cm by 7.6 cm in
size. Pretreatment of the panels prior to coating started with an isopropyl alcohol wipe
followed by degreasing in an aqueous solution of a commercial alkaline cleaner (5 wt%
Turco 4215 NC-LT in detonized water) for 5 minutes at 55°C. After degreasing, the
panels were activated by immersion for 10 min at 60°C in an aqueous solution containing
1 wt.% sulfuric acid. Following cleaning and activation, the panels were rinsed in
deionized water that was either at room temperature (nominally 25°C) or heated to
100°C. After rinsing, the panels were immersed in the deposition solution for different
time intervals of up to 8 min.

The CeCC deposition solution was prepared from a stock solution consisting of
40 g CeCl3*H2O (Alfa Aesar, 99.9%), 780 g of de-ionized water, pH adjusted to 2.07
with HCI. For the deposition solution, 205 g of the stock solution was mixed with 0.8 g
of a water soluble gelatin (DSF, Rousselot) that was dissolved in 25 g of de-ionized
water. Just before deposition, 15 ml of H,O; (Fisher Chemical, 30 wt.%) was added.

Coated panels were post-treated by immersion for 5 minutes in a water solution

containing 2.5 wt% Na3zPO, (pH adjusted to 4.5 with phosphoric acid) that was heated to
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85°C. The corrosion resistances of the coated panels were evaluated using salt spray
testing (Q-Fog, Q-Panel Lab Products) per ASTM standard B117. Panels with CeCCs
were stored at room temperature in the laboratory for at least 24 h before characterization
or salt spray testing.

The crystalline phases in the alloy and coatings were characterized by X-ray
diffraction (Philips X-Pert Pro) using copper Ko radiation. Scanning electron
microscopy (SEM; Hitachi S-4700) with energy dispersive X-ray spectroscopy (EDS:;
Phoenix System) was used to characterize the surface morphologies and compositions of
CeCCs.

Electrochemical impedance spectroscopy (EIS) was carried out at open circuit
potential with amplitude of 10 mV in the frequency range from 10° to 107 Hz.
Measurements were made after stabilization in the test electrolyte for 1500 s. All
experiments were conducted with a frequency response analyzer (Schlumberger SI 1255
HF) and a potentiostat/galvanostat (EG&G Princeton Applied Research Model 273A).
Potentiodynamic analysis was carried out after EIS, the initial potential was -400 mV ¢y
and final potential is 800 mVgcg with respect to the open circuit potential, and the scan
rate was 1mV/sec. The electrochemical cell was a 250 mlL water jacketed beaker
maintained at 25°C. The cell electrolyte was a modified prohesion solution, which
consisted of 0.70 wt% (NH4)>SO4 and 0.35 wt% NaCl in deionized water. The exposed
area of the working electrode was 1 cm’. A saturated calomel electrode (SCE) was used
as the reference electrode and Pt mesh with an area of 12 cm? was used as the counter

electrode.
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3. RESULTS AND DISCUSSION
3.1. Effect of Pretreatment

X-ray diffraction analysis (not shown) of bare AA380 alloy detected five different
phases, specifically the Al matrix phase, a second phase of Si, and three intermetallic
phases that were present in trace quantities, Al,Cu, FeSi; and AlssFeSi. Combining
analysis of surface morphology (Figures la and b) and EDS (not shown) of the substrate
after pretreatment, it appears that FeSi; and/or AlssFeSi intermetallic particles were
dissolved by the alkaline and acid pretreatment. Dissolution sometimes left holes in the
substrates that were up to about 20 um in diameter (Figures 1¢ and d).

Pretreatment also altered the electrochemical response of the substrates. From the
potentiodynamic curves shown in Figure 2a pretreatment increased the open circuit
potential from about -600 mV ¢ for the starting panel to about -500 mVscy: after alkaline
cleaning, acid activation and rinsing. Figure 2a also shows that the pretreatment
increased the corrosion current from 0.3 pA/cm” before pretreatment to 2.0 nA/cm’ after
pretreatment. However, the rinsing temperature, 25°C or 100°C, did not produce
significant differences in either the open circuit potential or the corrosion current. The
increase in corrosion current after pretreatment indicates that the alloy surface is more
electrochemically active and easier to coat. From the corresponding electrochemical
impendence spectra, Figure 2b, the impedance of starting panel was around 40 kQecm?,
which was much larger than the impedance after pretreatment (~7.5 kQecm?® for both
rinsing temperatures). In comparison to previous studies [10], the pretreatment process

likely reduced the thickness of the native oxide layer, which decreased the impedance of
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the substrate. Previous analysis showed that the reduction in impedance and increase in
corrosion current were necessary to promote deposition of CeCCs [10].
3.2. Electrochemical behavior of CeCCs

The substrates rinsed at 25°C prior to coating deposition, increasing the
immersion time in the coating solution made the surface more electrochemically active.
From the potentiodynamic curves in Figure 3a, the corrosion current increased from 0.82
chm2 after two minutes in the coating solution to 1.6 pA/cm?® after 5 minutes and 2.7
;,LA/cm2 after eight minutes (Table 2). In contrast, the open circuit potential did not vary
significantly among the three panels, with all having values around -530 mVsce. The
increasing corrosion current with the increasing immersion time suggests that the surface
of the AA380 is more susceptible to chloride attack and dissolution. Therefore, the
potentiodynamic curves for coatings on substrates rinsed at 25°C, increasing the
immersion time appears to increase attack of the substrate by the coating solution.

For substrates rinsed at 100°C prior to coating deposition, increasing the
immersion time in the coating solution increases the corrosion resistance. The
potentiodynamic curves shown in Figure 3b reveal that the corrosion current decreased
from 0.73 pA/cm® after immersion for 2 minutes to 0.54 pA/cm? after five minutes and to
0.34 pA/cm? after eight minutes (Table 2). The open circuit potential was about the same
after immersion in the deposition solution for 2 or 5 minutes (-480 mVscg), but decreased
to about -540 mVscg after immersion for eight minutes. The decreasing corrosion current
indicated that the coatings had better corrosion resistance as the immersion time
increased. Compared to panels rinsing at 25°C (0.82 nwA/cm?), rinsing at 100°C for 2

minutes resulted in a coating with better corrosion resistance (0.73 pA/cm?) and the
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corrosion resistance, as measured by corrosion current, continued to increase as
deposition time increased. Therefore, rinsing at 100°C prior to coating deposition appears
to be a better choice for deposition of CeCCs on AA 380.

The EIS results were consistent with potentiodynamic analysis. Rinsing at 25°C
prior to deposition resulted in coatings with impedance values that decreased as
immersion time increased (Figure 3c¢). For panels rinsed at 25°C prior to coating, the
impedance was 32 kQecm? after 2 minutes of immersion in the coating solution and the
value decreased to 16 kQecm’ after 5 minutes and 10 kQecm? after eight minutes.
However, for panels rinsed at 100°C prior to coating deposition, the impedance was 36
kQecm? after immersion in the coating solution for 2 minutes, and it increased to 49
kQecm? after 5 minutes and 79 kQecm? after 8 minutes (Figure 3d). For panels rinsed at
100°C prior to coating deposition, the impedance of 79 kQecm?® after 8 minutes of
immersion in the coating solution was more than double the highest value for coatings
deposited on panels rinsed at 25°C, which was 32 kQecm? after 2 minutes of immersion
in the coating solution. These results indicate that rinsing at 25°C prior to deposition led
to corrosion resistance that decreased with increasing immersion time in the coating
solution whereas rinsing at 100°C prior to coating deposition led to corrosion resistance
that increased with the increasing immersion time.

3.3. Morphology and thickness of the CeCCs

Coatings that were deposited on panels rinsed at 25°C were cracked and had large
holes. As shown in Figure 4, the cracks became larger as coating time increased. In
addition to the cracks, large holes, ~5 um in diameter were also observed on the panel

surfaces. Even though the coatings were cracked, the average thickness (Figure 6) in
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areas with coating increased as immersion time increased. For example, the coating
thickness was about 350 nm after 2 min, but increased to nearly 2 pm after 8 min of
immersion in the coating solution. However, the thickness was not uniform and varied
across the panel. The surface morphology supports the electrochemical testing results that
showed that the coating impedance decreased as immersion time increased for coatings
on substrates rinsed at 25°C. The impedance approached a value of 10 kQecm? for
deposition times of 8 min, which was about one third of the value (32 kQ-cmz) after
immersion for 2 minutes. Hence, SEM analysis is consistent with electrochemical results
that showed that coatings deposited on substrates rinsed at 25°C did not serve as effective
barriers to corrosion due to non-uniform coverage of the AA380 surface.

Coatings that were deposited on substrates that were rinsed at 100°C had a
nodular appearance (Figure 5) similar to previous work [13]. The coatings covered the
substrates and only a few, small cracks were observed. As with coatings on substrates
rinsed at 25°C, the thickness of CeCCs deposited on substrates that were rinsed at 100°C
is increasing with deposition time. After 2 minutes of immersion, the coating thickness
was just over 200 nm and it increased to ~700 nm after immersion for 8 min (Figure 6).
Despite being thicker than CeCCs on high strength aluminum alloys, such as Al 2024-T3
and Al7075-T6 [18, 19], the coatings had only a few small cracks. As shown by the
electrochemical analysis in Figure 5c, coating impedance increased as immersion time
increased, which is consistent with the formation of a thicker, continuous coating.
Therefore, the surface morphology and thickness of the coatings are consistent with the
electrochemical results, which showed that coatings on substrates that were rinsed at

100°C increased the impedance compared to uncoated substrates.
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3.4. Corrosion Protection

Coatings had a yellow-gold appearance (Figures 7a and 8a) after post-treatment.
Coatings deposited on substrate rinsed at 25°C prior to immersion showed a significant
amount of white product corrosion after salt spray testing. Corrosion pits and salt tails
were visible after 24 hours in salt spray testing as shown in Figure 7b. Coatings
continued to degrade with further time in salt spray testing (Figures 7c and d). In
contrast, coatings deposited on substrates rinsed at 100°C prior to deposition showed
better corrosion resistance. After 24 hours, a few corrosion pits were present (Figure 8b),
but significant salting was not observed until after 192 hours of salt spray testing.
Therefore the results of salt spray testing were consistent with electrochemical
characterization and surface morphology. Coatings deposited on substrates that were
rinsed at 25°C prior to immersion had higher corrosion currents, lower impedance values,
and were cracked, which led to more severe corrosion in salt spray testing. However,
coatings that were deposited on substrates that were rinsed at 100°C prior to deposition
had lower corrosion currents, higher impedance values, and were free of large cracks. As
a result, coatings deposited on substrates rinsed at 100°C provided improved corrosion
protection for AA380 alloy substrates.
4. CONCLUSION

Cerium-based conversion coatings were deposited on AA380 alloy substrates.
This study examined the effect of changing the rinsing temperature prior immersion in
the coating solution on the electrochemical response, coating morphology, and corrosion
resistance of CeCCs. From the results described above, the conclusions that can be draw

include:
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(1): Differences in the rinsing temperature did not produce any noticeable differences in
the morphology of the substrates prior to coating or the electrochemical response of the
panels prior to coating. Pretreatment led to the removal of Fe and Si-rich intermetallic
compounds from the substrate surfaces, but the open circuit potential (-500 mVscg),
corrosion current (2 uA/cmz), and impedance (7.5 kQecm?) of the pretreated panels were
nearly identical regardless of the final rinsing temperature.

(2): Coatings deposited on panels rinsed at 25°C had cracks and large holes in the CeCCs.
The cracks and holes became large and deeper with increasing immersion time. The
surface morphology is consistent with results of the electrochemical tests. For example,
immersion for 2 minutes resulted in a corrosion current of 0.82 pA/cm? and an
impedance is 32 kQecm’. As the coating deposition time increased to 5 min, the cracks
become bigger and large holes appeared, after 5 minutes immersion. This resulted in a
corrosion current that increased to 1.6 pA/cm?® and an impedance that decreased to 16
kQecm?®. After 8 minutes of immersion in the coating solution, the coating had even
lower values of corrosion current (2.7 uA/cm2) and impedance (10 kQ-cmz).

(3): Rinsing at 100°C prior to coating deposition resulted in coatings that had uniform
appearance and fewer cracks. With increasing immersion time, the thickness of the
coatings increased, which enhanced the corrosion resistance. From electrochemical
testing, immersion for 2 minutes in the deposition solution produced a corrosion current
of 0.73 pA/em? and an impedance of 36 kQ.cm® with a coating thickness of ~200 nm.
Increasing the coating deposition time to 5 minutes increased the thickness of the coating
to ~400 nm, decreased the corrosion current to 0.54 pA/em’, and increased the

impedance to 49 kQescm®. Further increasing the immersion time to 8 minutes, increased
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the coating thickness to ~750 nm, decreased the corrosion current to 0.34 uA/cmz, and
increased the impedance to 76 kQecm?.

(4): Cerium-based conversion coatings deposited on AA380 panels that were rinsed in
water heated to 100°C after pretreatment but before CeCC deposition provided significant
corrosion resistance. Whereas coatings deposited on substrates rinsed at 25°C had both
pits and salt tails after only 24 hours in salt spray testing, coatings deposited on substrates

rinsed at 100°C were able to inhibit formation of salt tails for at least 96 hours.
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Table 1. Compositions of Al alloy 380[1]
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element Si Fe Cu Mn

Mg

Ni

/n

Sn

Other

Al

wit% 7.5- 2.0 3.0- 0.50

9.5 4.0

0.10

0.50

3.0

0.35

0.50

balance
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Table 2. Electrochemical parameters derived from Impedance and Potential measurement

Immersion Corrosion Parameters
Time Ry Leorr Ecor
(min) (kQecm?) (nA/cm?) (mVsce)

25°C 100°C 25°C 100°C 25°C 100°C
2 32 36 0.82 0.73 -540 -480
5 16 49 1.60 0.54 -550 -480

8 10 76 2.70 0.34 -510 -540
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(c) (d)

Figure 1. SEM surface morphology of AA 380 cleaned panel; a) 180 grit polished, b)
25°C rinsed, ¢) 25°C rinsed showing an area with removal of material; and d) 100°C
rinsed.
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Figure 2. (a) Potentiodynamic polarization curves and (b) impedance spectroscopy of
bare, rinsing at 25°C and 100°C of AA 380.
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Figure 3. Electrochemical behavior of CeCCs deposited AA 380 in prohesion solution;
potentiodynamic curve a) 25°C, b) 100°C, and impedance spectra, ¢) 25°C, and d) 100°C.
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(a) (b)

()

Figure 4. Surface morphology of coatings deposited on panels rinsed at 25°C after
immersion in the coating solution; (a) 2 min, (b) 5 min, and ¢) 8 min.
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(a) (b)

(©)

Figure 5. Surface morphology of coatings deposited on panels rinsed at 100°C after
immersion in the coating solution; (a) 2 min, (b) 5 min, (¢) 8 min.
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Figure 6. Thickness as a function of immersion time for CeCCs deposited on panels
rinsed at 25°C and 100°C.



40

(a) (b) () (d)

Figure 7. Optical images of coatings deposited on substrates rinsed at 25°C, a) as
deposited, and after salt spray performance b) 24 hours, ¢) 96 hours, and d) 192 hours.
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(a) (b) (c) (d)

Figure 8. Optical images of coatings deposited on substrates rinsed at 100°C, a) as
deposited, and after salt spray performance b) 24 hours, ¢) 96 hours, and d) 192 hours.
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ULTRASONIC AGITATION
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Materials Research Center, Department of Materials Science and Engineering,

Missouri University of Science and Technology, Rolla, MO 65409, USA

ABSTRACT

Cerium-based conversion coatings were deposited on aluminum 413 and 380
alloys by a spontaneous immersion process with ultrasonic agitation. The morphology of
the coatings was affected by the orientation of panels during deposition. When the panels
AA413 were horizontal in the ultrasound bath, two different kinds of morphology were
observed; some areas had small cracks while other areas were free of cracks. The
corrosion current on AA413 panels first decreased with increasing immersion time and
then increased after 15 minutes immersion. When panels AA380 were oriented at 45
degrees to horizontal, uniform, crack-free coatings were obtained. The thickness of the
coatings on AA380 was around 100 nm with ultrasonic agitation and 800 nm without
agitation. However, electrochemical testing showed that coatings on AA380 deposited
with ultrasound had a corrosion current 0.60 pA/cm’ compared to 4.2 pA/em’ for a

coating without agitation.
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1. INTRODUCTION

Al-Si alloys are widely used due to their castability, high strength to weight ratio,
corrosion resistance, etc.[1,2] In general, the resistance of aluminum alloys to corrosion
in aqueous or atmospheric media is due to the rapid formation of a surface oxide film,
which consists of a-Al,O3, AI(OH);, or AIOOH phases[3.,4]. However, the native oxide
film on aluminum does not offer sufficient protection against aggressive anions. For
example, the presence of chlorides or other halides results in pitting corrosion at local
points on the alloy surface, which leaves the inner substrate exposed to media containing
the aggressive anions [5,6]. To mitigate corrosion, chromate conversion coatings have
been used to protect aluminum alloys [7,8,9]. However, chromates are carcinogenic,
making them subject to increasingly stringent regulations. As a consequence, intense
research efforts have been undertaken to find environmentally friendly compounds that
act as corrosion inhibitors for aluminum alloys.

Rare earth metal conversion coatings have been investigated for the corrosion
protection of high strength aluminum alloys. Rare-earth based coatings are an attractive
alternative to chromate coatings. In particular, cerium compounds are non-toxic and are
relatively inexpensive. To date, several methods have been used to form cerium-based
conversion coatings on aluminum alloys [10-16].

Previous studies have focused on the deposition mechanisms of CeCCs from
cerium chloride solutions onto a variety aluminum alloy substrates. Hinton et al. [17],
speculated that many electrochemical cells would arise due to the different activities of

intermetallic particles on the surface of an aluminum alloy when the alloy was immersed
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into the solution. However, oxidants such as H,O, reduce the deposition time and make
CeCCs more attractive industrial utilization [18].

It is the attractive properties of ultrasound that make people concentrate on the
effect of varied power and frequency on the deposition rate, morphology of the coating
and the nucleation rate etc[19,20]. The purpose of this paper is to investigate the effect of
ultrasonic agitation on the deposition, properties, and corrosion protection of cerium-
based conversion coatings.

2. EXPERIMENTAL PROCEDURE

Aluminum 413 (AA 413) and 380 (AA 380) alloy test panels were sectioned into
2.5 x 5.0 cm and 2.5 x 7.6 cm coupons from 0.3 cm thick sheets, respectively. The
compositions of the alloys are summarized in Table 1. The test panels were prepared for
coating deposition by polishing with 180 grit SiC paper and then wiping with isopropyl
alcohol followed by degreasing in an aqueous solution of a commercial alkaline cleaner
(5 wt.% Turco 4215 NC-LT in deionized water) for 5 minutes at 55°C. After degreasing,
the panels were activated by immersion for 5 minutes (AA 413) or 10 minutes (AA 380)
in an aqueous solution containing 1 wt% sulfuric acid that was heated to 80°C (AA 413)
or 60°C (AA 380). Following cleaning and activation, the panels were rinsed with
deionized water that was heated to 100°C. After rinsing, the panels were immersed in the
deposition solution for different times up to 25 min. For some panels, ultrasonic agitation
(Ultrasonik Cleaner, Model 28X, 45-49 kHz, NEY DENTAL INC.) was applied during
deposition.

The CeCC deposition solution was prepared from a stock solution consisting of

40 g CeClzxH,0O (Alfa Aesar, 99.9%), and 780 g of de-ionized water with the pH
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adjusted to 2.07 using HCl. For the deposition solution, 205 g of the stock solution was
mixed with 0.6 g (AA 380) or 0.7 g (AA 413) of a water soluble gelatin (DSF, Rousselot)
dissolved in 25 g of de-ionized water, and 20 ml of H,O, solution (Fisher Chemical, 30
wt. % in H,O). During deposition, some panels were placed horizontally in the coating
bath while others were oriented so the panel was 45° from horizontal.

Coated panels were post-treated by immersion for 5 minutes in a water solution
containing 2.5 wt. % Na3;PO4 (pH adjusted to 4.5 with phosphoric acid) that was heated to
85°C. The corrosion resistances of the coated panels were evaluated using salt spray
testing (Q-Fog, Q-Panel Lab Products) that was run according to ASTM standard B117.
Panels with CeCCs were stored at room temperature in the laboratory for at least 24
hours before characterization or performance evaluation.

A dual beam system (Helios NanoLab 600, FEI) equipped with a focused ion
beam (FIB) milling system and a scanning electron microscopy (SEM) column for
imaging was used to prepare transmission electron microscope (TEM) specimens that
were approximately 100 nm thick. The system employed a Ga ion source to selectively
mill specimens so that a micromanipulator could lift out and mount TEM specimens onto
Cu grids for subsequent analysis. Energy dispersive spectroscopy (EDS) was performed
with a Noran EDS detector used on a Tecnai F20 STEM operated at 200 kV. The EDS
data were used to identify trends in the composition of cross-sectional specimens and not
as an exact quantitative measure of the specimen composition. The balance of reported
compositional data consisted predominately of Cu (from the TEM mounting grid) but

also of Ga (from FIB milling) and/or Pt (deposited to protect specimen surface during

FIB milling).
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Potentiodynamic polarization measurements were conducted using an EG&G
273A potentiostat (Princeton Applied Research, USA). A standard EG&G flat cell
(Princeton Applied Research, USA) was used for electrochemical measurements. The cell
was filled with a modified prohesion solution, which consisted of 0.70 wt% (NHy4),SO4
and 0.35 wt% NaCl in deionized water. The exposed area of the working electrode was 1
cm’. A saturated calomel electrode (SCE) was used as the reference electrode (RE) and
Pt mesh with an area of 12 cm’ was used as the counter electrode. Prior to
electrochemical polarization, the open circuit potential (OCP) with time was monitored
after immersion until a steady potential was obtained (~1500 s). Potentiodynamic
polarization experiments were performed from —300 to 800 mV versus OCP with a scan
rate of 1 mV/s. The corrosion current density (icr) was calculated from the
potentiodynamic polarization plot by the Tafel extrapolation method. Electrochemical
impedance spectroscopy (EIS) was carried out at open circuit potential with amplitude of
10 mV in the frequency range from 105 to 10-2 Hz. All experiments were conducted
with a frequency response analyzer (Schlumberger SI 1255 HF) in conjunction with

potentiostat/galvanostat (EG&G Princeton Applied Research Model 273A).

3. RESULT AND DISCUSSION
3.1. Coatings on AA 380
Electrochemical testing indicated large differences between the CeCCs deposited
with and without ultrasonic agitation. Both potentiodynamic testing and electrochemical
impedance analysis of coatings deposited on AA 380 revealed that the use of ultrasound
(45° to the horizontal) improved the barrier properties of CeCCs (Figure la and b).

Without ultrasound, potentiodynamic testing showed that the corrosion current was 4.2
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nA/cm’, compared to 0.60 pA/cm? for coatings deposited with ultrasound. In addition,
the impedance of the coating deposited without ultrasound was 17.1 kQecm®, which was
about one fifth of the impedance (88.9 kQecm®) recorded for the coating deposited with
ultrasound. The coating deposited with ultrasound had a lower open circuit potential,
which suggested that the surface of the coating deposited with ultrasound was more
active than the other coating. Hinton and coworkers have reported that the decrease in
OCP is indicative of a cathodic inhibition mechanism[21].Therefore coatings deposited
using ultrasound are cathodically inhibiting aluminum surface compared to coatings
deposited without ultrasound. Analysis of the potentiodynamic curves showed a
passivation range of about 215 mV for a coating deposited without ultrasound compared
to about 170 mV for a coating deposited with ultrasound. These results suggest that
CeCCs deposited without ultrasound formed an effective barrier to chloride ions.
However, the use of ultrasound during deposition results in higher impedance, lower
corrosion current and higher activity, which indicated that using ultrasound during
deposition, may provide a better compromise between the barrier properties of the
coating and the activity of the panel, which may provide better corrosion resistance.

The surface morphology and thickness of CeCCs were affected by the utilization
of ultrasound during deposition. Without ultrasound, the coatings had a nodular
morphology with a network of small (<1 um wide) cracks (Figure 2a). Examination of
the coatings in cross section revealed that the thickness was around 800 nm (Figure 2b).
In contrast, when ultrasound was used during deposition, the coating morphology
appeared to be similar to the polished surface of the uncoated panels and no cracks were

apparent (Figure 2¢). FIB cross sections revealed that the coatings were only about 100



48

nm thick (Figure 2d), which was far less than the thickness of coatings deposited without
ultrasound. Based on SEM analysis, the use of ultrasound affected both the coating
thickness and morphology. Even though coatings deposited with ultrasound were thinner,
the absence of cracks may be responsible for the increased impedance observed by
electrochemical testing.
3.2. Coatings on AA 413

Coatings on aluminum alloy 413 were deposited in the horizontal orientation with
ultrasound. Analysis of potentiodynamic curves and impedance spectroscopy (Figure 3)
revealed that properties varied with immersion time. After deposition for 5 min, the
corrosion current was 0.52 pA/cm?® and the impedance was 49.9 kQecm®. When the
immersion time was increased to 15 min, the corrosion current decreased to 0.29 pA/CmZ
with the impedance increasing to 89.3 kQecm®. Increasing the immersion time to 25
minutes led to an increase in corrosion current to 0.40 pA/cm’ and a decrease in
impedance to 65.2 kQecm?. Initially, the corrosion resistance was enhanced by increasing
immersion time, but decreased as deposition time increased from 15 min to 25 min. From
the potentiodynamic analysis, the curves reveal large passivation which indicates that the
CeCCs provide a good protection for the panel AA 413. In addition, no pitting was
visible after the electrochemical test. Therefore, 15 minutes appears to be the optimum
time for ultrasound agitated CeCCs deposited on AA 413 substrate.

Coatings on AA 413 were thicker than those on AA 380 deposited using similar
conditions. As shown in Figure 4, the thickness of a coating deposited AA 413 by
immersion for 5 min with ultrasound was about 200 nm compared to about 100 nm for a

coating deposited for 10 min on AA 380. During deposition, cavitation was observed on
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the surface of the AA 380 panels, but not for AA 413 panels, which may mean that AA
380 is more sensitive to ultrasound than AA 413. From electrochemical testing (Figure 5),
the ultrasound agitated CeCCs on AA413 panels that were deposited for ten minutes had
a corrosion current of 0.41 pA/cmz, and an impedance of 64 kQecm? ,which were
different compared to the panels AA 380 agitated for ten minutes in the cerium solution,
Figure 5.

3.3. Morphology of the CeCCs on AA 413

The orientation of the panel during deposition affected both the surface
morphology and electrochemical response. When panels were placed horizontally in the
deposition bath, the coatings had a network of cracks that were ~500 nm wide on some
areas of the surface (Figure 6a), while other areas appeared to be free of cracks (Figure
6b). However, when the panels were held at 45° in the ultrasonic bath, uniform coatings
with fewer cracks were observed (Figure 4). The cracks in the coatings on AA 413 may
be due to the thicker coating, which has been shown in previous studies [22] to lead to the
development of cracks during drying.

The surface morphology of the coatings did not change noticeably with
immersion times of 5 to 15 min. Coatings had similar nodule sizes (~ 100 nm) and crack
widths (~100 nm) for immersion times of 5 minutes and 15 minutes, Figure 7. However,
increasing the coating immersion time to 25 minutes resulted in larger cracks (>1 um
wide) compared to shorter immersion times, probably due to increased coating thickness.
The coating morphology analysis is consistent with the electrochemical test results. For
deposition times of 5 or 15 minutes, the morphologies of the coatings were similar. In

this regime, increasing the deposition time increased the impedance, most likely due to an



50

increase in coating thickness. In contrast, for a deposition time of 25 minutes, large (>1
um wide) cracks formed in the coating, which increased the corrosion current and
decreased the impedance. Therefore, optimization of corrosion resistance requires
balancing immersion time and morphology.
3.4. Cross section of CeCCs on AA 413

Cross sections of areas with different coating morphologies were examined.
From a cross section in an area with a large (>1um wide) crack, a subsurface crevice was
observed (Figure 8a). Previous studies have concluded that crevices in high strength
aluminum alloys were formed due to the combination of H>O, and chloride ions in the
coating solution [23,24]. Based on this observation, casting alloys are also susceptible to
the formation of subsurface crevices. In contrast, areas without cracks appeared to be free
of subsurface crevices (Figure 8b).

3.5. Interface Morphology

Interfaces between CeCCs and aluminum 413 alloy substrates were examined
using transmission electron microscopy and selected area electron diffraction. Figure 9
shows a CeCC deposited on AA 413 with ultrasound. The coating thickness appears to
be ~500 nm from the image, but is likely thinner due to distortion because of tilting of the
specimen, Diffraction patterns collected from the as-deposited CeCCs revealed several
different structures through the coating. The diffraction pattern from the coating near the
interface with the substrate was a ring pattern, which indicates a nanocrystalline material.
The most intense d-spacing is about 1.50A, Figure 9b, which is consistent with the
presence of CeO,*2H,0O. Near the outer surface, the coating appears to be

nanocrystalline, where the most intense ring has a d-spacing of about 1.15A, Figure
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9c¢c,which is consistent with the presence of CePO4¢H;0. The final diffraction pattern was
from the substrate, which appeared to be crystalline Al, Figure 9d. Based on this analysis,
CeCCs deposited on cast aluminum alloys exhibit the same crystalline phases observed in
CeCCs deposited on high strength aluminum alloys [25].
3.6. Corrosion Resistance

For AA 380 panels, the use of ultrasound resulted in noticeably thinner coatings.
As shown in Figure 10a, a coating deposited without ultrasound had a yellow-gold color,
which is typical of CeCCs. In contrast, only small areas of yellow-gold color were
observed when ultrasound was used during deposition (panel was 45° to the horizontal),
indicating a thinner coating (Figure 10c). In addition, the use of ultrasound aftfected
corrosion resistance in salt spray testing. After 12 days in salt spray testing, the coating
deposited without ultrasound had numerous pits and salt tails on the surface (Figure 10b).
The coating deposited with ultrasound had fewer pits on the surface (Figure 10d), but still
had significant salting.

Coatings deposited in the horizontal configuration were not uniform (Figure 11).
Some areas were yellow-gold, while others appeared to be much thinner and had a gray-
metallic appearance. Based on the inhomogeneity of the coatings, ditferent part of the
panels had different corrosion resistance. For panels immersed in the coating solution
with ultrasound for five minutes, ten minutes or fifteen minutes, the corrosion resistance
in the center part of the panels where the coatings were thicker appeared to be better than
near the edges where the coatings were thinner. In general, immersing in the solution for
fifteen minutes has appeared to produce the best corrosion resistance among these three

conditions as no pitting or salt tails were observed in the center part of the panel after 17
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days in salt spray testing. Thus, the result of the salt spray test is consistent with the
electrochemical test and the morphology of the coating, which indicated that coatings
deposited for 15 minutes with ultrasound had the best combination of favorable coating
morphology and high impedance.
4. CONCLUSION

The effect of the use of ultrasound during deposition on the electrochemical
response, morphology and corrosion resistance of CeCCs was investigated. Results from
the investigation include:
(1): For aluminum 380 alloy, the use of ultrasound during deposition enhanced the
corrosion resistance of the CeCCs. The corrosion current was 0.60 pA/cm’ and
impedance was 88.9 kQecm? for coatings deposited with ultrasound; however the
corrosion current of CeCCs deposited without ultrasound was 4.2 pA/cm® and the
impedance was 17.1 kQecm?.
(2): For aluminum 380 alloy, CeCCs were thinner (~100 nm) and crack free coating
when deposited with 45° to the ultrasound, while deposition without ultrasound resulted
in thicker CeCCs (~800 nm) with cracks.
(3): Coating thickness and morphology was influenced by the orientation of the panels
during deposition because of the orientation of the ultrasound source. When panels were
horizontal during deposition in the ultrasonic bath, at least two different morphologies
were observed. Some areas of the coating had networks of small cracks, while others
were free of cracks. In contrast, coatings deposited on panels held at 45 degrees during

deposition were uniform and free of cracks.
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(4): With increasing immersion time for aluminum 413 alloy in the presence of
ultrasound agitation, the corrosion current decreased from 0.52 pA/cm? after five minutes
of immersion to 0.29 pA/cm? after 15 minutes immersion. However, increasing the
deposition time to 25 min increased the corrosion current to 0.40 pA/cm?. These indicate
the corrosion resistance was enhance after 15 minutes of immersion, but then degraded
after 25 minutes immersion.

(5): Microstructural analysis of the interface between CeCCs and aluminum alloy 413
substrates revealed that utilization of the ultrasound during deposition exhibit the same
crystalline phases observed in CeCCs deposited on high strength aluminum alloys.

(6): Generally speaking, ultrasound agitation produced better CeCCs on AA 380 and AA
413 due to better surface morphology. Coatings were more uniform on AA 380 panels
that were oriented at 45 degree during deposition, which resulted in better salt spray
corrosion performance. However, uniform coatings were difficult to deposit on AA 413

in the horizontal configuration, which resulted in non-uniform corrosion response.
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Table 1. Compositions of AA 413 and 380[26]

57

element Si Fe Cu Mn Mg Ni Zn Sn Other Al

AA 413 11.0- 105 045 045 0.10 050 050 0.15 0.50 Dbalance
13.0

AA 380 7.5- 2.0 3.0- 050 0.10 050 3.0 0.35 0.50  balance

9.5 4.0
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Table 2. Electrochemical parameters derived from potentiodynamic polarization
measurements for CeCCs on AA 380 and 413

Sample Agitated Immersion E feorr Impedance  Passivation
or not Time (MmVgcr) (nA/cm?) (kQecm?) Range(mV)
(minutes)
AA 380 yes 10 -589 0.6 88.9 167
not 10 -476 4.2 17.1 217
AA 413 yes 5 -571 0.52 49.9 -
yes 10 -536 0.41 63.8 -
yes 15 -544 0.29 89.3 -
yes 25 -540 0.40 65.2 -
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Figure 1. a) Potentiodynamic polarization, and b) electrochemical impedance spectra of
CeCCs deposited on AA 380 with and without ultrasound.
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(a) (b)

(©) (d)

Figure 2. Images of CeCCs deposited on AA 380 without ultrasound; a) surface
morphology, and b) cross-section, with ultrasound c¢) surface morphology, and d) cross-
section. Note that the magnifications vary among the images.
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Figure 3. a) Potentiodynamic polarization, and b) electrochemical impedance spectra of
CeCCs deposited on AA 413 under the ultrasound showing the effect of deposition time.
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(a) (b)

Figure 4. Coating morphology of CeCCs on AA 413 immersing for five minutes using
ultrasound; a) surface morphology and b) cross-section.
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Figure 5. a) Potentiodynamic polarization and b) electrochemical impedance spectra of
CeCCs on AA 413 and AA 380 with ultrasound agitated for ten minutes.
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(@) (b)

Figure 6. Surface morphology of CeCCs deposited on AA 413 horizontally in the
ultrasound bath for 5 minutes; a) cracked region and b) a crack-free region.
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(a) (b)

()

Figure 7. Surface morphology of CeCCs deposited on AA 413 agitated with ultrasound (a)
S minutes , (b)15 minutes , (¢)25 minutes.



£

ce
&

¥
. —

(a)

66

(b)

Figure 8. Cross-section of CeCCs deposited on AA 413 with immersion times of 25
minutes under the ultrasound; a) cracked region, and b) cracked-free region.
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(

(b)

Figure 9. a) TEM image of the cross-section of a CeCCs on AA 413 using ultrasound
bath, b) the diffraction pattern of the point b, ¢) point ¢, d) point d(matrix)

a)
) (d)

(c
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(a) (b) (© (d)

Figure 10. Optical image of CeCCs on AA 380 panels with immersion time 10 minutes;
without ultrasound a) as-coated, b) 12 days salt spray, and with ultrasound 45° to
horizontal ¢) as-coated, d) 12 days salt spray.
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Figure 11. Optical images of as-coated and after 17 days salt spray tested cerium
conversion coated AA 413 alloy panels deposited at different immersion time: 5 min a)
as-coated, b) salt spray tested, 15 min c¢) as-coated, d) salt spray tested, and 25 min e) as-

coated, f) salt spray tested.
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SECTION
3. SUMMARY AND CONCLUSIONS

Cerium-based conversion coatings are a candidate for replacement of chromate
conversion coatings. Previous experiments on high strength aluminum alloys 2024-T3
and 7075-T6 verify that CeCCs is an effective coating for resisting pitting corrosion
when panels are exposed to chloride environments. This investigation deposited CeCCs
on cast aluminum 380 and 413 alloys, which have different compositions and second
phases than the high strength alloys.

Pretreatment plays an important role in the CeCC deposition procedure. The first
paper describes the effect of rinsing temperature on electrochemical response, coating
morphology and corrosion resistance of CeCCs. It turns out to be that high temperature
rinsing resulted in better corrosion resistance and uniform coating morphology with
fewer cracks and holes.

Electrochemical testing show that after pretreatment, the impedance of the panel
was reduced from 40 kQecm?® to 7.5 kQecm?, and the corrosion current increased from
0.3 uA/cm2 to 2.0 pA/ecm?®. This indicates that after pretreatment, the thickness of the
oxide layer 1s reduced, and more second phase is exposed to supply the driving force for
the CeCCs deposited on the surface. The experiment result shows that rinsing at 100°C
would cause uniformly thinner coating with fewer cracks than the coating rinsing at 25°C.
After eight minutes immersion in the cerium solution, the panel rinsing at 100°C have
impedance of 76 kQecm?, corrosion current 0.34 uA/cm?, and can resist in the salt spray
for eight days without visible salt tails. While at the same condition, the panel rinsing at

25°C has large cracks (> 5um), and the impedance reduces to 10 kQecm?, corrosion
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current was 2.7 pA/cm?, and the coating was 2 pum thick, which could not resist salt spray
for only one day without salt tails.

In order to further improve the efficiency of the CeCCs on Aluminum 380 and
413 alloys, the second paper investigated on how to change the structure and morphology
of the CeCCs using ultrasound. AA 380 panel was very sensitive to the ultrasound due to
the formation of cavitation, thus immersing the panel AA 380 45° to horizontal, obtaining
a 100 nm thick, crack-free coating which has an 88.9 kQecm? impedance, and could resist
formation of salt tails for 12 days in salt spray testing. However, at the same condition,
the normal coating has an 17.1 kQecm? impedance, which was one fifth of the value for a
coating deposited with ultrasound.

For panel AA 413, there are two kinds of morphology if we put the panel
horizontal to the bottom, one has small cracks and the other is crack-free. Cross-sections
showed places with cracks had thicker coating than the places where no crack was
observed. Generally, after immersion in the solution for 15 minutes, the impedance was

89.3 kQecm? and the corrosion current was 0.29 pA/cm?®.
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4. SUGGESTION FOR FUTURE WORK

Based on the analysis presented in this thesis, future research on CeCCs should
focus on developing mixture Pr and Ce conversion coating. This kind of conversion
coating has different morphology and composition. Because of the synergic effect, this
kind of conversion coating can have better corrosion resistance than singly cerium-based
conversion coating. Different anti-corrosion mechanism can complement each other,
which would make this kind of conversion coating more appropriate in a complex
environment. With limited experiments on this kind of coating, the results show that the
deposition mechanism and precipitation rates are totally different compared to cerium-
based conversion coating. Optimization of processing parameters should be considered.

In order to obtain crack-free coating of appropriate thickness, ultrasound during
deposition is attractive. CeCCs deposited with ultrasound have a lot of interesting
characteristics which need more investigation to be explained, such as the thickness of
the coating, the interface problem, the way the ultrasound acts on the panels and the

electrochemical reaction under ultrasound.



APPENDIX A

UNPUBLISHED DATA FOR AA 413
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IMMERSION TIME SELECTION

0.4+
1 —=—5 min

0.2 —+— 15 min

0.0 —— 2 hours

024

0.4

E(Volts)

-0.6-
0.8

1.0+

-1.2 L e —

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4
Current Density(A/cm®)

Figure Al. Potentiodynacmic curves of AA 413 immersing in the Cerium Solution for 5,
15, 120 minutes.

After five minutes Swt% Turco solution at 55°C, and activated by 1wt% Sulfuric
acid at 80°C for five minutes, the panels were immersed in the cerium solution for 5
minutes, 15 minutes and 120 minutes. The corrosion resistance decreased with increasing
immersion time in this case. From the curves, it reveals that five minutes immersion the
corrosion current was 0.98 pA/cm?, and after 15 minutes, the corrosion current increased
to 1.33 pA/em?. From immersion up to 120 minutes immersion, the corrosion current was
still 1.32 pA/em?, figure A1.The changed in impedance of the CeCCs was consistent with

the potentiodynamic curves. (Table Al)
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Table Al. Electrochemical characterization results for CeCCs on AA 413

Immersion Time Boorr Teorr Impedance
(mVsce) (nA/em®) (kQecm?)
5 minutes -490 0.98 26.7
15 minutes -475 I:33 19.6
2 hours -441 1.34 19.4

EFFECT OF ACTIVE SULFURIC ACID TEMPERATURE ON ELECTRO-

DEPOSITION
30000
25000‘ ==
i - 80°C
——90°C
-20000 4
“5 -15000 -
g 4
N -10000 N
| - _.;.-»*--.__,_} Ta®
-1.2 4 T T T vy o-f T T y T T 1
1E-9 1E8  1E7 1E6 1E-5 0 5000 10000 15000 20000 25000 30000
Current Density(A/cm”) Z(aem?)

Figure A2. Potentiodynamic analysis and EIS of the CeCCs electrodeposited after
different temperature sulfuric acid activation for five minutes.
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Different temperatures of sulfuric acid activation have different effects on coating
deposition. After alkaline cleaning in 5wt% Turco solution at 55°C for 10 minutes,
activation at temperature 70°C in sulfuric acid for 5 minutes, then immersion in the
Cerium solution for 5 minutes, the corrosion current of the CeCCs was 4.10 uNcmz, and
impedance was 20.6 kQ.cm”. But with activation at 80°C, the corrosion current of CeCCs
was reduced to 2.38 pA/ecm?, and the impedance was 35.4 kQecm®. However, activation
at 90°C in Sulfuric acid, corrosion current increased to 3.32 pA/cm?, which impedance
decreased to 25.4 kQecm?. Therefore, activation at 80°C in Sulfuric acid produced the

best corrosion resistance among these three temperatures.

Table A2. Summary of electrochemical test results for CeCCs deposited on AA 413 after
activation at different temperatures

Temperature Ecor(MVscE) lcorr( LA/ sz) Impedance(kQ.cm2)
70°C -560 4.10 20.6
80°C -592 2.38 354

90°C -504 3.32 25.4




APPENDIX B

UNPUBLISHED DATA FOR AA 380
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Figure Bl. Potentiodynamic and electrochemical impedance curves for CeCCs

electrodeposited with and without silver addition using the pretreatment of 5 minutes in
5wt.% Turco solution at 55°C, and then 5 minutes in 1wt.% Sulfuric acid at a) 50°C, b)
60°C, ¢) 70°C, d) 80°C.
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Figure B1l. Potentiodynamic and electrochemical impedance curves for CeCCs
electrodeposited with and without silver addition using the pretreatment of 5 minutes in
5wt.% Turco solution at 55°C, and then 5 minutes in 1wt.% Sulfuric acid at a) 50°C, b)
60°C, ¢) 70°C, d) 80°C.

Potentiodynamic and electrochemical impedance of the CeCCs changed when
adding AgNO; into the Ce(NOs); solution. After activation at 50°C in 1wt.% Sulfuric
acid for 5 minutes, adding Ag ion increased the impedance and reduced the corrosion
current of the CeCCs. However, at 60°C, 70°C, 80°C, adding Ag ion increased the
corrosion current and decreased the impedance is reducing. For the normal CeCCs, the

activation temperature was 60°C but with the adding Ag ions, the best activation

temperature was 50°C.
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Figure B2. Potentiodynamic and electrochemical impedance of the CeCCs containing Pr
deposited on substrate activated in 1wt.% (a) 60°C Sulfuric acid, (b) 90°C Sulfuric acid

for 5 minutes.

The corrosion resistance of the CeCCs did not change significantly for different
activation temperatures for AA 380, but generally speaking, activation at 60°C in 1wt.%
Sulfuric acid was slightly better than 90°C. At both temperatures, the impedance of the
CeCCs decreased with increasing immersion time. Correspondingly, the corrosion
current increased with increasing immersion time. For activation at 60°C, immersing in
the deposition solution for 2 minutes result in coating impedance of 26.3 kQecm?2, which

is nearly double the impedance produced by immersing in the solution for 6 (13.9
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kQecm?) or 10 minutes (13.7 kQecm?), also the corrosion current was 0.99 pA/cm?2, half
of the corrosion current for 6 (1.87 pA/cm?) or 10 minutes (1.90 HA/cm?). After 14
minutes of immersion, the impedance decreased to 9.2 kQecm” and corrosion current
increased to 2.85 pA/cm?. For activation at 90°C, the impedance was 21.9 kQecm?
impedance. After immersion for 2 minutes, which is less than 26.3 kQecm?, the
impedance after 2 minutes for activation at 60°C. For 4 minutes immersion, the
impedance decreased to 14.8 kQecm?, which is similar t013.9 kQecm?, considering the
uncertainty of the measurement. The impedance dropped to 9 kQecm? after 10 minutes

immersion. The corrosion current increased as the impedance decreased (Table B2).

Table B1. Summary of electrochemical testing for CeCCs deposited on AA 380 for
different times for activation temperatures of 60°C or 90°C

Immersion Corrosion Parameters

Time Rp Leorr Ecorr
(min) (kQecm?) (nA/cm?) (mVscr)

60°C 90°C 60°C 90°C 60°C 90°C
2 26.3 21.9 0.99 1.19 -535 -510
6 13.9 14.8 1.87 1.76 -497 -481
10 13.7 8.8 1.90 2.96 -471 -477

14 9.2 8.5 2.85 3.08 -502 -471
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