University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2006

Plasma electrolytic oxidation process for corrosion protection of
two aluminium alloys used in automotive applications.
Xia Li
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Li, Xia, "Plasma electrolytic oxidation process for corrosion protection of two aluminium alloys used in
automotive applications." (2006). Electronic Theses and Dissertations. 3106.
https://scholar.uwindsor.ca/etd/3106

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

PLASMA ELECTROLYTIC OXIDATION PROCESS FOR
CORROSION PROTECTION OF TWO ALUMINIUM
ALLOYS USED IN AUTOMOTIVE APPLICATIONS

by

Xia Li

A Thesis
Submitted to the Faculty of Graduate Studies and Research
through Engineering Materials
in Partial Fulfillment of the Requirements for
the Degree of Master of Applied Science at the
University of Windsor

Windsor, Ontario, Canada
2006
© 2006 Xia Li

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Library and
Archives Canada

Bibliotheque et
Archives Canada

Published Heritage
Branch

Direction du
Patrimoine de I'edition

395 W ellington Street
O ttaw a ON K1A 0N4
C anada

395, rue W ellington
O ttawa ON K1A 0N4
C an a d a
Your file Votre reference
ISBN: 978-0-494-17095-3
O ur file Notre reference
ISBN: 978-0-494-17095-3

NOTICE:
The author has granted a non
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non
commercial purposes, in microform,
paper, electronic and/or any other
formats.

AVIS:
L'auteur a accorde une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par telecommunication ou par I'lnternet, preter,
distribuer et vendre des theses partout dans
le monde, a des fins commerciales ou autres,
sur support microforme, papier, electronique
et/ou autres formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriete du droit d'auteur
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de
celle-ci ne doivent etre imprimes ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

Conformement a la loi canadienne
sur la protection de la vie privee,
quelques formulaires secondaires
ont ete enleves de cette these.

While these forms may be included
in the document page count,
their removal does not represent
any loss of content from the
thesis.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

i*i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT

Plasma electrolytic oxidation (PEO) is an emerging environmentally friendly process,
which can be used to form thick, hard coatings on aluminum alloys. In this study, PEO
coatings were produced on two A1 alloys, A16061 and A1319, using a DC power mode.
The effects of the process parameters, including the electrolyte concentration, treatment
time and current density, on the formation and properties of the PEO coatings were
systematically

investigated

and

analyzed.

Cyclic

potentiodynamic

polarization

measurements were conducted to evaluate the corrosion properties of the samples. The
polarization resistance of the PEO coatings in a 3.5wt.% NaCl solution were determined
and compared with the corresponding anodized coatings.
The corrosion performances of several metallic materials (304 stainless steel, cast iron
2500, and A16061 and A1319 alloys) in ethanol-gasoline alternative fuels were
investigated. PEO coatings on both the A16061 and A1319 alloys provided enhanced
polarization resistances in the alternative fuel environments.
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CHAPTER 1 INTRODUCTION

1.1 Motivation for this study
Currently, limited fuel supplies and environmental problems caused by fuel emissions
are placing new demands on materials used in the automotive industry. For both technical
and economic considerations, aluminum (Al) alloys are becoming increasingly important,
and more widely used, in the automobile industry due to their excellent properties, such
as high strength to weight ratio, good castability and machinability. However, their
corrosion resistance is relatively poor because of the presence of non-corrosion resistant
elements and phases (Cu, Si, Mg, etc) and microstructural defects (such as pores) in these
alloys. Various approaches to improving corrosion resistance have been taken including
the development of new alloy systems, the use of inhibitors, and surface modification to
change the chemistry, composition and properties of the alloy surface [1].
Several surface modification and coating techniques have been developed to enhance
the corrosion resistance of Al alloys. These techniques have included ion implantation [2,
3], sol-gel coatings [4, 5], conversion coatings [6], chemical vapor deposition (CVD),
physical vapor deposition (PVD) [7-10] and thermal spraying [11], However, most of
these methods involve high temperatures during processing (CVD, PVD and thermal
spray) or post-treatment (sol-gel), which may degrade the coating and /or substrate [12].
In addition, sol-gel processing has been of limited use due to poor interfacial adhesion,
shrinkage and oxidation of the substrate [13]. Ion implantation has found limited success
in increasing the pitting potential of coatings. Conversion coatings are mainly based on
chromium compounds that exhibit good corrosion resistance, but have also been proven
to be highly toxic and carcinogenic [13],
Plasma electrolytic oxidation (PEO) [14] is a relatively new plasma-assisted
electrochemical process, which is cost-effective and environmentally “green”. The PEO
process is basically the anodic polarization of a metal or alloy in an aqueous electrolyte
solution. It can be distinguished from classical anodizing by its operation at electrode
potentials greater than the typical breakdown voltages of the original oxide films (4001

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

600V) [15]. In silicate solutions, the PEO process can produce thick, hard and well
adhered alumina-based surface layers on Al alloys, at bulk material temperatures of less
than 100 °C.
There have been several studies into the formation mechanisms, characteristics and
abrasive/corrosive properties of PEO coatings deposited on various Al alloy substrates
[12, 16-19]. Most of this work was conducted using pulsed AC/DC current regimes on
wrought Al alloys including the 2xxx and 6xxx series alloys. There has been little work
on the formation mechanisms and characterization of oxide coatings deposited using a
DC mode PEO process on cast Al alloys. Also, there is almost no information in the open
literature on the effect of the process parameters on the characteristics and properties of
coatings obtained using the DC mode PEO process.
The global fuel crises in the 1970s triggered awareness in many countries of their
vulnerability to oil embargoes and shortages. Considerable attention was focused on the
development of alternative fuel sources, in particular, the alcohols [20]. Because it is a
renewable bio-based resource and is oxygenated, ethyl alcohol is considered an attractive
alternative fuel to reduce both the consumption of crude oil and environmental pollution.
If ethanol from biomass is used to drive a light-duty vehicle, the net CO 2 emission is less
than 7% of that from the same car using reformulated gasoline [21]. Currently, ethanol is
blended with gasoline to form an E10 blend (10% ethanol and 90% gasoline by volume),
but it can be used in higher concentrations such as E85 or E95. In the past few years,
original equipment manufacturers have developed flexible fuel vehicles (FFVs) that can
run on E85 fuel or any other combination of ethanol and gasoline [22].
Although Al alloys have been widely used in the automotive industry, as pistons and
cylinder liners, the National Ethanol Vehicle Coalition (NEVC) and the Petroleum
Equipment Institute have demonstrated that aluminum is sensitive to corrosion from
ethanol. The use of highly corrosive ethanol can be accommodated through the use of
appropriate coatings, gasket materials, adhesives, and fuel additives [22].
Some manufacturers have reported corrosion of metallic fuel system components
when gasoline oxygenated with ethanol was used in engines. However, little published
literature was available on the corrosion resistance of metallic materials in ethanolgasoline blend fuels, and the protection methods to combat these corrosion problems.

2
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1.2 Outline of this Research
The primary objectives of this research study were to:
1. Evaluate the corrosion performance of wrought A16061 and cast A1319 alloys in
ethanol-gasoline alternative fuel environments, and compare their corrosion behavior
with that of stainless steel and grey cast iron in the same media;
2.

Deposit corrosion resistant protective coatings on a wrought Al 6061 alloy and a cast
A1319 alloy using a DC mode PEO technique;

3. Analyze the effect of process parameters on the characteristics and properties of the
coatings produced using a DC PEO process;
4.

Characterize the corrosion behavior of the PEO coatings in NaCl solutions and
alternative fuel media, and compare their corrosion protection properties with those
of traditional anodic oxide coatings on the same alloys.

Cyclic potentiodynamic polarization tests were used for the corrosion behavior
evaluation. For the PEO treatment, three process parameters (electrolyte concentration,
current density and treatment time), were selected at different levels in order to
investigate their effects on the coating characteristics and properties. The microstructure
and selected mechanical properties of the substrates and coatings were determined using
optical microscopy, scanning electron microscopy (SEM), hardness and surface
roughness testing.

1.3 Organization of the thesis
This thesis is divided into eight main chapters. Following an introduction in Chapter
1, the literature on the corrosion of Al alloys, and protective coatings on Al alloys, are
reviewed in Chapter 2. Chapter 3 describes the materials and experimental details.
Chapter 4 presents the results of an investigation into anodized coatings on Al 6061 and
A1319 alloys. The morphology, surface roughness and hardness of the coatings were
characterized, and their corrosion resistance in a 3.5 wt.% NaCl solution was determined.
Chapters 5 and 6 report on the results of DC mode PEO treatment of A16061 and A1319
alloys, respectively. In these two chapters, the effects of process parameters including the
electrolyte concentration (4g/l and 8g/l Na 2 Si0 3 ), current density (0.1 A/cm2 and
3
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0.15A/cm ) and treatment time, on the coating characteristics and corrosion properties (in
3.5 wt.% NaCl solution) of the PEO coatings are systematically examined. Chapter 7
describes the corrosion properties of selected metallic materials (A16061 and Al 319,
stainless steel 304 and cast iron 2500) in ethanol-gasoline blend fuels. The corrosion
protection properties of anodized and PEO treated Al 6061 and A1319 alloys in the same
blend fuels were also determined. Chapter 8 summaries the results from the present study
and offers some suggestions for future work.

4
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CHAPTER 2

LITERATURE REVIEW

Currently, the growing demand to reduce energy consumption has stimulated an
urgent need for weight reduction in the automotive industry. Among the light weight
materials, Al and its alloys have found wide application in the automotive industry due to
their low cost, high strength to weight ratio, good formability and recycling potential, and
high thermal and electrical conductivity [23]. Al alloys also have good corrosion
resistance in most natural environments due to the thin passivating oxide film that forms
on their surfaces. However, this passivating layer (only 1-5 nm thick) is not adequate in
many applications and is usually deteriorated in aggressive media, such as aqueous halide
solutions and strong acids. In addition, the presence of many of these alloying additions
with limited solubility in Al, and the microstructural effects from these alloying elements,
can also lead to localized corrosion [24-31]. Several methods have been applied for the
protection of Al alloys against corrosion. Electrochemical passivation, inhibition by
soluble or adsorbed species, as well as the formation of a protective coating on the surface,
are amongst the numerous methods available [32-36].
In this literature review, the types of corrosion exhibited by Al alloys are first
described. The factors (environmental, metallurgical) that influence the corrosion
behavior of Al alloys are then discussed. The corrosion behavior of Al alloys in
alternative fuel environments is then introduced. Two types of corrosion-protection
coating techniques, anodizing and PEO methods, are reviewed. The literature review
concludes with a summary.
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2.1. General corrosion characteristics of Al alloys
2.1.1 Types of corrosion exhibited by Al alloys
2.1.1.1 Pitting corrosion
Pitting corrosion is a form of localized attack that occurs on metals and alloys when
the electrode potential exceeds their pitting potential

( £ p j t).

It often represents the

initiation sites for other forms of corrosion [37]. Al alloys are susceptible to pitting
corrosion in most environments, particularly those containing the chloride ion (Cl '). In
the presence of oxygen, Al is readily polarized to its pitting potential (Figure 2.1), and
pitting by chloride attack will easily initiate at weak points of the oxide or hydroxide
passive film on the alloy [38, 39]. Pits propagate according to the reactions [38, 39]:
Al —>Al3+ + 3 e~

(2.1)

Al3+ + H20 -> Al(OH)3 + 3H+

(2.2)

Hydrogen evolution and oxygen reduction are the important reduction processes and
these are generally localized outside the pit, as shown schematically in Figure 2.2:
2 H+ + 2 e —* H2

(2.3)

0 2 + 2H20 + 4e -> 4 0 H '

(2.4)

The consumption of hydroxide ions at the anodic sites can bring the pH more acidic,
accompanied by migration of CF ions (very mobile) into the pits. The resulting HC1
formation inside the pit causes accelerated pit propagation. The cathodic sites are
frequently more alkaline because of the local formation of hydroxides [37, 38, 39].
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Figure 2.1 Typical anodic polarization curve (solid line) for an Al alloy in an electrolyte
free of a readily available cathodic reactant (commonly oxygen); Ep is the pitting
potential of the alloy. The intersection of this curve with one of the cathodic polarization
curves (schematic) determines the corrosion current of the alloy [39].
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■Acidic e nvironm ent

Figure 2.2 Generalized illustration of pitting corrosion on Al alloys [38]
During the last decades, a large amount of pitting corrosion studies have been
performed, which has enhanced the knowledge of the mechanism of pitting of Al alloys.
Based on a vast number of papers published before 1999, Szklarska-Smialowska [24]
reviewed the pitting corrosion of Al, and specifically discussed the metastable and stable
7
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pits, pit chemistry and the effect of intermetallics on pitting. More recently, Sehgal et al.
[27, 28] used the foil penetration technique to study the pit growth in A A 1100-0 and
AA2024-T3 in NaCl solutions in both the absence and presence of dichromate ions and
other oxidizing agents. The result showed that the foil penetration time decreased, and
therefore the rate of pit growth increased, with increasing applied anodic potentials. The
authors reported that dichromate ions have little influence on the pit growth rate at
controlled anodic potentials, even when added in large concentrations. However,
dichromate ions effectively inhibited pitting at open circuit when present in very small
amounts. By means of the electrochemical impedance spectroscopy (EIS) measurements
at the open circuit potential (OCP), Abdel Rehim [29] investigated the influence of halide
ions (Cl", Br "and I") and some inorganic inhibitors on the corrosion behaviour of pure Al,
(Al+6%Cu) and (Al+6%Si) alloys in Na2S04 solutions under the influence of various
experimental variables. The results obtained showed that in the absence of halide ions, the
rates of corrosion of Al samples was enhanced with increasing concentration, acidity, or
alkalinity of Na2S04 solution. The addition of the halide ions increased the corrosion rates
of the Al samples. In their later work [30], the kinetics of pit nucleation of pure Al, (Al +
6%Si) and (Al + 18%Si) alloys in the same conditions was studied. It was found that in
pure sulphate solution, no pitting was observed. Addition of the halide ions induced
pitting corrosion at specific critical pitting potentials. The pitting corrosion resistance of
the three Al samples decreased in the order: (Al + 18%Si)> (Al +6%Si) >A1. The overall
pitting process was described by three stages. The first stage corresponds to the
nucleation and growth of a passive oxide layer. The second and the third stages involving
pit nucleation and growth, respectively. The nucleation of a pit takes place after an
incubation time. The rate of pit nucleation increases with increasing halide concentration,
temperature, and applied potential.
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2.1.1.2 Crevice corrosion (CC) and filiform corrosion (FFC)
Crevice corrosion is a form of localized corrosion that can occur in crevices and
under shielded surfaces where stagnant solutions can exist. Contributory effects (pH,
temperature, electrolyte consistency, etc.) play an important role in the crevice corrosion
process [37]. As in the case of pitting corrosion, crevice corrosion can be subdivided into
two major stages (i) initial stage of corrosion, including oxygen depletion, acidification,
nucleation or initiation of active sites on a passive metal, and local breakdown of the
passive oxide, (ii) propagation or development of active sites.
The corrosion rate in a crevice substantially depends on its width. It is most
pronounced at a gap of 0.05 to 0.25mm [40]. Al alloys greatly differ in their susceptibility
to crevice corrosion. Al and its low alloys, which are susceptible to pitting (1100, 3XXX,
or 5XXX, etc.), are most susceptible to the crevice corrosion as well, while high alloys
like Al-Cu and Al-Zn-Mg-Cu alloys corroded many times faster than those low alloys [39,
40]. In seawater, crevice corrosion takes the form of pitting, and the rate is low. Furuya
[41] measured the repassivation potential for crevice corrosion (ERCrev) of commercially
available aluminum alloys and found that E Rcrev of aluminum alloys was less noble by 150
to 200 mV than the pitting potential, which confirmed that crevice corrosion is the more
frequently occurring type in aluminum alloys. They also suggested that the greater the
amount of Mg, the more prone the alloys were to crevice corrosion as well as pitting.
Filiform corrosion (FFC) is another special case of crevice corrosion that may occur
on an Al surface under a thin organic coating [37]. FFC usually initiates at scratches or
other defects in the coating and propagates laterally as narrow, 0.05-to 3-mm wide and
superficial ( a few hundredths of a millimetre deep) filaments under the coating [42]. The
filaments consist of an actively corroding head followed by an inactive tail filled with
corrosion products. Figure 2.3 shows the mechanisms of initiation and propagation of
FFC in Al [39]. Oxygen is consumed by active corrosion at the head and is accompanied
by hydrolysis and acidification to a pH of 1 to 4. Resistance to FFC depends more on
9
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factors such as the environment, the type and thickness of coating, metal surface
preparation and coating application procedures, than on the metal itself. Al is susceptible
to FFC in the relative humidity range of 75-95%, with temperatures between 20 and 40°C.
Numerous coating systems used on Al are susceptible to FFC, including epoxy, alkyd,
phenoxy, and vinyl coatings. Condensates containing chloride, bromide, sulfate,
carbonate, and nitrate ions, which assist acidification during differential aeration, have
stimulated filiform growth on coated Al alloys [39].

Coating
Al(OH)3

2AI(OH)3-*-Al20 3 + 3HsO
Al

+ 3 0 H -►AI(OH)3

Figure 2.3 Filiform corrosion of Al [39].

Research on the effects of microstructural variations in Al alloys on the filiform
corrosion properties showed that, alloys with a high silicon content (0.31wt.%) were more
susceptible to FFC than alloys with a low silicon content (0.05wt.%). This is because
alloys with high silicon content underwent more extensive secondary precipitation of
manganese containing intermetallic particles than those alloys with a low silicon content.
Additions of copper had a detrimental effect on the FFC resistance [43, 44], since copper
enrichment provides additional areas for cathodic reaction, which promotes preferential
dissolution during the corrosion process. Both chromating and cerium improve the
filiform corrosion resistance of the alloys significantly [43, 45].

2.1.1.3 Intergranular corrosion (IGC) and exfoliation corrosion
In aluminum alloys, intergranular corrosion usually results from the establishment of

10
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local cells in or along grain boundaries wherein second-phase intermetallic precipitates
concentrate; these are either anodic or cathodic to the surrounding matrix [37, 38]. Under
some conditions, the grain-boundary regions can be very reactive, resulting in
intergranular corrosion that causes loss of strength of the alloy and even disintegration at
the grain boundaries. Many high-strength Al alloys that have precipitated phases for
strengthening, are susceptible to intergranular corrosion. The anodic phases are Mg5Al8 in
Al-Mg alloys containing more than 3%Mg (e.g.5083) and MgZn 2 in Al-Zn-Mg alloys
(e.g.7030). A well-known alloy A lM g^M n (with about 4.5%Mg and 0.7%Mn) is resistant
in natural environments, and it is very suitable for use in marine conditions. An
Al-Zn-Mg-Cu alloy, such as 7075, is liable to intergranular corrosion under marine
conditions. Cathodic precipitates such as CuAl2 are formed in Cu-alloyed Al, which will
corrode intergranularly in polluted industrial atmospheres, in severe marine atmospheres,
and in seawater. Al-Mg-Si alloys, where the Mg and Si contents are balanced to a ratio
giving Mg 2Si (e.g. approximately l% M g and 0.5% Si) are less susceptible to
intergranular corrosion. Excessive Si content gives increased liability to intergranular
attack [37, 38, 39]. Addition of a small amount of Cr to Al-Mg-Si alloys improves their
resistance to intergranular corrosion, by forming intermetallic compounds with Si and by
preventing recrystallisation during heat treatment [46].
Exfoliation corrosion, a particular form of IGC in Al, results from exposure to
various industrial and marine atmospheres. The corrosion begins as lateral IGC on
subsurface grain boundaries parallel to the metal surface, but entrapped corrosion
products produce internal stresses that tend to lift off the overlying metal. This spalling
off of the metal creates fresh metal surfaces for continued corrosion [39]. Exfoliation
corrosion is most common in AlCuMg alloys, but it has also been observed in AlMg,
AlZnMg and AlMgSi alloys [37,39,42]. Some work focused on intergranular corrosion
(IGC) and exfoliation corrosion of Al-Li alloys found that, the susceptibility to
intergranular corrosion, and exfoliation corrosion was influenced by heat treatment, and

11
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was reduced from natural aging, through overaging to peak aging. Intergranular corrosion
was more severe in Cu-containing Al-Li alloys. The addition of Cu to ternary Al-Mg-Li
alloys also increased the exfoliation corrosion attack [47, 48]

2.1.1.4 Galvanic corrosion
When a metallic contact is made between a more noble metal and a less noble one, the
potential difference produces electron flow between them, and the corrosion rate will
increase on the latter and decrease on the former [37]. Table 2.1 [39] shows the galvanic
series of A1 alloys and other metals representative of their electrochemical behavior in
seawater and in most natural waters and atmospheres. As evident in this table, A1 and its
alloys are anodic to many other metals, such as stainless steel, copper, and nickel. If a
galvanic situation arises, the A1 will preferentially corrode. Only Mg and Zn are more
anodic and will corrode to protect Al.

However, the contact between Mg and A1 is also

likely to be harmful to Al, since Mg may send sufficient current to the Al to cause
cathodic corrosion in an alkaline medium [39]. The severity of galvanic attack is
increased by the following factors: high conductivity of the electrolyte, large potential
difference between anode and cathode, large area ratio of cathode to anode { A c/ A a ), and
small distance from anode to cathode [25]. According to M ansfeld’s study of galvanic
corrosion of Al alloys [49] in 3.5% NaCl, galvanic corrosion rates of the Al alloys 1100,
2024, 2219, 6061 and 7075 decrease with the nature of the dissimilar metal in the order
Ag>Cu>4130steel 3s- stainless steel seNi ;»Inconel718 3> Ti-6A 1-4V 3 Haynes 188>Sn>Cd;
coupling to Zn did not lead to cathodic protection of all A l alloys; Dissolution rates of A l
alloys coupled to a given dissimilar material are higher in 3.5% NaCl than in tapwater and
distilled water where they are found to be comparable. In 3.5% NaCl for area ratios of 0.1,
1.0 or 10, the galvanic current was found to be independent of the area of the anode, but
directly proportional to the area of the cathode, and the galvanic current density with
respect to the anode has been found to be directly proportional to the area ratio ( A c / A A ),

12
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while the dissolution rate rA of the anode was related to area ratio by rA=k2 (1+ A c/ A a ).

Table 2.1 Electrode Potentials of Representative Aluminum Alloys and Other Metals
[39],
Potential (V)
Aluminum Alloy or Other Metala
Chromium
+0.18 to -0.40
Nickel
-0.07
Silver
-0.08
Stainless steel (300 series)
-0.09
Copper
-0.20
Tin
-0.49
Lead
-0.55
Mild carbon steel
-0.58
2219-T3,T4
-0.64 b
2024-T3,T4
-0.69 b
-0.70
295.0-T4(SC or PM)
-0.71
295.0-T6(SC or PM)
2014-T6, 355-0 T4( SC or PM)
-0.78
355.0-T6(SC or PM)
-0.79
2219-T6,6061-T4
-0.80
2024-T6
-0.81
2219-T8,2024-T8,356.O-T6,(SC or PM), 443.0-F(PM), cadmium
-0.82
-0.83
1100,3003,6061-T6,6063-T6, 7075-T6 a,443,0-F(SC)
-0.84
1060,1350,3004,7050-T73 a, 7075-T73 a
5052,5086
-0.85
5454
-0.86
5456,5083
-0.87
7072
-0.96
Zinc
-1.10
Magnesium
-1.73
Measured in an aqueous solution of 53 g of NaCl and 3 g of H20 2 per liter at 25°C; 0.1 N calomel
reference electrode. a The potential of an aluminum alloy is the same in all tempers wherever the
temper is not designated. *The potential varies ±0.01-0.02 V with quenching rate.

2.1.1.5 Stress-corrosion cracking (SCC)
Al and its alloys can fail by cracking along grain boundaries when simultaneously
exposed to specific environments and tensile stresses of sufficient magnitude. Stress
corrosion

cracking

in

aluminum

alloys

is

characteristically

intergranular

[39].
13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Well-known specific environments include water vapor, air, aqueous solutions (halide
ion), organic liquids and liquid metals. The stresses that cause SCC can be residual or
applied. Al alloys that contain appreciable amounts of soluble alloying elements,
primarily Cu, Mg, Si, and Zn are susceptible to SCC [50], Although the complex
interactions among factors that lead to SCC of aluminum alloys are not yet fully
understood, two basic theories exist concerning the underlying mechanisms. It is assumed
that, for Al-Cu alloys, stress corrosion cracking occurs via an anodic dissolution
mechanism, whereas hydrogen embrittlement is the cause of cracking in the higher
strength [Al-Zn-Mg (-Cu)] alloys [51, 25].

Table 2.2 presents the relative SCC ratings

of Al alloys [54],

Table 2.2 The relative SCC ratings of some wrought, strain-hardened, and heated-treated
Al alloys [54]________________________________________________________________
Type of Alloy
Commercial Examples
Stress-Corrosion Cracking
Temper
Rating
Unalloyed Al
1100, 1230
All
1
3003, 3004
Al-Mn
All
1
5052, 5454
Al-Mg
All
1
Al-Mg-Mn
5083,5456
All
la
6061, 6013
Al-Mg-Si
T6
2
2024,2324
Al-Cu
T3,T39
5
2024, 2219
T8
2
Al-Cu
Al-Zn-Mg
7005
T6
5
Al-Zn-Mg-Cu
7075
T6
5
Al-Zn-Mg-Cu
7075
2
T73
Al-Zn-Mg-Cu
7050
T74
3
Al-Zn-Mg-Cu
7075,7150
4
T76
Al-Zn-Mg-Cu
7150,7055
4
T77
Ratings apply to the short transverse direction of products with a critical directional grain
structure. Relative ratings from 1 through 5 are in decreasing order of merit. Material rating 1
is not susceptible to SCC, rating 2 is resistant at stresses up to 75%Y.S., rating3 is resistant at
stresses up to 50% Y.S., rating 4 is resistant at low stresses, 105 to 170 MPa, while rating 5
has incurred some failures even at the lowest stress level tested, 48MPa.
“Ratings will be lower if material in a non-stabilized temper is heated at 80 to 175°C
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Jones [52] found that, in Al-Mg alloys the precipitation of the Mg-rich P-phase
(Al3Mg2) at grain boundaries is a critical factor in their stress corrosion performance. This
phase was anodic (active) to the matrix and could produce localized galvanic-induced
corrosion that leads to intergranular stress corrosion cracking of Al-Mg alloys. SCC in a
susceptible Al alloy is highly affected by the grain structure and the direction and
magnitude of tensile stress. Many wrought Al alloys which have highly directional grain
structures are highly anisotropic with respect to resistance to SCC. The resistance is
lowest when the stress is applied in the short-transverse direction (i.e. through thickness)
[39].

2.1.1.6 Erosion Corrosion (EC) and fretting corrosion
Erosion corrosion can be defined as the acceleration in the rate of corrosion attack in a
metal due to the relative motion of a corrosive fluid and a metal surface [37]. In
noncorrosive environments, such as high purity water, the stronger Al alloys have the
greatest resistance to EC because resistance is controlled almost entirely by the
mechanical components of the system. In a corrosive environment, such as seawater, the
corrosion component becomes the controlling factor; thus, resistance may be greater for
the more corrosion-resistant alloys even though they are lower in strength. In the case of
neutral solutions, the velocity of solution, up to ~6m/s, has little effect on the rate of
attack [39]. In fuming nitric acid, attack on Al increased with increasing velocity, when
the velocity is above 4ft/sec, erosion corrosion occurs at a fast rate as about lOmpy [25],
However, increases in velocity decrease the variation in pH that can be tolerate without
erosive attack occurring [39].
Fretting occurs when two contacting surfaces undergo relative cyclic motion of a
small amplitude so that the resulting debris remains between the surfaces where it can
oxidize [37]. Although fretting is often limited to small localized patches of wear, it can
provide a path for leakage or an initiation site for fatigue. The relative importance of the
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roles of wear and corrosion mechanisms in the fretting fatigue process is not well
understood. Couples such as Al on Al, Al on steel, and Zn-plated steel on Al show low
resistance to fretting corrosion. Zn, Cu plate, Ni plate, Fe plate on Al show moderate
resistance to fretting corrosion, whereas Ag plate on Al plate shows high resistance to
fretting corrosion [39].

2.1.2. Influences of environment on corrosion performance
No material shows high corrosion resistance in all kinds of environments. Al alloys
have their own preferred service environments. The acidity or alkalinity of the immediate
environment (chemical, atmospheric, or aqueous) significantly affects the corrosion of Al
alloys.

2.1.2.1 Acidity/alkalinity
The corrosion resistance of Al alloys depends on the passivity of a protective oxide
film, which is only a few nanometers thick and amorphous when formed in air. In
aqueous solutions, Al with a hydrated aluminum oxide film is only passive between a pH
of ~ 4.0 to 8.5 [37]. Outside this pH range, the Al oxide film dissolves rapidly in strong
acids and bases, and the Al is then attacked uniformly [54]. There are a few exceptions, as
shown in Figure 2. 4, the oxide film is stable in the acetic acid and sodium disilicate at pH
1 and pH 11, respectively [39].
There is no general relationship between pH and the rate of corrosion, because the
specific ions present together with their concentration and temperature largely influence
the corrosion behavior of specific Al alloy [39, 54], For example, the dissolution rate of
Al in sulfuric acid becomes appreciable between 50-100% concentrations, with the
maximum rate occurring at 70%-90% concentration, while in extremely concentrated or
fuming acid, the rate of attack drops to a very low value [54], The investigation results of
the effect of Cl" and pH on the pitting corrosion of some Al-Si alloys revealed that at
16
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neutral pH, the increase or decrease of corrosion rates depends on the C f concentration,
low Cl" can accelerate corrosion by attacking the oxide film while higher Cl"
concentration (0.5M) decreases the corrosion; while at pH 10.0, addition of Cl’ ions (1.0M)
initially decreases the corrosion rate [55].
Most organic acids (such as acetic, citric, tartaric) and uncontaminated natural fruit
acids are well resisted by Al alloys at room temperature, however, the organic acids that
containing chlorine (such as trichloroacetic acid) and those contaminated by heavy metal
compounds are definitely corrosive [39].
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Figure 2.4 Relation to pH of the corrosivities toward 1100-H14 alloy sheet of various
chemical solutions [39].

2.1.2.2 Temperature
The rate of corrosion attack is greatly influenced by temperature. In general, the
corrosion rate increases with increasing temperature. Figure 2.5 shows the effect of
temperature (< 80°C) on the corrosion rate of (6053-T) Al in 10% HC1 [39]. In the case of
the dissolution of Al in sulphuric acid, the corrosion rate at 50°C can be as much as four
times more rapid than at 25 °C [54]. Vrsalovic et al [56] studied the effect of temperature
(20, 30, 40°C) on the corrosion behavior of a A l-2.5 Mg alloy in a 3% NaCl solution; the
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results also showed that increase in temperature causes more severe corrosion. However,
in some solutions, increasing the temperature above ~80°C (180°F) results in a decrease
in the rate of attack [39].
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Figure 2.5 Effect of temperature on corrosion rate of (6053-T) aluminum in 10% HC1
[39],

2.1.2.3 Chemicals
O2 and some gases
Corrosion of Al requires the presence of moisture and oxygen. Aeration and
oxygenating conditions will accelerate corrosion. Conversely, deaeration will retard
corrosion [54], In general, high concentrations of dissolved oxygen tend to stimulate
attack, especially in acid solutions, although this effect is less pronounced than for most
of the other common metals. Hydrogen and nitrogen have no effect, except as they
influence the oxygen content. Carbon dioxide and hydrogen sulfide, even in high
concentrations, appear to have a slight inhibiting action on the effect of aqueous solutions
on Al alloys. In the presence of water, HC1 and HF are corrosive, and wet SO 2 causes
corrosion. Hydrogen sulfide or ammonia, either in the presence or absence of water and at
room temperature or slightly above, has negligible action on Al base alloys. However,
methyl chloride and methyl bromide are corrosive and should not be used in contact with
18
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Al base alloys [39].

Water
Al alloys are not appreciably corroded by distilled water even at elevated temperatures
(up to 180°C at least). Most commercial Al alloys show little or no general attack when
exposed to most natural waters at temperatures up to 180°C [39]. However, a small
amount of water can drastically affect resistance to certain anhydrous organic solutions,
particularly halogenated hydrocarbons. Water vapor in the air is sufficient to cause
staining upon condensation, and to support SCC [54]. Al alloys that do not contain Cu as
a major alloying constituent are resistant to unpolluted seawater. Among the wrought
alloys, those of 5xxx series have the highest resistance to seawater; among the casting
alloys, those of the 356.0 and 514.0 types are used extensively for marine applications.
Corrosion of Al alloys in seawater is mainly of the pitting type, as would be expected
from its salinity and enough dissolved oxygen as a cathodic reactant to polarize the alloys
to their pitting potentials [39].

Salt solutions
Neutral or nearly neutral (pH from ~ 5 to 8.5) solutions of most inorganic salts cause
negligible or minor corrosion of Al alloys at room temperature. Any attack that occurs in
such solutions is likely to be highly localized (pitting) with little or no general corrosion.
Solutions containing chlorides are likely to be more active than other solutions. The
simultaneous presence of salts of the heavy metals (Cu, Fe, Pb, and even trace amount of
mercury) especially Cu, and chlorides may be very detrimental and cause rapid localized
pitting. Distinctly acid or distinctly alkaline salt solutions are generally somewhat
corrosive. The rate of attack depends on the specific ions present. In acid solutions,
chlorides, in general, greatly stimulate attack. In alkaline solutions, silicates and
chromates greatly retard attack [39, 54].
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2.1.3. Influence of metallurgical characteristics on corrosion performance
2.1.3.1 Effect of alloying elements and intermetallics
The resistance of pure Al to attack by most acids and many neutral solutions is higher
than that of Al of lower purity and most of the Al alloys [39]. The additions of alloying
elements to Al change the electrochemical potential of the alloy, which affects corrosion
resistance even when the elements are in solid solution. Figure 2.6 [57] shows the effect
of alloying elements in determining the position of Al in the series. As is seen, zinc and
magnesium tend to shift the potential markedly in the anodic direction, which means that
they are more anodic and corrode to protect Al; whereas silicon has a minor anodic effect.
Copper additions cause marked cathodic shifts. These changes result in local anodic and
cathodic sites in the metal that affect the type and rate of corrosion.
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The principal alloying elements that affect the corrosion resistance of Al alloys are
summarized below [39, 54, 58]:
M agnesium (Mg). Mg in nonhardening type alloys (5xxx series) makes them especially
immune to aqueous corrosion. Cold-worked 5xxx alloys containing Mg in excess of the
solid solubility (above 3% Mg) can become susceptible to exfoliation and SCC when
heated for long times at temperatures of about 80-175°C. The Mg-Si alloys (6 xxx series)
are resistant to the more damaging forms of localized corrosion, exfoliation, and SCC.
Mg somewhat increases the resistance of Al to corrosion in alkaline solutions, but when
present in the grain boundaries as an anodic AbsMg2 (P phase), it may promote SCC and
IGC.
Silicon (Si). Si in small amounts (0.1%) has little effect on pitting corrosion of Al, but
greater amounts reduce the resistance to pitting. Si has a detrimental influence on the
resistance of Al to seawater.
Chromium (Cr). Cr when added to Al-Mg or Al-Mg-Zn alloys is used in very small
amounts (0.1 to 0.3%) and has a beneficial effect on corrosion resistance. Cr improves
resistance to stress-corrosion cracking in high-strength alloys, but in super-purity Al, it
increases the pitting potential in water. Iron (Fe), although not an intentional alloy
addition is the main cause of pitting in aluminum alloys. Its effects may be mitigated by
other alloying additions.
Copper (Cu). Cu reduces the corrosion resistance of Al more than any of the common
alloying elements. It can lead to a higher rate of uniform corrosion and a greater
occurrence of pitting, IGC, and SCC. At low levels (about 0.15%) of Cu, the pitting
resistance of commercial Al is decreased, especially in seawater. In higher Cu content
alloys (2 xxx series), the effect of the element is related directly to the fabrication process
and heat treatment. At higher copper contents, IGC or SCC are areas of concern.
21
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Zinc(Zn). Zn has only a small influence on the corrosion resistance of commercial
aluminum. It may reduce the resistance to acidic media, but improves the resistance to
alkaline solutions. When Zn is present in higher levels and in combination with Mg and
Cu, the influence of Zn is a function of the fabrication and heat treatment of the alloy.
The high-zinc alloys may be susceptible to intergranular corrosion, stress-corrosion
cracking, and exfoliation corrosion.
Lithium (Li). Li additions are now made to some aluminum alloys. Although lithium is a
highly reactive element, the addition of up to 3% lithium makes aluminum only slightly
more anodic. Little has been published on the corrosion resistance of Li-containing alloys,
however. In an electrochemical comparison of an Al-Li-Mg alloy to AA-7075
(Al-Zn-Mg), the lithium alloy exhibited more active corrosion and pitting potentials,
along with a higher current density for passivation.
Intermetallics in Al alloys are either intentionally developed to obtain the desired
mechanical properties or are present in the alloys as natural impurities. Some
intermetallics present in the alloy may significantly decrease the resistance to localized
corrosion. The corrosion behavior of the intermetallics depends mainly upon the potential
difference between the particle and the matrix in a solution. The phases which are
electrochemically more noble than the matrix play the role of cathodes while matrix
undergoes anodic dissolution. Alloys that are composed of one homogeneous phase or of
two or more phases, all of which have very similar electrochemical (galvanic) potentials,
would be more resistant to corrosion than alloys composed of two or more phases with
widely different potentials. Thus pure Al or single-phase alloys of Al-Mg or Al-Si are all
relatively resistant to corrosion. The Al-Mn alloys (such as 3003) are highly resistant to
corrosion because the Mn constituent that is present as a separate phase has a potential
very similar to that of the matrix. Some second phase particles which are not cathodic to
the matrix, for example AlMgMn, AlMnCr, AlMnSi particles, seem to be harmless to
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corrosion. However, AI2C 11, and A ^Fe particles significantly decrease the corrosion
resistance of Al alloys [24, 39].

2.1.3.2 Effect of metallurgical and mechanical treatments
Metallurgical and mechanical treatments often act in synergy to produce desired or
undesired microstructural features in Al alloy, such as dislocations, precipitates, and
microstructural morphology (grain size and shape). All these factors can affect the type
and rate of local corrosion of Al alloys [53],

Effect of metallurgical treatment
Variations in thermal treatments such as solution heat treatment, quenching, and
precipitation heat treatment (aging) can have marked effects on the local chemistry and
hence the local corrosion resistance of high-strength, heat treatable Al alloys. Generally,
practices that result in a nonuniform microstructure will lower the corrosion resistance,
especially if the microstructural effect is localized [54]. The solution heat-treated tempers
are usually more corrosion resistant and more amenable to corrosion inhibition than are
the hardened alloys [39]. Some precipitation treatments go beyond the maximum strength
condition (T 6 temper) to markedly improve the resistance to IGC, exfoliation, and SCC
through the formation of randomly distributed, incoherent precipitates (T7 tempers). This
diminishes the adverse effect of highly localized precipitation at grain boundaries
resulting from slow quenching, underaging, or aging to peak strengths [46, 54, 59].

Effect of mechanical treatment
Mechanical working influences the grain morphology and the distribution of alloy
constituent particles. Both of these factors can influence the localized corrosion of Al
alloys. Cast aluminum products normally have an equiaxed grain structure, but most
wrought products (rolled, forged, drawn, or extruded products) normally have a highly
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directional, anisotropic grain structure. Figure 2,7 shows the 3D longitudinal (principal
working direction), long transverse, and short transverse grain structures typically present
in rolled plate [53]. Almost all forms of corrosion, even pitting, are affected to some
degree by this grain directionality. Especially when the tensile stress acts in the
short-transverse direction, SCC occurs in susceptible alloys and the crack propagates
along the aligned grain structure. The same material (e.g., 7075-T651 plate) will show a
much higher resistance to stress acting in the longitudinal direction, parallel to the
principal grain flow. Special agings to various highly resistant T7 tempers have been
developed to counteract this adverse effect of directional grain structure [54].

Reims

Longrtudinat

Long Transver

Short Transverse

Figure 2.7 Schematic representation of the 3D grain structure typically present in rolled
Al plates [53],

2.1.3.3 Role of hydrogen
Hydrogen will dissolve in aluminum alloys in the molten state and during thermal
treatments at temperatures close to the melting point in atmospheres containing water
vapor or hydrocarbons. Upon solidification, this causes porosity and surface blistering.
Hydrogen damage in aluminum alloys may take the form of either intergranular or
transgranular. Recent literature surveys show there is still considerable dispute as to how
much, if at all, high-strength aluminum alloys are embrittled by hydrogen [53]. There is
some evidence that hydrogen evolving from anodic dissolution at a crack tip can dissolve
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into the metal at the grain boundary ahead of the crack tip and can thus be a factor in SCC
of some Ixxx and possibly 2xxx alloys [54, 60], In a low strength 5083 alloy, Li and Mg
alloying additions were thought to increase the solubility of hydrogen in aluminum
because of their chemical affinity for hydrogen. Anodic dissolution accounts for crack
growth through or around P phase Al3Mg 2 particles but crack growth between the
particles is the result of hydrogen-induced crack. However, it was still not possible to
conclude that hydrogen- induced crack growth is the dominant mechanism in AA5083
[61].

2.2 Corrosion problems of Al alloys in alternative fuel environments
In recent years, with greater pressure in the availability of fuel resources and the
environmental problems, alternatives and additives to gasoline (including methanol and
ethanol) are receiving increased attention from government agencies and automobile
manufacturers. This then requires that the corrosion performance of some materials in
these fuel environments be evaluated. Unfortunately, fundamental studies of the corrosion
behavior of metals in these fuels are scarce, especially relating to the mechanisms of the
corrosion process and the effects of impurities present in these fuels. Since one of the
many applications of Al alloys is in the automotive industry, as pistons, and cylinder
liners, a knowledge of their corrosion behaviour in the corrosive ethanol-gasoline fuel
media is necessary. A group in Brazil [62] have studied the corrosion behavior of both a
Al-Si-Cu hypereutectic alloy and grey cast iron in ethanol automotive fuels. The
corrosion test medium they used was pure ethanol and ethanol with small additions (Im M )
of sulphuric acid and lithium chloride. The results showed that in pure ethanol and acid
containing ethanol, the Al-Si-Cu alloys had a higher corrosion resistance than grey cast
iron, especially in pure ethanol. However, the addition of acid to alcohol, even in small
quantities, causes dissolution of the initial oxide present on the alloy surface and impeded
its formation when immersed in the environment. Moreover, in environments containing
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chlorides, the Al-Si-Cu alloys exhibited localized corrosion characteristics.

2.3 Corrosion protection of Al alloys
Corrosion of Al alloys can be prevented by many different methods, including the
appropriate alloy selection and system design, environment control, and the use of
inhibitors and protective coatings. The latter approach has led to the development of
various surface modification and coating techniques for Al alloys to enhance their
corrosion resistance, such as ion implantation, sol-gel coatings, conversion coatings, CVD,
PVD and thermal spraying [2-11]. Although each of these techniques possesses its own
advantages, their limitations and disadvantages are also quite obvious. Most of these
methods involve high temperatures during processing (CVD, PVD and thermal spray) or
post-treatment (sol-gel), which may degrade the coating and /or substrate [12]. In addition,
sol-gel processing has been of limited use due to poor interfacial adhesion, and shrinkage
and oxidation of the substrate. Ion implantation has found limited success in increasing
the pitting potential of coatings. Conversion coatings are mainly based on chromium
compounds that exhibit good corrosion resistance, but have also been proven to be highly
toxic and carcinogenic [13, 31-36]. Since these processes have recently been reviewed,
they are only briefly mentioned here [31-36], The following subsections concentrate on a
conventional surface modification technique, anodizing, together with the relatively new
PEO technique.

2.3.1 Anodizing techniques
Anodizing is a traditional electrochemical process in which the surface of the alloy is
made the anode and converted to aluminum oxide when it is formed in acidic and alkaline
electrolytes [63], The thickness of the oxide film is typically from five microns to about
100 microns, depending upon the application. The anodizing process parameters
(electrolyte, current density, voltage, temperature etc) have a significant influence on the
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properties of the oxide formed. Usually, a process with low temperatures and acid
concentrations yields a less porous and harder coating. The thickness of the anodic film is
proportional to the applied voltage (<30V). M inor changes to the alloy itself or any of
these parameters can significantly affect the coating [63]. The anodic coating surface is
hard and abrasion resistant, and it provides some degree of corrosion resistance. However,
anodizing cannot be relied upon to provide corrosion resistance to corrosion-prone alloys,
and further protection by painting is usually required. Anodic coatings break down
chemically in highly alkaline solutions (pH > 8.5) and in highly acid solutions (pH <4.0).
They are also relatively brittle and may crack under stress [53].
The anodic coatings consist of a thin barrier (i.e. non-porous) layer, which is
continuous over the alloy surface with a thickness of about 10-50nm. Above this layer is
the main porous region. For films grown on high purity aluminium, the porous region
develops as an approximately close-packed-hexagonal (honeycomb) arrangement of cells,
each cell comprising amorphous anodic alumina with a central pore; the cells are
orientated at right angles to the aluminium surface (Figure 2.8 a). The microstructural
features of the Al alloy, especially the second phase particles, have a direct local influence
on the film morphology, which can only be understood from a detailed knowledge of the
anodizing behavior of the particular phases [64]. In anodizing of Al alloys, the porous
region comprises a highly tortuous pore network (Figure 2.8 b), with incorporation of
particles (oxidized partially or completely) into the film. Voids, cracks, irregular film
thickness and a roughened alloy/film interface are also the localized effects of substrate
impurities on film growth. The flaws in the anodic film are extremely important as sites
of local degradation of the metal, for example by pitting, and can seriously limit the
protection afforded to the alloy [64].
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Figure 2.8 Transmission electron micrograph (TEM) of anodic films formed on (a) pure
Al and (b) Al alloy in sulphuric acid electrolyte [64]

The general mechanism of anodic film growth
According to Thompson [64], the nature of the anodizing process is based upon the
electrochemical principle that when a current is passed through an electrolyte in which an
aluminum anode is employed, the anion migrates to the anode. The anion is then
discharged with a loss of one or more electrons. In an aqueous solution, the anion consists
in part of oxygen, which is adsorbed by the aluminum surface. As adsorption via
chemisorption proceeds, the surface is reconstructed, forming a contiguous oxide as
A I2 O 3 ,

which is slightly soluble in the electrolyte. The slightly soluble characteristic of

the film causes localized dissolution of the forming film. Pores are thus formed in the film,
which are wide enough to allow continuous access of the current via the electrolyte to the
metal. Anodic film growth continues and is gradually retarded as the film grows thicker
and the electrical resistance increases. When the rate of film growth has decreased until it
is equal to the rate of dissolution of the film in the electrolyte, the film thickness remains
constant. The chemical reaction, which takes place at the surface of the aluminum anode,
can be written as follows:
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4A1 + 6H 2S 0 4 ^ 2 A 1 20 3 + 6 SO 3 2" + 12H+

(2. 5)

It was reported that the anodic film composition was [65]:
72% A120 3; 15%H20 ; 13% S032"
The sulfite content of the normal anodic coating produced for a sulfuric acid electrolyte is
between 13% and 17% but is higher at lower temperatures of operation and increases with
current density. The constituents of the film composition can be accounted for as follows:
the outer porous film is composed of partially hydrated alumina (A120 3. H 20 ), and sulfite
ion (S 0 32"), which is discharged at the base of the pores of the columnar structure of the
outer film. The barrier layer is reportedly comprised of alumina as A12 0 3 [65].

Effect of process parameters on growth of anodic oxide coatings
The anodizing response strongly depends on both the process conditions imposed by
the layer application and substrate history (i.e. composition and processing route).
Usually hard and thick (>25 u m) oxide layers on dilute alloys are formed by anodic
oxidation at low electrolyte temperatures (e.g. 0 °C) and high current densities (>2.0A
_r\

dm" ), favoring rapid growth and reduced dissolution of the oxide [6 6 ], It was reported
that different intermetallics show different oxidation rates relative to the Al solid solution.
The recent results [64,

6 6 -6 8 ]

on anodizing of dilute Al binary alloys and barrier oxide

layers revealed enrichments at the metal/oxide interface of certain alloying elements from
the solid solution (e.g. Ti, Cu, Mo), oxygen generation (e.g. Cu, Fe, Cr), void formation
and film detachment (e.g. Li, Mg). When a ternary element is present in the composition,
the behavior towards anodic oxidation may differ from the binary composition not
necessarily through the specific response of the added alloying element but also through
the possible local interactive effects between the alloying elements, second phases and the
surrounding solid solution. Presently, these complex effects are not yet fully identified
and understood.

In order to reveal

and understand their anodizing behavior,

Fratila-Apachitei [6 6 ] studied the voltage transients during H 2S 0 4 anodic oxidation of
three different aluminum substrates (i.e. Al, AlSilO and AlSilOCu3) using three different
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current densities. Their result revealed different voltage transients for the three different
compositions during the stages of barrier layer growth and steady-state pore growth. In
addition, the observed morphology of the oxide layers indicated that (i) the oxide layers
thickened with current density and time regardless of the substrate composition; (ii)
silicon entrapped in the growing layers (for the binary and ternary substrates), associated
with a non-uniform thickness, a scalloped substrate/oxide interface and surface cracks;
and (iii) flaws like features appeared from the commencement of anodizing (AlSilOCu3)
and after a certain anodizing time (AlSilO) associated with enhanced oxygen evolution
and (partial) oxidation of second phases.

Corrosion protection behavior of the anodic coatings
The anodic oxide can provide some degree of corrosion protection, although they
cannot be relied upon to provide corrosion resistance to corrosion prone alloys. Li et al
[63] investigated the corrosion properties of anodic oxide coatings formed on a
hypereutectic Al-Si alloy in sulphuric acid. They found that despite the presence of small
cracks and pores near second phase particles, the corrosion protection efficiency of the
anodic coatings in the 3.5%NaCl solution was evident from both the increase in corrosion
potential as well as from the reduction in the corrosion current density. According to
Zhang and Wang [69], the anodic films formed on 7050 T7451 alloy in chromic acid
suffered a corrosion route of pitting-intergranular corrosion -exfoliation. Moutarlier [70]
used molybdate additions to sulfuric acid to replace hexavalent chromium in anodising of
Al 2024. The results showed that at low molybdate concentration, the anodic layer growth
was not favoured and the corrosion performance was slightly improved, while at high
concentrations, the corrosion performance was improved and was similar to that obtained
for chromic anodic layers.
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2.3.2 Plasma electrolytic oxidation processes
Plasma electrolytic oxidation (PEO) [15] of Al alloys is a relatively new surface
treatment technique (from 1970s), which is both cost-effective and environmentally
friendly. The coatings synthesized through the PEO process have exhibited superior
mechanical properties as compared with anodic oxide coatings and excellent adhesive
strength superior to plasma sprayed ceramic coatings. Earlier studies have reported that
such coatings also possess excellent thermal and corrosion resistance properties [12, 14].
In view of these attractive properties, PEO coatings have recently been investigated for
many automotive component applications, especially those from the powertrain.
PEO treatment of Al alloys is typically conducted in an aqueous electrolyte
containing low concentrations of compounds such as sodium silicate or sodium phosphate
(2-10 g/1) with 1-2 g/1 of KOH or NaOH. A power supply capable of voltage outputs of
300-1000Y, under the regimes of either DC, pulsed unipolar current, amplitude
modulated AC or pulsed bipolar current have been applied. Structural studies typically
show three distinct layers in the coatings produced on Al-alloys by the PEO technique.
The porous outer layer consists predominantly of low temperature alumina phases
(y-AEOs and mullite) and X-ray amorphous phases. A dense intermediate layer is formed
by mixture of high temperature alumina phase (a-AECb) and complex A l-X -0 phases (X
is the element from electrolytes), whereas complex phases of the substrate alloying
elements are observed in a thin inner layer below the dense layer. The relative sizes of the
layers, their structure and composition are substantially influenced by substrate
composition, electrolyte composition and treatment regime. Typically, the outer layer has
a maximum hardness of 1000-1500 HV and porosity greater than 15%. The dense layer
has a hardness of 1700-2400 HV and a slightly lower porosity from 2% to 15% [12,
14-19],
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The formation phenomenology of PEO alumina coatings
The PEO process, in both DC and AC modes, proceeds in several stages
characterized by different electrical characteristics and microdischarge parameters, as
well as phase and morphological changes in the oxide ceramic layer. It is a process
combining concurrent partial processes of oxide film formation, dissolution and dielectric
breakdown at the anode surface [17, 71].
The PEO process operates at potentials above the breakdown voltage of the original
oxide film growing on the surface of a passivated metal anode and is characterized by
multiple arcs moving rapidly over the treated surface. Figure 2.9 shows the
electrochemical system where oxide film formation occurs during the PEO process [15].
In

O -U 4

region, the kinetics of the electrode process for the system conforms to Faraday’s

law. An increase in voltage leads to a rise in the current according to Ohm’s law.
point

U 4,

At

which in practice corresponds to the corrosion potential of the material, the

previously formed anodic passive film begins to dissolve. Then, in the region of
repassivation,

U 4 -U 5 ,

a porous oxide film grows, across which most of the voltage drop

now occurs. At point U 5 (typically lies in the region 120 to 350 Y), the electric field
strength in the oxide film reaches a critical value beyond which the film is broken through
due to impact or tunneling ionization. In this case, small luminescent sparks are observed
to move rapidly across the surface of the oxide film, facilitating its continued growth. At
point Ug, the mechanism of impact ionization is supported by the onset of thermal
ionization processes and slower, larger arc-discharges arise. In the region U 6-U 7 thermal
ionization is partially blocked by negative charge build-up in the bulk of the thickening
oxide film, resulting in discharge-decay shorting of the substrate. Above the point U7, the
arc micro-discharges occurring throughout the film penetrate through to the substrate and
(since negative charge blocking effects can no longer occur) transform into powerful, arcs,
which may cause destructive effects such as thermal cracking of the film.
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1(A )

Figure 2.9 Current-voltage diagram for the PEO process: discharge
phenomena are developed in the dielectric film on the electrode surface
[15]

During the PEO process, when the applied voltage exceeds a certain critical
breakdown value (U 5 in Figure 2.9), a variety of plasma discharges occur at the
metal/electrolyte interface, which reveals the key feature of PEO process. The
microdischarges enhance heating and diffusion processes, cataphoretic effects and plasma
thermochemical reactions at the electrode surface and thus play an important role in the
phase formation, structure and stress state of the ceramic layer [15, 17, 71]. Thus, an
understanding of the discharge property is very helpful in revealing the mechanisms of
the PEO process. Using digital video imaging technology, Yerokhin et al [17] studied the
size and number of discharges during PEO process, and revealed the typical evolution of
microdischarge from which four consecutive stages of the PEO process can be
distinguished (Figure 2.10). During stage I, a conventional anodic oxidation of the sample
surface occurs with rapid increases in the voltage amplitude. Intense gas evolution was
clearly observed, along with some luminescence at the surface (Figure 2.10(a)), which is
eventually replaced by the onset of a bluish glow discharge around the sample. In stage II,
the discharge tends to contract at the areas of the surface with maximum electric field
intensity and appears, therefore, in the form of moving discrete white microdischarges
(Figure 2.10(b)), though a uniform glow background remains visible for some time. After
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about 10-12 min of treatment, the process gradually enters stage III, where the
appearance of the microdischarges becomes more pronounced (Figure 2.10(c)); Further
PEO processing makes some of the microdischarges yellow, larger and slower moving,
which becomes a major feature of the process in stage IV (Figure 2.10(d)).

(a)

Figure 2.10 Sample surface appearance at various stages of the AC PEO process on H30T
Al alloy: (a) 0.5 min; (b) 10 min; (c) 35 min and (d) 65 min [17].

There are three different models of discharge formation in PEO process [17], as
shown in Figure 2.11. The first model defined the microdischarge’s appearance as a result
of oxide film dielectric breakdown in a strong electric field, the second one considered
each discharge as a gas discharge occurring in a micropore of the oxide film, and the third
model assumed the possibility of free electron generation and glow discharge ignition in
the gaseous media at the oxide-electrolyte interface, which leads to heating, melting and
quenching of the underlying oxide layer.
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Figure 2.11 Schematic illustration of models describing the appearance of
surface discharge during anodic oxidation of Al: (a) model of the oxide film
dielectric breakdown; (b) model of discharge-in-pore, and (c) model of contact
glow discharge electrolysis adapted for the presence of an oxide film on the
metal surface [17].

The consequence of the occurrence of surface discharges is the development of
metallurgical processes in the growing oxide layer, which are induced by the heat
liberated in a discharge channel from electron avalanches. Cycles of instantaneous local
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heating and cooling of the areas of the oxide layer in close proximity to a discharge
channel lead to the melting, quenching and recrystallization of the substances deposited
onto the surface. As a result, decomposition of aluminium hydroxide to alumina,
formation of complex compounds based on the Al-O system, as well as high-temperature
transformations of alumina, can occur. The direction and intensity of these processes
depend on the density and power of the discharges which are known to be defined by the
thickness of the oxide layer, so that the thicker the layer the less frequent, yet more
powerful and extended, the discharges become [17, 71-73],

The formation mechanism of PEO alumina coatings
The electrochemical formation of surface oxide layers can occur through different
mechanisms. Unfortunately, there are few studies of the electrochemical formation of
surface oxide layers in the electrolyte used for PEO, such as aqueous solutions of silicates,
aluminates, phosphates, etc. According to Yerokhin [71], there were three main steps
leading to PEO coating formation. In the first step, a number of discrete discharge
channels are formed in the oxide layer as a result of loss in its dielectric stability in a
region of low conductivity. This region is heated by electron avalanches generating
temperature up to 104 K. Due to the strong electric field (of the order of ~ 1 0 6 V .m '1), the
anionic components are drawn into the channel. Concurrently, owing to the high
temperature, aluminum and alloying elements are melted out of the substrate and enter the
channel. Thus, a plasma column (plasmoid) is formed as a result of these processes. In the
second step, plasma chemical reactions (oxidation) take place in the channel. These lead
to an increase in pressure inside the channel, so the plasmoid expands to balance it. At the
same time, separation of oppositely charged ions occurs in the channel due to the
presence of the electric field. The oxidized Al is ejected from the channel into the coating
surface in contact with the electrolyte by electrostatic forces, which increases the coating
thickness in that location. In the last step, the discharge channel gets cooled and the
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reaction products are deposited on to its walls. The above process repeats itself at a
number of discrete locations over the whole of the coating surface, leading to an overall
increase in the coating thickness. The very high cooling rate experienced by the oxide
layer being ejected out of the channel due to its immediate contact with the electrolyte
promotes the formation of y-phase during solidification of alumina droplets. However, the
low thermal conductivity of alumina, causes the underlying layers of the coatings to
become heated and thus further transformation of the initially formed Y-AI2O 3 to the
much harder

a

-A I2 O 3 .

Thus, the proportion of

a

-phase increases with increasing depth

from the coating surface towards the coating-substrate interface [72]. However, there is
no supporting experimental investigation to confirm the above interpretation.
To reveal the mechanisms underlying the oxidation kinetics during PEO, Snizhko et
al [73, 74] performed a series of experiments on an A16082 alloy in a model alkaline
solution (0.5 to 2 gl' 1 KOH) under conditions of galvanostatic DC PEO. The investigation
identified four stages of the process, characterized by different mechanisms of anodic
reactions, i.e. (i) anodizing, (ii) anodizing with anodic dissolution, (iii) anodizing,
dissolution and oxygen liberation, and (iv) plasma electrolysis (Figure 2.12). The general
reactions during the partial processes of oxide formation, dissolution and oxygen
evolution were revealed as follows:
• Metal-oxide interface:
(i) anodic processes:
2A1 + 3 0 2 Soiid —>AI2O 3 + 6 e
Al —» Al3+ Soiid + 3e

( 2 . 6)

(2.7)

• Oxide-electrolyte interface
(i) anodic process:
40H " -> 0 2 t +2H20 + 4e

(2 .8)
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(ii) alumina chemical dissolution and oxidation of ejected Al:
A120 3 + 2(x -3 ) OH” + 3H20

2[Al(OH)x]n~ gd

Al3+ ejected + xO IT -> [Al(OH)x]n- ge,

(2.10)

[Al(OH)x]n- ge, -> Al(OH ) 3 4 +(x - 3)O IT

^j

Anodismg
I with 100%
^ cirrent yield

w
O
D
AasS
]>

(2.9)
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Figure 2.12 Typical evolution of voltage and gas volume with time for galvanostatic DC
PEO of Al in dilute KOH solutions [74],

Effects of process parameters on the growth of PEO alumina coatings
In recent decades, several workers reported [71- 73] on systematic investigations into
the effects of process parameters on the coating formation mechanism, characterization
and properties by the PEO treatment. These process parameters have mainly included
current mode, treatment time, current density and electrolyte concentrations.
A study of these effects on pulsed AC or galvanostatic DC mode PEO treated
Al-alloys in dissolved silicate/alkali solution indicated that the increase of the silicate
content in the electrolyte lead to accelerated coating growth, due to the incorporation of
Si into the coating structure and formation of complex A l-Si-0 phases [15]. Conversely,
the film growth rate was found to be decreased significantly with increasing alkalinity
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(from 0.5 to 2g/l KOH), because of the increased local dissolution of the oxide layer and
pitting across the sample surface [73]. Raising the current density increases the relative
proportion of the harder a-alumina [15, 72], The content of a -alumina can reach 60% for
coatings formed on copper-containing aluminium substrates, whereas the y-Al20 3 phase
is predominantly conformed on magnesium-containing aluminium alloys. Coatings based
on the mullite phase are formed on silicon-containing substrate materials. The linear
increase in surface roughness with the increasing time of oxidation and the increase in the
coating thickness with the increasing current and treatment time was found during the AC
PEO treated Al alloy [15, 71-73],
By regulating the surface discharge characteristics, the current mode influences the
structure, composition and properties of PEO coatings on Al alloys. Most PEO treatments
have been conducted using a pulsed AC power supply [16-19,72,73]. However, the main
disadvantages of these processes are a low coating growth rate, the presence of a
relatively thick porous outer layer and low energy efficiency. In order to obtain a
desirable combination of the layer phase composition and morphology, Yerokhin etal [75]
developed a modified high frequency pulsed bipolar current (PBC) PEO process. They
found that in the 1 to 3 kHz frequency range, the layer growth rate of the new PBC PEO
can be increased from 0.5 to 3.2 p m .m in 1 and the volume fraction of the porous outer
layer can be reduced from 25% to 10% of the total layer thickness, compared to the
conventional 50 Hz AC PEO process. They thought that the difference in the coating
phase composition and distribution of minor alloying elements in PBC-PEO films
(absence of the 5 -AI2O 3 and inverse Si and Cu distributions) and slightly reduced coating
mechanical properties (maximum Knoop hardness of 1200-1500HK25), compared to the
50Hz AC coatings suggested substantially different physical-chemical conditions for the
coating formation provided by the pulsed current.
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Corrosion protection properties of PEO deposited AI2O3 coatings
The corrosion resistance of the PEO treated

A I2 O 3

coatings has been investigated but

with conflicting results. Using a potentiodynamic polarization method, Nie et al [12]
investigated the corrosion properties of PEO AI2 O 3 coatings on Al 6082 produced using a
bipolar AC voltage. The results showed that the coatings possessed excellent corrosion
resistance, which were dramatically improved over the untreated Al alloy and also
significantly better than stainless steel (Figure 2.13). Based on the TEM observations,
they suggested that the occluded nature of the porosity did not appear to have a negative
influence on the corrosion properties of the PEO coatings. Barik [19] also evaluated the
corrosion properties of both unsealed and sealed AC PEO coatings deposited on A16082
alloy. Their results indicated that the unsealed PEO

A I2 O 3

coating allowed permeation of

the test solution through the pore/ crack network to the substrate alloy, consequently, after
24h the corrosion performance of the unsealed PEO coating was similar to that of the bare
Al alloy substrate. The glass-water sealant produced no overall improvement in corrosion
performance, whereas the sol-gel offered benefits in the short-term; however, permeation
of the test solution resulted in a deteriorating performance with time.
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Figure 2.13 Potentiodynamic polarization curves of untreated A16082 and PEO alumina
coatings in 0.5M NaCl solution after different immersion times [12].

Some challenges in PEO treatment of Al alloys
As a relatively new technique, the PEO process has recently gained increased
attention. Thus far, a number of tests have been made using Al alloys to provide the
proper parameters with a high growth rate and a low energy consumption in order to
obtain a desirable combination of the coating morphology and properties. Although
progress has been made, there are still many challenges.
In most of the previous work, a pulsed AC mode PEO process was mainly utilized to
produce thick coatings (above 100pm) on Al alloys. Although this current mode PEO
process can form a hard tribological coating, it is usually a long duration process (from
one to several hours) to obtain a thick coating, i.e. a low coating growth rate and high
energy consumption. There has been very limited work on the DC mode PEO treatment
of Al alloys at a relatively low voltages (<600V) to produce a thin coating. No detailed
and systematic investigation of the effects of the process parameters on the DC PEO
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coating morphology and properties has yet been reported.
Furthermore, most of the previous PEO treatments of Al alloys was conducted on
2xxx and

6 xxx

series substrates, i.e., low silicon (<1.5% Si) content alloys. Due to the

rapid growth in application of cast Al-Si alloys, there is a demonstrated need to study the
application of the PEO process to those higher- Si alloys.
Finally, no references could be found on the comparison of the corrosion properties
of the PEO coatings with traditional anodic oxide coatings on Al alloys, in particular their
relative corrosion behavior in alternative fuel environments.

2.4 Summary of the literature review
An inadequate corrosion resistance renders Al alloys susceptible to various forms of
localized corrosion. Also, the corrosion properties of Al alloys in gasoline-ethanol
alternative fuels are not well known and it is uncertain whether it is possible to develop
appropriate corrosion-protection coating schemes for Al alloys to be used in automotive
components.
Anodizing is the most widely commercially-used coating technology for Al alloys.
The anodic coating surface is abrasion resistant, and provides some degree of corrosion
protection. However, without further sealing, anodized coatings are not adequate for use
in applications where corrosion resistance is of primary importance. They are also
relatively brittle and may crack under stress.
The PEO technique is gaining increased attention as a coating process which is
environmentally friendly and cost effective. It can be used for depositing thick, dense and
ultra-hard ceramic coatings on Al alloy substrates. The PEO process involves anode
electrochemical dissolution, the combination of metal ions with anions to form ceramic
compounds, and sintering on the substrate under the action of the sparks. Although a
number of studies have been conducted on the PEO deposition process and mechanisms
for coatings produced using pulsed AC voltage on various Al alloy substrates, there has
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been little work on the formation mechanisms and characterization of thin oxide coatings
deposited using a DC mode PEO on cast Al-Si alloys. There is very little information in
the open literature on the effect of the process parameters on the characteristics and
corrosion properties of coatings obtained using DC mode PEO process. A comparison of
the corrosion properties of PEO coatings and traditional anodic oxide coatings on Al
alloys is still to be performed.
Based on this literature review, the objectives of this study were identified as
follows:
Firstly, to deposit oxide coatings on two Al alloys (wrought A16061 and cast A1319
alloy) using DC mode PEO process, and to investigate the effects of process parameters,
including the electrolyte concentration, current density and treatment time, on the
formation and properties of the PEO coatings.
Secondly, to characterize the corrosion properties of the PEO coatings on both
A16061 and A1319 alloy substrates in different corrosive media, including NaCl solutions
and gasoline-ethanol alternative fuels, and to compare their corrosion behavior with the
anodized coatings.
Thirdly, to evaluate the corrosion performance of two Al alloy substrates (wrought
A16061 and cast A1319) in the gasoline-ethanol alternative fuels, and to compare their
behavior with that of stainless steel and grey cast iron in the same media.
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CHAPTER 3 MATERIALS AND EXPERIMENTAL METHODS

This Chapter includes a description of all materials and testing procedures used in
the study. The results of the testing, and a discussion the results are given in Chapters 4, 5,
6

and 7.
The experimental procedures used for the deposition of anodized coatings and PEO

coatings on a wrought A16061 alloy and a cast A1319 alloy, and the investigation of their
corrosion protection properties are described. Cyclic potentiodynamic polarization
measurements were conducted to determine the corrosion resistance of the substrate
materials and the coatings. Scanning electron microscopy (SEM) and optical microscopy
were employed to characterize the morphologies of the substrates and coatings before and
after corrosion testing. The hardness and surface roughness of the coatings were
measured.

3.1 Materials
3.1.1 Substrates
Two commercial Al alloys, i.e., a wrought Al 6061 alloy and a cast Al 319 alloy,
were chosen as substrate materials for coating deposition. The compositions of these
alloys are given in Table 3.1. The corrosion behavior of the two Al alloys was
investigated in 3.5wt.% NaCl solution and ethanol-gasoline automobile fuels. For
comparative purposes, the corrosion behavior of 304stainless steel and grey cast iron
2500 (see Table 3.2 for compositional analysis), were also studied in the same media.

3.1.2 Chemicals
Table 3.3 summarizes the various chemicals used in this research study.
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Table 3.1 Approximate compositions (wt. %) of wrought A16061 alloy and cast A1319
alloy_______________________________________________________________________
Composition, wt.%
Alloys

_______________________________________________________________

A16061

Si

Fe

Cu

Mg

Ti

Zn

Other

0 .6

0.7

0.3

1 .0

0.15

0.25

Cr 0.2

Al

The
Mn 0.5,
6.5

A1319

1 .0

3.5

0 .2

0 .1

balance

0 .1

Ni 0.1

Table 3.2 Approximate compositions (wt. %) of gray cast iron G2500 and 304 stainless
steel (SS304)
Composition, wt.%
IV IC

lc LI

c
Stainless
steel 304

008

_ „„

G2500

3.0

Si

Cr

Ni

Mn

S

P

Fe

1 .0

18.0

8 .0

2 .0

0.03

0.045

>70%

2 .1

0 .2

0 .1

0 .6

0.08

0 .1

>90%
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Table 3.3 Chemicals used in this study

Procedure

Chemical
name

Alpha
Alumina

Specimen
preparation

Anodizing of
the A16061
alloy and the
A1319 alloy

PEO treatment
of the A16061
alloy and the
A1319 alloy

Corrosion
testing
solutions

Molecular
formula

A120

3

Ethanol

C 2H5OH

Diallyl
Phthalate

C 14H 1404

Purity or
Size

0 .1

micron

SigmaAldrich,
Inc. USA

1 0 0 wt.%

Buehler
USA

ACP
Chemicals
Inc. Canada
SigmaAldrich,
Inc. USA

H 2S 0 4

Assay
min.98%

Sodium
Metasilicate

Na 2Si0 3

S i0 2 4447%

Sodium
Chloride

Ethanol

Buehler,
USA

Assay
min.95%

Sulphuric
Acid

Potassium
Hydroxide

Supplier

Chapters
where the
results are
reported

KOH

Assay
min.85%

ACP
Chemicals
Inc. Canada

NaCl

Assay
min.99.0%

ACP
Chemicals
Inc. Canada

C 2H 5OH

Assay
min.95%

SigmaAldrich,
Inc. USA

Chapter 3

Chapter 4

Chapter
5 ,6

Chapter
4 ,5 ,6

Chapter 7
Gasoline

c 8h

18

Regular 87
octane

PetroCanada
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3.2 Specimen preparation
All samples were cut into square coupons with dimensions of 25 x 25 x 5mm. The
coupons were manually ground and polished on 240, 400, 600, 2400 grit silicon carbide
(SiC) papers, followed by cloth wheels (LECO) impregnated with a 0.1 pm alumina
suspension solution. After rinsing with ethanol and cleaning with distilled water, they
were dried in hot air.
The cross-sectional coating samples were mounted using a diallyl phthalate
compound. The mounting process was conducted under a temperature of 150 °C and a
pressure of 3000 psi with linch mold size for 2.5 mins. The mounted cross-sectional
samples were then ground on SiC abrasive papers with gradually decreasing grit size,
followed by polishing with an alumina suspension. After rinsing with ethanol and
cleaning with distilled water, they were dried in hot air.

3.3 Coating deposition
3.3.1 Anodizing of A16061 and A1319 alloys
Experiments were conducted on A16061 and A1319 substrates (exposed area 17.5cm2)
in 17wt. % sulphuric acid

(H 2 S O 4 )

solution at room temperature for 15mins with a final

voltage of 18V. A DC power supply (Magna Rack mount DC power supplies SQD500-26,
the output voltage ranging from 0 to 500V) with constant current control was used for the
anodizing process. The current used for anodizing the A16061 alloy and the A1319 alloy
was preset at 0.8A and 0.3A, respectively. The experimental setup is illustrated in Figure
3.1. A stainless steel sheet served as the cathode. After anodizing, the samples were
rinsed in water and dried in air. A summary of the anodizing conditions is given in Table
3.4.
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+
Cathode
Anode (Sample)

Electrolyte

Figure 3.1 Schematic diagram of the anodizing setup.

Table 3.4 The processing parameters for anodizing
Current

Treatment

Temperature

Final voltage

Substrate

Electrolyte
(°C)

(A)

time (mins)

(V)

A16061

0.8

15

18

17wt. % H2S 0 4

-25

A1319

0.3

15

18

17wt. % H2S 0 4

-2 5

3.3.2 PEO coating of A16061 and A1319 alloys
The PEO coatings were fabricated using a DC power source (AE Magnetron MDX
10K, the output voltage ranging from 0 to 1000V) with current control. The current
density was maintained at a set value during the coating process: the voltage was
increased gradually with process time so as to maintain the preset current density as the
coating thickness increased. The Al alloy substrates and the stainless steel frame served as
the anode and the cathode, respectively. The electrolyte solution was prepared from a
solution of Na 2Si0 3 in distilled water with addition of KOH to adjust pH and conductivity.
The electrolyte temperature was maintained below 60 °C by stirring during the entire
treatment procedure. The experimental setup for the PEO process is illustrated in Figure
3.2. After processing, the specimens were cleaned with water and dried in air.
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In order to systematically study the effect of processing parameters on the
characteristics of the coatings, a series of electrolytic and electrical parameters were
utilized to produce the coatings: these are given in Tables 3.5 and 3.6. According to the
discharge characteristics that appeared during the processes, different process termination
voltages were determined. For identification purposes, the PEO Al 6061 coatings are
designed as Axx, and the PEO A1319 coatings as Bxx. The first x (in Axx or Bxx)
represents the electrolyte concentration used in a particular process, and the second x
represents the current density used in a particular process. For example:

B 2 1

I

A1319 ■

0.1 A/cm2

-----------8g/l electrolyte

Switch from 0.1 A/cm2 to 0 .15A/cm2
A16061

-4g/l electrolyte

Sample

Counter electrode
(Cathode)
Electrolyte

Figure 3.2 Schematic diagram of the PEO treatment setup.
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Table 3.5 Process parameters for PEO treatment of A16061 (For A 13, A23 and A 21-A lx
processes, the current density was switched at U= 500V).
Electrolyte

Current

concentration

density

(g/1)

(A/cm2)

A ll

4

A12

Termination

Treatment

Thickness of

voltage (V)

time (min)

Coating (pm)

0.1

540

31

-2 0

4

0.15

540

16

-1 2

A13

4

0.1-0.15

540

23

-1 8

A21

8

0.1

540

40

-5 0

A22

8

0.15

540

20

-5 0

A23

8

0.1-0.15

540

33

-5 0

Sample #

A 21-A ll

(8, 0.1) - ( 4 , 0.1)

540

29

-2 5

A21-A12

(8, 0.1)--(4 , 0.15)

540

20

-25

Table 3.6 Process parameters for PEO treatment of A1319 (For B13, B23 and B 21-B lx
processes, the current density was switched at U= 500V).
Electrolyte

Current

Termination

concentration

density

voltage (V)

(g/D

(A/cm2)

B ll

4

0.1

B12

4

B13

Treatment

Thickness of

time (min)

coating (pm)

540

43

-2 0

0.15

540

18

-1 2

4

0.1-0.15

540

24

-1 6

B21

8

0.1

520

45

-3 0

B22

8

0.15

520

20

-3 0

B23

8

0.1-0.15

520

32

-3 0

Sample #

B21-B11

(8, 0 .1 ) - - ( 4 , 0.1)

540

50

-3 0

B21-B12

(8, 0 .1 ) - (4, 0.15)

540

40

-3 0
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3.4 Characterization of substrates and coatings
3.4.1 Morphological characterization
A Buehler optical microscope with an image analysis system (Figure 3,3) and a JEOL
JSM-5800LV scanning electron microscope (SEM) (Figure 3,4) were used for the
metallographic observation of the substrates and coatings. The coating thickness and
uniformity were also determined by SEM observations of sample cross-sections. All
coating surfaces and cross-sectional specimens were sputtered with a thin gold layer to
make them conductive prior to SEM examination. The SEM was operated at an
accelerating voltage 15KV.

a #

j t ,
a

Figure 3.3 Buehler optical microscope model 2002
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Figure 3.4 Scanning electron microscope (JEOL Model JSM-5800LV)

3.4.2 Microhardness
A Buehler Micromet II Hardness Tester was used to measure the Vickers hardness of
the samples. The microhardness of the substrates and anodized specimens were measured
using a lOg load for both surface and the coating cross-section. The hardnesses of the
PEO treated samples were measured using a 25g load on the cross-sectional specimens.
Each hardness value given is an average of four test values.

3.4.3 Surface roughness
The surface roughness (Ra) was measured using a stylus type surface profilometer
(Mitutoya Surftest SJ-201P). Each roughness value given was an average of four test
values. The accuracy of the roughness tests is 0.01 pm.

3.5 Electrochemical testing
3.5.1. Test procedures
Cyclic potentiodynamic polarization tests were performed to study the general
corrosion properties of the substrates and the as- fabricated coatings at a temperature of
about 25 °C. A Solartron 1285 Potentiostat (with a Corrware software) and a conventional
three-electrode cell were employed for the corrosion tests. A specimen with an exposed
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area of 1.0 cm2 was the working electrode; a saturated calomel electrode (SCE) served as
the reference electrode; a platinum rod was used as the counter electrode. The ratio of the
volume of test solution to the sample contact area was 200 ml/cm2. All potentials are
given with respect to the SCE. Figures 3.5 and 3.6 show a schematic and actual view of
the corrosion test system. The different test solutions used in this study are listed in Table
3.7.
Before conducting the potentiodynamic polarization tests, the electrodes were placed
in the test solutions under open circuit potential (OCP) for at least 20mins. After the
electrochemical testing system was stable (the OCP reached a stationary value), the
measurements were carried out in the test solution at a scan rate of 2mV/s for 1 cycle. The
cyclic polarization curves were recorded from a potential of -1.0V to 1.0V, and back to 1.0V (vs. SCE).

Potentiostat
Counter Electrode

CE RE WE

Computer

Reference Electrod<
Sample

Figure 3.5 Schematic diagram of the electrochemical corrosion test system.
CE: counter electrode, RE: reference electrode, WE: working electrode.
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Connection
Cable

L

Threeelectrode
cell

Potentiostat
Figure 3.6 The view of the electrochemical corrosion test system.

Table 3.7 Corrosion test solutions used in this project
Test
E85
3.5wt.% NaCl
E100
solutions
NaCl, distilled
85% ethanol, 15%
Ethanol
Composition
water
gasoline by volume

E30
30% ethanol, 70%
gasoline by volume

3.5.2 Determination of corrosion current density and corrosion potential
Following the potentiodynamic polarization testing, the corrosion current densities
were determined by linear extrapolation of the polarization curves, and the polarization
resistance of the specimens was calculated for comparison.
The corrosion current density

(Icorr),

and the corrosion potential

( E corr, also

referred as

the open circuit potential OCP) are determined by extrapolation of linear parts of the
polarization curves, as illustrated in Figure 3.7. The regions of linearity (with slopes [)a
and pc) are referred to as the Tafel regions. The intersection point between the
extrapolated regions gives the values of
polarization resistance at

E corr,

ICOiT

and

E COrr-

Based on the approximate linear

the polarization resistance (Rp) values were determined

using the relationship [12]:

RP=

PaPc
2-31corr (Pa + P c)

(3.1)
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T

Observed anodic
polarization plot
anodic Tafel slope ( f3u )
'c o r r

cathodic Tafel slope (/? )
Observed cathodic
polarization plot

I,■ corr

Log current density —>

Figure 3.7. Determination of corrosion current density by extrapolation
of linear parts of the polarization curve. Lorr is the corrosion current
density, Ecorr is the corrosion potential [37].

According to Faraday’s law, the corrosion current density is related to the corrosion
rate (r) by the relationship [42]:

nF

(3.2)

where F is the Faraday’s constant (96500 coulombs/equivalent), a is the atomic weight,
and n is the number of electrons exchanged.
From equations (3.1) and (3.2), it can be seen that the there is an inverse
proportionality between the polarization resistance Rp and the corrosion rate r. Thus, the
higher Rp, the lower is the corrosion rate.
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION I:
Anodizing of AI6061 and AI319

As described in Chapter 3, anodized coatings were deposited on the A16061 and
A1319 alloys using the processing parameters detailed in Table 3.4. In this chapter, the
microstructure and the corrosion properties of the anodized A16061 and A1319 alloys are
characterized and analyzed.

4.1 Coatings characterization
4.1.1 Morphology of specimens before and after corrosion testing
Figure 4.1 presents SEM micrographs of the Al alloy substrates, both before (Figures
4.1 a and c) and after (Figures 4.1 b and d) corrosion testing. Before corrosion testing, the
surface of the A16061 substrate was smooth. A typical modified silicon eutectic structure
and surface porosity (pores of 2-4pm) were observed in the A1319 alloy (Figure 4.1(c)).
After the corrosion testing, large corrosion craters could be observed by the naked eye on
the surface of the bare Al alloys, and the color of the substrate surface turned from
silver-like to black. The SEM observations, Figures 4.1 (b) and (d) confirmed that the
substrates suffered severe corrosion. Large corrosion pits are evident on the surface of the
substrates after the corrosion testing. These resulted from the fact that the thin protective
oxide film on the uncoated substrate surface was broken down during the corrosion
process [12].
On the other hand, the surfaces of the anodized samples did not show any obvious
localized corrosion after the testing (Figure 4.2). It is seen that a smooth, dense coating
was obtained on the anodized Al 6061 alloy. During the corrosion testing, the anodized
A16061 coating experienced general corrosion which resulted in a slight loosening of the
coating surface, especially along the polishing direction. However, no localized corrosion
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pits were observed. The anodic coating on A1319 alloy shows a different surface
microstructure in that the oxide layer was uneven. From the work of Li et al [63] on a
hypereutectic Al-Si alloy, it is known that in areas containing no Al-phase, or with the
Al-phase as a minor constituent, the Si particles are directly incorporated into the film
with very limited, or no, oxidation. Thus, the anodic coating on the A1319 alloy has poor
coverage over the Si particles that are exposed at the surface. The surface of the anodized
A1319 coating shows little change after corrosion testing.

Al -Si e u t e e l i e

Figure 4.1 SEM micrographs of the (a, b) A16061 alloy, and (c, d) Al 319 alloy, before
(left) and after (right) corrosion in a 3.5wt.% NaCl solution.
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Figure 4.2 SEM micrographs of anodized oxide coatings on (a, b) A16061, and
(c, d) Al 319 alloys, before (left) and after (right) corrosion in a 3.5wt.% NaCl solution.

4.1.2 Cross-sectional structure of coatings
Figure 4.3 shows the oxide cross-section morphologies of the anodized coatings on
the A16061 and A1319 alloys. The oxide layers formed on the A16061 substrate were of
relatively uniform thickness (about 25 pm) and the substrate/ oxide interface was quite
smooth. In the case of A1319 substrate, silicon was present in the oxide layer; there was a
scalloped substrate/oxide interface and a non-uniform oxide layer (Figure 4.3(b)). A
continuous anodic film (with thickness of about 12pm) is developed in areas free from
second-phase particles (mainly Si), but the continuity of the coating layer was disturbed
by the large silicon particles entrapped in the oxide layer. These disturbed sites would not
efficiently block the penetration of the corrosion medium and might be the “weak” points
at which pits initiate.

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

It is believed that during anodizing, the oxidation of the individual silicon particles
proceeds at a significantly reduced rate compared to that of the aluminum matrix. The
more rapid oxidation of the matrix leads to encroachment by the porous anodic oxide
beneath the Si particle and eventual occlusion of the particle in the anodic film [63]. The
cross-sectional micrographs thus support the surface morphological observations. The
discontinuous nature of the anodized coating on the A1319 alloy would not be beneficial
to the long-term corrosion protection properties of the coating.

HHRHHj

MWWHBI

25 pm

CA1 6061
50 pm

12pm

Al 319
-j
so pm

Figure 4.3 Optical micrographs of anodized coating cross-sections formed on
(a) A16061 alloy, (b) A1319 alloy

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.2 Microhardness and surface roughness of coatings
Table 4.1 summarizes the hardness and surface roughness of the anodized coatings on
the A16061 and A1319 alloys. For comparison, the hardness of the substrates is also given.
It is seen that the hardness values of the anodized A16061 and anodized A1319 are both
much higher than the substrates. The Si particles in the A1319 alloy give rise to both a
higher hardness and surface roughness for the anodized sample than for the anodized
A16061 alloy.

Table 4.1 Surface roughness and hardness of anodized coatings on A16061 and A1319
alloys
Coating

Anodized A16061

Anodized A1319

A16061

A1319

Hardness(HVo.oi)

215.3

263.0

76.2

87.0

Roughness (pm)

0.4

1.15

0.3

0.5

4.3 Corrosion behaviour of the substrates and anodized coatings in a
3.5wt.% NaCl solution
Comparison of the corrosion inhibition properties of the coatings can best be
evaluated by performing cyclic potentiodynamic polarization measurements [76]. The
potentiodynamic polarization curves for the anodized and bare A16061 and A1319 alloys
in a 3.5% NaCl solution are shown in Figure 4.4.
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1.0E-06

1.0E-04

1.0E-02

1.0E+00

Log i (A/cm2)
Figure 4.4. Cyclic Potentiodynamic polarization curves recorded in 3.5% NaCl solution
of the bare Al alloys and the anodized coatings on (a) A16061 alloy, and (b) Al 319 alloy.

It can readily be seen that both Al alloys show a behavior typical of anodic
dissolution with pitting commencing at potentials below 0V vs
coating shifted the corrosion potential

E corr

S C E .

The anodized

to more positive values than the bare alloys,

indicating the passive nature of these coatings. In particular, as shown in Figure 4.4 (a),
the anodized A16061 coating showed a small forward hysteresis loop at a potential above
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-0.4V vs SCE, and a dramatic effect in suppressing the anodic currents by about two
orders of magnitude when compared to the bare A16061. The decrease in current density
means that the pitting is stabilized. Generally, from the potentiodynamic polarization
curve (E-log I plot), the protection potential (Eprot) for the alloys under investigation can
be obtained, as well as

E corr.

Eprot is important for materials subjected to thermal and

mechanical stress, in which there is localized oxide damage which is then responsible for
pitting initiation. Eprot was obtained at the crossing point between the reverse scan and the
forward scan. This condition is assumed to be the new passive state for the previously
formed pits. Additionally, in a cyclic potentiodynamic curve, a narrow hysteresis loop is
the indicative of a low susceptibility of an alloy to the localized attack in a given
environment [77]. Therefore, the narrow forward hysterisis loop exhibited by anodized
A16061 indicated a rapid achievement of the new passivity conditions with a high
localized corrosion resistance. As shown in Figure 4.4(a), Eprot of the anodized A16061 is
about -0.3V vs. SCE. For the anodized coating on the A1319 alloy, no protection potential
was observed. However, the corrosion protection efficiency of the anodic coatings was
also evident from the more positive corrosion potential, the lower corrosion current
density, as well as the shift to a lower current region than the bare A1319 alloy.
Corrosion potentials, corrosion current densities and anodic/cathodic Tafel slopes (pa
and pc) were obtained from these results. The polarization resistance (Rp) values were
determined using the relationship described in Chapter 3 [12]:

A L
2 -3 h o rriP a

+A)

A summary of the potentiodynamic corrosion test results in a 3.5wt.% NaCl solution
is given in Table 4.2. The data clearly show the enhanced corrosion protection afforded by
the coatings. Both coated samples exhibited a higher corrosion resistance than the A1
alloy substrates, especially for the anodized A16061 where the corrosion resistance is
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increased by more than two orders of magnitudes. For A16061 alloy, the corrosion
potential Ecorr and the corrosion resistance R/(, increased from -0.1 A3 V and 1.33 X 104 £3
/cm2, for the substrate, to -0.539 V and 1.48 X 106 O/cm2, for the anodized A16061. In
the case of the A1319 alloy, Ecorr and the corrosion resistance R/(, increased from -0.760 V
and 9.56X 103 £3/cm2, for the substrate, to -0.730 V and 1.36X 105 £3/cm2, for the
anodized A1319.

Table 4.2 The cyclic potentiodynamic corrosion results of anodized and bare metals in a
3.5wt.% NaCl solution
Samples

Anodized A16061 A1 6061

Anodized A1319

A1319

Ec„rr, V

-0.539

-0.743

-0.730

-0.760

Icorr, X 10"7A/Cm2

0.074

8.265

1.003

10.120

0 a, X 10 1W decade

0.650

0.309

0.466

0.272

0 c, X 1 0 1V/ decade

0.408

1.392

0.949

1.23

1480.50

13.30

135.84

9.56

Rp , X 103 £3/cm2

4.4 Summary
Anodized coatings were electrochemically deposited on both A16061 and A1319
alloys. The anodized coatings provided improved corrosion resistance to both alloys when
exposed to a 3.5wt.% NaCl solution. The anodized coating on the A16061 alloy is smooth
and dense with a thickness of about 25pm and a surface roughness of 0.4pm. The
continuity of the anodized coating on the A1319 was disturbed by large silicon particles at
the alloy/oxide interface that had undergone limited oxidation. This discontinuous feature
would be deleterious to the long-term corrosion protection efficiency of the anodized
coating on the A1319 alloy. Both anodized coatings are harder than their respective
substrates. The Si particles in the A1319 alloy also contributed to a higher hardness and
surface roughness for the anodized coating than for the A16061 alloy.
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CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION II:
DC PEO process for coating AI6061 alloy
A DC PEO treatment was conducted on the A16061 alloy using the process
parameters given in Table 3.5. In this chapter, the voltage variation during the DC PEO
processes under different parameters is described. The effects of the process parameters
(current density, electrolyte concentration, treatment time) on the formation and
properties of the PEO coatings are described. The microstructures, as well as the hardness
and surface roughness of the coatings are characterized, and the corrosion behavior of the
PEO coatings in a 3.5wt.% NaCl solution is determined.

5.1 Voltage variation during DC PEO processes
The dependency of the anode voltage (V) on the PEO treatment time (t) obtained at
various preset current densities and electrolyte concentrations for the A16061 alloy are
shown in Figure 5.1. For the 8g/l electrolyte, the voltage rose rapidly to above 400V in
less than one minute. This stage represents the maximum voltage change rate,
corresponding to a conventional aluminium anodizing process. When the voltage was
further increased and was over a critical value (above the dielectric strength of the oxides
~104V/mm [15]), the anodic film underwent dielectric breakdown, and small sparks were
generated which facilitated the continued growth of the oxide film. As coating progressed,
the rate of voltage increase gradually slows down, indicating a decrease in the oxide film
growth rate. During this stage, a steady-state plasma condition was established, and a
complex process with chemical combination and dissolution promoted the film growth.
When the voltage exceeded somewhere between 540V to about 550V, a few isolated
powerful white sparks occurred on the sample surface. Since these sparks cause harmful
effects such as thermal cracking of the coating, the process was terminated when the
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voltage reached 540V.
In the 8g/l electrolyte, it was found that the rate of voltage increase is larger at a
higher current density than at a lower current density. This implies that a higher current
density generates a higher electrical field strength and more electrical charge within a unit
time. Thus, in the same electrolyte, the rate of voltage increase is accelerated, and the
total treatment time is shortened as the current density increases. Similar phenomena were
observed for the process in a 4g/l electrolyte except that at the same current densities, the
rate of voltage increase in the 4g/l electrolyte is much higher than in the 8g/l electrolyte.
Thus, the voltage ramped to above 440V within one minute for the 4g/l electrolyte.

As

can be seen in Figure 5.1 (a), when a 0.1 A/cm current density was used, the voltage rose
to 540V in about 30 minutes in the 4g/l electrolyte, which is ten minutes shorter than for
the 8g/l electrolyte.

Table 3.5 Process parameters for PEO treatment of A16061 (For A13, A23 and A 21-A lx
processes, the current density and electrolyte was switched at U= 500V).
Electrolyte

Current

concentration

density

(g/1)

(A/cm2)

A ll

4

A12

Termination

Treatment

Thickness of

voltage (V)

time (min)

Coating (pm)

0.1

540

31

-2 0

4

0.15

540

16

-1 2

A13

4

0.1-0.15

540

23

-1 8

A21

8

0.1

540

40

-5 0

A22

8

0.15

540

20

-5 0

A23

8

0.1-0.15

540

33

-5 0

Sample #

A 21-A ll

(8, 0.1) - ( 4 , 0.1)

540

29

-25

A21-A12

(8, 0.1)--(4 , 0.15)

540

20

-2 5
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Figure 5.1 Plots of Voltage (V) vs. treatment time (t) during the DC PEO treatment
of A16061 alloy at (a) 4g/l, and (b) 8g/l Na2Si03 electrolytes.

In order to obtain better coatings and an enhanced process efficiency, the current
density and electrolyte concentration were switched during the PEO process when the
voltage reached 500V. In this series, the substrates were first treated using the A21
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process parameters (8g/l electrolyte and 0.1 A/cm2 current density), and when the voltage
reached 500V, the process was switched to either the A ll (4g/l electrolyte and 0.1 A/cm2
current density) or A 12 (4g/l electrolyte concentration and 0.15A/cm2 current density)
processes, until the voltage reached 540V. As shown in Figure 5.1, in both the 4g/l and
8g/l electrolytes, the rate of voltage increase in the A13 and A23 processes was slightly
higher than in the processes without a switch ( A ll and A21). In the processes with both
electrolyte and current density switching from A21 (8g/l, 0.1 A/cm2) to A 12 (4g/l,
0.15A/cm2), the voltage increased quickly to 540V in one minute after switching. The
total time for the process A21-A11 to reach the final 540V voltage is also much shorter
than the process without a switch (A21). These results provide further evidence that a
higher current density and a lower concentration electrolyte give rise to a higher rate of
voltage increase.

5.2 Coating structures
5.2.1 Surface morphology
Figure 5.2 shows the surface features of PEO treated A16061 for different process
parameters. It is seen that the A lx samples (on the left) are relatively dense at the surface
while all the A2x samples (on the right) exhibit a coarse structure to the surface layer. The
similar surface morphology of all samples from each series is thought to be caused by a
similar effect from the localized melting during the coating process. As shown in Figure
5.2, the Alx samples (treated in a 4g/l electrolyte) clearly show the presence of discharge
channels which appear as dark circular/elliptical spots (indicated by arrows) distributed
over the surface of the coatings. The coatings are typically characterized by the presence
of molten regions (white particles) that were rapidly solidified around the discharge
channels. During the PEO process, when the electric field strength in the oxide film
reached a critical value beyond which the film was broken, a localized melt channel was
formed in the oxide layer as a result of loss in its dielectric stability in a region of low
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conductivity. Plasma thermochemical reactions took place in these channels. Due to the
strong electric field and the high temperature, molten alumina was ejected from the
channels into the coating surface and rapidly solidified around these discharge channels.
Further discharges occur at a multitude of locations across the surface and the coating is
gradually thickened and densified [15, 71]. The A13 sample (Figure 5.2 (c)) shows a
pancake structure wherein the centre of each pancake was a discharge channel through
which the molten alumina flowed out of the channel and rapidly solidified leaving sharp,
distinct boundaries that delineate each pancake.
Compared to the A lx coatings obtained in 4g/l electrolytes, the coating surface of
the A2x samples (treated in 8g/l electrolytes) was much rougher. It is believed that the
proportion of large and extra-large microdischarges increases with coating thickness
growth in the later stages of the PEO process, and that the formation of oxide layer was
affected by the multiple short-term thermal-chemical impacts from the plasma discharge
to the sample surface [78], From Table 3.5, it can be seen that at the same final voltage of
540V, the coatings obtained in a 8g/l electrolyte have a higher thickness than those
formed in a 4g/l electrolyte. This indicates that increasing the silicate concentration of the
electrolyte leads to an enhancement of the coating growth on the sample surface.
However, the faster layer growth also causes an enlargement of some microdischarges.
When the substrate was treated in a 8g/l electrolyte, larger discharges and more intensive
gas bubble evolution were observed than in a 4g/l electrolyte. This would normally
promote the formation of a coarser structure [15, 78].
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Figure 5.2 SEM micrographs of coating surfaces of (a) A ll, (b) A12, (c) A13, and
(d) A21, (e) A22, (f) A23. It is seen that the A lx samples (on the left) are relatively
dense at the surface while all the A2x samples (on the right) exhibit a coarse
structure to the surface layer. The arrows indicate the presence of discharge
channels which appear as dark circular/elliptical spots distributed over the surface
of the coatings.
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5.2.2 Cross-sectional structures of coatings
Figure 5.3(a-f) presents cross-sectional micrographs of the PEO coatings produced
using different process parameters. The cross-sectional micrographs support the
morphological features seen on the surfaces (Figure 5.2). Dense continuous oxides with
thicknesses from 12 pm (A 12 sample) to 20 pm (A ll sample) were observed for all the
coatings produced with the lower concentration electrolyte (4g/l). The thinnest coating
was on A 12 and that is thought to be due to the short treatment time (only 16mins).
Compared to the A lx coatings, all A2x samples (produced in a 8g/l electrolyte) have
thicker coatings with non-uniform cross-sections. Raising the silicate concentration in the
electrolyte has led to accelerated coating growth: the high concentration electrolyte
supplies more Si and O, which accelerates the combination of Al-O in the coatings with
Si-O in the electrolyte. The porous top layer in the coating is responsible for the rougher
surface as shown in Figure 5.2.

A through-coating defect (thermal crack) was observed

in the A22 sample (the arrow area in Figure 5.3 (e)). The thermal crack might be caused
by the localized overheating when the active powerful microdischarges concentrated in a
certain area of the sample surface.
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Figure 5.3 Cross-sectional micrographs of the oxide coatings produced in 4g/l (left),
and 8g/l (right) electrolytes with current density as: (a,d) 0.1 A/cm2, (b, e) 0.15A/cm2,
(c,f) 0.1-0.15A/cm2 (Final voltage =540V, current density switch point: U=500V)

It worth noting that, in Figure 5.3, coatings A13 and A23 show an obvious sandwich
structure with a dense inner oxide layer (the areas shown by arrows in Figures 5.3(c, f)) in
the cross-sectional micrographs. The subtle detail of this coating structure is shown in
Figure 5.4. Compared to the A21 and A22 coatings, a thick dense internal layer (with a
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thickness of about 15 jam) and a porous outer layer (with pore diameters ranging from
2-10 pm) were formed in the A23 coating. This type of structure is believed to be the
result of the current density switch. The dense inner layer should work as a diffusion
barrier to enhance the corrosion resistance of this particular coating.

Outer la
Inner la'

Figure 5.4 The magnified cross-section micrograph of A23

Having noted the significant topography differences between the A lx series and A2x
series samples, a further series of tests, A21-A11 and A21-A12, were conducted to
investigate the effect of electrolyte concentration and current density switches on the
coating characteristics. These results showed that process switching produced improved
coatings compared to those without switching, both in terms of the coating surface and
the

cross-sectional

structures.

Figure

5.5

shows

the

surface

morphology

and

cross-sectional microstructures of these two coatings. Compared to the A21 coating,
which was produced without parameter switches, and is shown in Figure 5.2 (d), the
A21-A11 and A21-A12 coatings are much denser and smoother with little porosity
evident in the surface. This indicates that process parameter switching produces a
modified structure. Figure 5.6 shows the magnified cross-sectional microstructure of the
A21-A12 sample. A sandwich structure is also observed in the cross-section of this
coating. Compared to the structure of A23 sample, which was produced with only current
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density switching (Figure 5.4), the outer layer in the A21-A12 sample is denser and more
continuous because of the electrolyte switching from a higher concentration to a lower
concentration. The cross-sectional structure explains the dense surface of this coating.
This type of structure would be beneficial for enhanced corrosion protection.

Figure 5.5 Surface and cross-section micrographs of (a, b) A21-A11,
and (c,d) A21-A12. Dense and continuous coating layer were obtained
on both coatings.
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Figure 5.6 The magnified cross-section micrograph of A21-A12. A dense outer layer was
observed in the coating.

Figure 5.7 shows the relationship between the coating thickness and the treatment
time for different process parameters. For the same final voltage, the coatings produced in
a 8g/l electrolyte has approximately a same thickness (about 50pm) regardless of
treatment time (for treatment times from 20 to 40mins). The coating growth rate ranges
from l.25 pm/min (A21) to 2.5pm/min (A22). However, the rougher coatings contributed
to larger standard errors in the thickness values. On the other hand, the thickness of the
coatings obtained in a 4g/l electrolyte is lower (below 20 pm) with smaller standard errors,
and the coating growth rate ranges from 0.65pm/min (A ll) to 0.78pm/min (A13). It was
also seen that the coating obtained with a higher current density (0.15A/cm2) and the
shortest treatment duration (16mins) had the smallest thickness (about 12pm). The
coatings A21-A11 and A21-A12 that were produced with a parameter switch had similar
thicknesses (25 pm) with little thickness variation. The coating growth rate of these two
processes is 0.86pm/min (A21-A11) and 1.25pm/min (A21-A12), respectively. These
results indicate that the electrolyte concentration has a significant influence on the coating
growth. A higher concentration contributes to a higher coating growth rate. In a lower
concentration electrolyte, the effects of current density and treatment time on the
thickness of coatings are more pronounced than in a higher concentration electrolyte.
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Figure 5.7 Relationships between the coating thickness and treatment time for different
process parameters

5.3 Hardness and surface roughness of PEO coatings
Figures 5.8(a) and (b) present the hardness and surface roughness values for the PEO
coatings. Compared to the substrate hardness (H V 0.oi= 76 . 2 ), it is obvious that all the
oxide coatings (with hardness values ranging from 1300 to 1700 HV0.025) provided
significant hardening. According to previous work, PEO coatings consist mainly of yAI2O 3 and a -AI2O 3 [12]. A small amount of silicon may exist in the coatings in the form
of a mullite phase (3 Al2 0 3 *2 Si0 2 ) [15], which was created from the electrolyte
constituents (i.e. sodium silicate) during the plasma chemical reaction. The maximum
hardness value for coatings based on a -AI2O 3 is about 17 to 22 GPa, for the y-phase
AI2O 3 is 10 to 15 GPa and for the mullite phase is 4 to 9 GPa. The hard alumina phases in
the PEO coatings contribute to the high hardness values of these coatings.
The coatings produced in the

8 g/l

electrolytes have a slightly lower hardness than

those produced in the lower concentration electrolytes. It has been reported that an
increase in the silicon content of the electrolyte enhances the growth rate of the PEO
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coatings, but also promotes the formation of softer alumina-silicate phase (Al-Si-O) in the
coating, thereby reducing the coating hardness. On the other hand, the relative proportion
of the harder a- alumina is increased by raising the current density [15, 79]. As seen in
Figure 5.8(a), the A12 sample, which was produced in 4g/l electrolyte with a 0.15 A/cm2
current density, shows the highest hardness value (HVo.o25= 1702.5) among the PEO
coatings.
Figure 5.8(b) indicates that the coatings produced in 8g/l electrolytes have higher
surface roughness values than those produced in 4g/l electrolytes. The roughness of
former (8g/l) is around 11pm and latter (4g/l) is about 2.5pm. This implies that the
electrolyte concentration has a significant effect on surface roughness. However, the
current density does not appear to have a strong effect on the roughness when the coatings
are prepared in a given electrolyte. The surface roughness results are consistent with the
SEM observations of these coatings. For the coatings A21-A11 and A21-A12, that were
produced in processes with a parameter switch, their roughness and hardness are very
similar at about Ra= 5pm and H V 0.o25l 400 .
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Figure 5.8 The hardness (a), and surface roughness (b) values of the PEO
coatings on A16061

5.4 Corrosion protection properties of PEO coatings on AI6061 alloy
Figure 5.9 shows the cyclic potentiodynamic polarization curves of the PEO treated
A16061 coatings in a 3.5% NaCl solution. It can be seen that the corrosion potentials of
the PEO coatings were slightly more positive than that of the bare A1 alloy, while there
was a significant decrease in the corrosion current densities for the PEO coatings
compared to the substrate. In the case of the A12 sample, the corrosion current density
was about two orders of magnitude lower than that of the substrate. Compared to the
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behavior of severely corroded substrate as previously shown in Figure 4.1 (a, b), the PEO
treated samples were more stable during the polarization testing, and the hysteresis in the
reverse scan shifted to a lower current region than for the substrate. These results
demonstrate the improved corrosion protection efficiency of the PEO coatings.
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Figure 5.9 Potentiodynamic polarization curves of PEO treated A16061 coatings in a 3.5%
NaCl solution

A summary of the corrosion testing results of the PEO coatings in the 3.5wt.% NaCl
solution is given in Table 5.1. The polarization resistance (Rp) values of these coatings
were calculated based on the relationship of (3.1).
Obviously, compared to the corrosion results for the bare A1 alloy as shown in Table
4.2, all the PEO coatings show improved corrosion resistance over the substrates (Rp=
-5

■y

13.30X 10 Q /c m ) indicating lower corrosion rates. However, it is noteworthy that,
although the A ll sample has a higher corrosion resistance, it suffered pitting corrosion
during the reverse scan of the corrosion testing (Figure 4.9 (a)). The reason might be that
the coating formed on the A ll sample is too thin and not uniform enough to sustain the
greater corrosion activity during the applied anodic potential. On the other hand, the A12
sample, which shows the highest corrosion resistance value of 279.36xl03 Q/cm2
(increased by more than 20 times compared to the substrate), didn’t show a similar
corrosion failure as observed for the A ll sample, although it had a smaller thicknesses
(12pm). The better corrosion performance of A12 can be attributed to its lower surface
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roughness. In addition, it is noted that the thick A21, A22 coatings (about 50pm) showed
the lowest corrosion resistance among all the PEO coatings. This result must be related to
their coating microstructures. A thicker coating requires a higher breakdown voltage and
allows more energy accumulation. More defects in the coatings (see Figure 5.2 and 5.3),
such as microcracks and pores, might act as paths for the corrosion medium to enter into
the coating, and can subsequently lead to a decrease in the corrosion resistance of the
coating. Obviously, a thicker coating with more structural defects shows a poorer
corrosion resistance than a thinner one with fewer defects. Comparatively, the coatings
produced with a parameter switch (A23, A 2 1 -A ll, A21-A12) showed much higher
corrosion resistances than the A21 and A22 coatings. The uniform and dense internal
layers in these coatings (see Figures 5.5 and 5.7) appear to act as diffusion barrier layers
which slowed down the intrusion of the electrolyte through the coatings to reach the
surface, and hence give some benefit in terms of an enhanced corrosion performance.
Table 5.1. The cyclic potentiodynamic corrosion results for PEO A16061 coatings in a
3.5wt.% NaCl solution
F
J-'corr?

Icorr,

$ ai

V

X ] 0'7A/cm2

X 10'1V/ decade

X 1 0 1V/decade

X 103 S /c m 2

A ll

-0.677

0.705

0.463

0.404

133.01

A12

-0.744

0.746

0.697

1.532

279.36

A13

-0.705

1.828

0.497

0.577

63.52

A21

-0.708

6.569

0.679

1.030

27.10

A22

-0.768

2.563

0.505

0.633

47.63

A23

-0.725

1.148

0.364

0.686

90.10

A21-A11

-0.733

0.836

0.355

0.638

118.6

A21-A12

-0.735

0.388

0.372

0.583

254.636

Samples

RP,
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In summary, all the coating characteristics including the surface roughness, coating
thickness and uniformity, affect the corrosion properties of the coating: A thick, uniform
and dense coating is the most beneficial for corrosion protection. However, although the
PEO coatings have improved corrosion properties compared to the bare A16061 alloy, the
corrosion resistances of the PEO coatings produced on A16061 are inferior to the
anodized coatings (Table 4.2) in a 3.5% NaCl solution. The much smoother surface (Ra =
0.4pm) and dense anodized coating on the A16061 alloy must contribute to its better
corrosion performance. However, given the effects of coating thickness, roughness and
uniformity on the corrosion properties, by modifying the process parameters, e.g.
extending the treatment time for the A12 process, it is believed that the PEO process
could be used to produce an oxide coating with better corrosion performance than the
anodized coatings on the A16061 alloy.

5.5 Summary
Hard oxide coatings were produced on an A16061 alloy by the DC PEO technique
under different process parameters. In the same electrolyte, the rate of voltage rise is
increased when the current density is increased. At the same current density, the rate of
voltage rise decreases with increasing electrolyte concentration. For the same final
voltage of 540V, a PEO process in a 8g/l electrolyte can produce a non-uniform oxide
coating with a 50pm thickness and higher coating growth rate. The PEO coatings
produced in a 4g/l electrolyte are thinner (below 20 pm) with lower coating growth rate.
However, the surface roughness is less and the hardness is slightly higher than those
coatings produced in the 8g/l electrolytes. Compared to electrolyte concentration, the
current density effect on coating thickness, surface roughness and hardness was not
significant. All PEO coatings possess enhanced corrosion resistance compared to the bare
A16061 alloy. A process parameter switch generated smooth and dense coatings with
modified microstructural characteristics and improved corrosion resistance.
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CHAPTER 6 EXPERIMENTAL RESULTS AND DISCUSSION III:
DC PEO process for coating AI319 alloy

DC PEO treatment was conducted on an A1319 alloy using the process parameters
shown in Table 3.6. In this chapter, the voltage variation during the DC PEO A1319
process for different process parameters is described. The effects of the process
parameters (current density, electrolyte concentration, treatment time) on the formation
and properties of the PEO A1319 coatings are described. The microstructures, as well as
the hardness and surface roughness of the coatings are characterized. The corrosion
resistance of these PEO coatings in a 3.5wt.% NaCl solution is determined.

6.1 Voltage variation during DC PEO processes
Figure 6.1 shows the dependency of the voltage (U) on the PEO treatment time (t)
obtained at various preset current densities and electrolyte concentrations during the DC
PEO treatment of the A1319 alloy.

As can be seen, the U-t relationship obtained for the

PEO treatment of the A1319 alloy is similar to that for the A16061 alloy. In both
electrolytes, the rate of voltage increase is larger at a higher current density than at a
lower current density. At the same current densities, the rate of voltage increase in the 4g/l
electrolyte is much higher than in the 8g/l electrolyte. Compared to the PEO process for
the A16061 (Table 3.5 and Figure 5.1), it was found that the rate of voltage increase for
the A1319 was lower than that for A16061, especially in a higher concentration electrolyte.
For the A1319 alloy, the voltage increased to 540V in 43 minutes in a 4g/l electrolyte at a
0.1 A/cm current density, while for the same electrolyte and the same current density, it
just took 31 minutes for the A16061 alloy to reach the same voltage. In addition,
compared to PEO A16061 treatment that powerful white arcs occurred at about U=
540-550V, powerful white sparks initiated at about U= 525V on the A1319 sample surface.
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Beyond this voltage, the PEO coating on A1319 was destructively broken down with a
corresponding voltage drop-off. Therefore, the B2x process (in 8g/l electrolyte) for the
A1319 substrate was terminated when the voltage reached 520V.

Table 3.6 Process parameters for PEO treatment of A1319 (For B13, B23 and B 21-B lx
processes, the current density was switched at U= 500V).
Current

Termination

concentration

density

voltage (V)

(g/D

(A/cm2)

B ll

4

0.1

B12

4

B13

Treatment

Thickness of

time (min)

coating (pm)

540

43

-2 0

0.15

540

18

-1 2

4

0.1-0.15

540

24

-1 6

B21

8

0.1

520

45

-3 0

B22

8

0.15

520

20

-3 0

B23

8

0.1-0.15

520

32

o
i

Electrolyte
Sample #

B21-B11

(8,0.1) - - (4,0.1)

540

50

-3 0

B21-B12

(8, 0 .1 ) - (4, 0.15)

540

40

-3 0
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Figure 6.1 Plots of Voltages (V) vs. treatment time (t) during the DC PEO treatment of
A1319 alloy at (a) 4g/l, and (b) 8g/l Na2S i0 3 electrolytes.
For the same process parameters, the rate of voltage increase was lower for the PEO
A1319 alloy than for the A16061 alloy. This indicated that the oxide film was more readily
formed on the A16061 alloy than on the A1319 alloy. This might be caused by the Si-phase
present in the A1319 substrate material. As the coating grew on the A1319 substrate, the
sample first experienced a conventional anodic oxidation stage with a rapid linear
84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

increase in voltage. During this stage, the anodizing process occurred on the aluminium
matrix regions, forming a conventional anodic oxidation film. Since Si particles have low
electrical conductivity (~10-4( Q .m )1), a passivation layer can only be formed on silicon
particles via a chemisorption procss. Compared to silicon, the aluminium matrix is more
likely to be passivated. When the potential reached to a certain value, the anodic oxide
films were broken down. Due to the tip/corner effect of electrical field concentration, a
large micro-arc discharge first takes place at the Al-Si boundary on the alloy surface, and
the rate of voltage increase declines. At the same time, a number of small sparks could
also be observed in the region of the anodized A1 matrix. The region of discharge was
heated up to temperature of 103~104 K [71, 73], which is higher than the melting point of
Si (~1410°C) and SiOx (<1800°C), causing the Si particles in the substrate to partially
melt and mix with the aluminium oxide. Thus, Si-A l-0 compounds start to form in the
silicon regions. Because of the micro-arc discharges, the film grows gradually by plasma
oxidation and fusion of the substrate material. Larger amounts of silicon in the A1319
substrate than in the A16061 alloy substrate resulted in a larger number of discharge sites
on the surface; thus, higher electrical quantities were needed to reach the same electrical
potential. This might explain the lower rate of voltage increase for the A1319 alloy than
for the A16061 alloy. However, since the Si-A l-0 compound in the Si-rich regions had
more defects with a lower melting point and electrical resistance than the aluminium
oxide, the voltage required to break down the coating on the A1319 alloy was lower than
that for the A16061 alloy.

6.2 Coating structures
6.2.1 Surface morphology
Figure 6.2 presents the SEM micrographs of the PEO A1319 coatings produced using
different process parameters. The microstructures of the Blx samples (treated in 4g/l
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electrolyte) show a relatively smooth surface with the presence of circular or elliptical
discharge channels. Plasma thermochemical reactions had taken place in the discharge
channels leading to the ejection of molten oxide materials onto the top surface which
promoted coating growth. Figures 6.2(d)-(f) show rougher surface features on B2x
samples than the B lx samples. Localized overheating was observed on the coating
surface of B21 sample (the areas indicated by arrows).
Compared to the surface of the PEO A16061 coatings obtained for the same process
conditions (Figure 5.2), it is apparent that for the coatings produced in 4g/l electrolytes,
the PEO A1319 coatings have a coarser granular nature than the PEO A16061 coatings,
with larger oxide projections around the discharge channels. According to previous
studies [80], the main component of the larger oxide projections for the A1319 alloy is a
Si-rich compound. During the plasma discharge, large silicon particles were partially
melted and mixed with the aluminium oxide forming Si-A l-0 compounds around the
discharge spots. After the discharge was extinguished at the current spot and moved to
another location, the Si-Al-O compounds solidified and piled up from the surface region
where a much denser aluminium rich oxide formed. Finally, the preferential coating
growth of the silicon rich compound regions resulted in larger projections around the
discharge channels.
The PEO A1319 coatings produced in 8g/l electrolytes (B2x samples, Figure 6.2
right) showed smaller spheroidal projections on the surface than the PEO A16061 coatings.
From Table 3.5 and Table 3.6, it can be seen that the lower termination voltage (520V) of
the PEO A1319 processes in 8g/l electrolytes resulted in thinner coatings than the PEO
A16061 samples produced under the same process conditions. The lower thickness should
be responsible for the smaller spheroidal features on the PEO A1319 coatings.
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Figure 6.2 SEM micrographs of coating surfaces of (a) B ll, (b) B12, (c) B13, and (d)
B21, (e) B22, (f) B23. The A lx samples (on the left) are relatively dense with the
presence of elliptical discharge channels on the surfaces. The A2x samples (on the right)
exhibit a coarse structure to the surface layer. The arrows indicate the localized
overheating on the coating surface.
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6.2.2 Cross-sectional structures of coatings
Figure 6.3 shows the cross-sectional micrographs of the PEO coatings on the A1319
alloy. The coatings produced in 4g/l electrolytes (B lx samples) range from 12-20pm in
thickness, and the B 11 sample (Figure 6.3 (a)) exhibits the thickest coating. The coatings
produced in an 8g/l electrolyte (B2x samples) have a higher thickness of about 30pm. The
cross-sectional features of the coatings were consistent with their surface structures. The
porous, irregular coatings on the B2x samples account for their higher surface roughness.
Thermal cracks were observed in the cross-section of the PEO A1319 coating which was
formed when the active microdischarge sites tend to concentrate in certain areas of the
sample surface. A thick dense internal layer with a thickness of about 18 pm is clearly
observed on the B23 sample (produced with current density switching).

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 6.3 Cross-sectional micrographs of the oxide coatings produced in 4g/l
(left), and 8g/l (right) electrolytes with current density as: (a,d) 0.1 A/cm2, (b, e)
0.15A/cm2, (c,f) 0.1-0.15A/cm2 (current density switch point: U=500V). The
coatings fabricated in 4g/l electrolytes (on the left) are thinner and denser, while
the coatings produced in 8g/l electrolytes (on the right) are thicker and irregular.
Shrinkage voids and thermal crack are observed in the layer of (a).
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The PEO treatment on the A1319 substrate was also conducted under both electrolyte
and current density switching. Figure 6.4 shows the surface and cross-sectional
microstructures of the B21-B11 and B21-B12 coatings. These coatings were obtained by
switching the process parameters from B21 (8g/l electrolyte and 0.1 A/cm2 current density)
at U=500V, to either B l l (4g/l electrolyte and 0.1 A/cm2 current density) or B12 (4g/l
electrolyte and 0.15A/cm2 current density) until the voltage reached 540V. Compared to
the B21 coating (obtained with a final voltage of 520V), which is shown in Figure 6.2 (d),
the B21-B11 and B21-B12 coatings show a relatively smoother surface because of the
electrolyte switch. The thickness of both coatings is about 30 pm. The electrolyte and
current density switch has resulted in a thick inner layer with a relatively uniform dense
outer layer. This type of structure would be beneficial for corrosion protection.

Figure 6.4 Surface and cross-section micrographs of (a, b) B21-B11, and (c, d) B21-B12
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The relationship between the coating thickness and treatment time for different
process parameters is illustrated in Figure 6.5. As found for the A16061 alloy, in a higher
concentration electrolyte, both the current density and the treatment time have an
insignificant effect on the coating thickness (when the voltage is below 520V). while in
lower concentration electrolyte, their effects are significant. In a 4g/l electrolyte, the
coating obtained at a higher current density (0.15A/cm2) and the shortest treatment time
(18mins) has the smallest thickness. However, in a 8g/l electrolyte, the coating thickness
is similar regardless of current density and treatment time (from 20 to 45 minutes). The
coating growth rate of the B lx samples, which were produced in 4g/l electrolytes, range
from 0.46 pm/min (B ll) to 0.66 pm/m in (B12 and B13), while the coating growth rate in
8g/l electrolytes ranges from 0.66 pm/min (B21) to 1.5 pm/min (B22). For the processes
B21-B11 and B21-B12, the coating growth rate is 0.6pm/min and 0.75pm/min,
respectively. Comparing the PEO processes for the same parameters (Figure 5.5), it is
found that the coating growth rate for the A1319 alloy is lower than that for the A16061
alloy. With respect to the differences in the U-t relationships for the A1319 alloy and the
A16061 alloy, as discussed in Section 6.1, it can be seen that a lower rate of voltage
increase has led to a lower coating growth rate for the A1319 alloy.
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Figure 6.5 Relationships between the coating thickness and the treatment time for
different process parameters.

6.3 Hardness and surface roughness of PEO coatings
Figures

6 .6 (a)

and (b) show the hardness and surface roughness values for the PEO

A1319 coatings. The coating hardnesses are in the range of

H V0.025IOOO

Obviously, the PEO A1319 coatings are significantly harder than the substrate

to 1500.
( H V 0.oi 87 )

and the anodized coatings (HV0.oi263). According to a previous study [80], y - AI2O 3 and
a small amount of mullite (3 Al2 0 3 *2 Si 0 2) were the main phases in the PEO treated A1319
coatings. This might be the reason for the slightly lower hardness values for the PEO
A1319 coatings than the PEO A16061 coatings (ranging from HV0.o25l300 tol700).
From Figure

6 .6 (b),

it can be seen that coatings produced using a higher

concentration electrolyte have much rougher surfaces (Ra= 8 pm) than those produced
using a lower concentration electrolyte (Ra=3pm). Again, the electrolyte concentration
has a more pronounced effect on the surface roughness than the current density. In
addition, the roughness of the PEO A1319 coatings produced in a 4g/l electrolyte is
somewhat higher than that of PEO A16061 coatings due to the existence of larger oxide
projections. However, the lower surface roughness values for the PEO A1319 coatings
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produced in a 8g/l electrolyte than for the PEO A16061 coatings, is probably related to
their smaller thickness. For coatings B21-A11 and B21-A12, that were produced in
processes with a parameter switch, their surface roughness and hardness were similar
(Ra= 7pm and HV0.o25l300).
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6.4 Corrosion protection properties of PEO coatings on AI319 alloy
Figure 6.7 presents the potentiodynamic polarization curves for the PEO A1319
coatings in a 3.5% NaCl solution. It can be seen that the corrosion potentials of most
coatings are slightly more positive than the substrate. A significant decrease in the
corrosion current densities, and a shift to a lower current region, indicate that the PEO
coatings have a lower corrosion rate and improved corrosion protection efficiency.
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Figure 6.7 Potentiodynamic polarization curves of PEO treated A1319 coatings in a
3.5wt.% NaCl solution.

Table 6.1 gives the corrosion test results for the PEO A1319 coatings in a 3.5wt.%
NaCl solution. Obviously, compared to the corrosion results for the bare A1319 alloy in
the same corrosion solution as shown in Table 4.2, all the PEO A1319 coatings exhibit
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enhanced polarization resistance compared to the substrate (Rp= 9.56 X 103 £2/cm2). The
3

2

B13 sample shows the highest corrosion resistance (Rp= 310.80 X 10‘ £2/cm ) amongst all
the coatings (increased by more than 30 times compared to the substrate). The superior
corrosion performance of B13 is attributed to its dense, uniform coating structure as
shown in Figures 6.2 and 6.3. On the other hand, the B2x coatings produced in 8g/l
electrolytes show lower corrosion resistances than the B 21-B lx samples, although they
have similar coating thicknesses. The coarse coating surface of the B2x samples is likely
responsible for their lower corrosion resistance. The relatively smoother surface, and the
thick dense inner layer, of the B 21-B lx coatings (Figures 6.5) probably accounts for their
superior corrosion protection properties.

Table 6.1. The cyclic potentiodynamic corrosion results for the PEO A1319 coatings in a
3.5wt.% NaCl solution
F
^corn

Icorr,

0a,

0C,

R P,

V

X 10'7A/cm2

X 10'1V / decade

X 10'1V7 decade

X to 3 Q /cm2

B ll

-0.744

1.206

0.791

0.805

143.83

B12

-0.726

3.018

0.736

1.856

75.98

B13

-0.722

0.722

0.782

1.518

310.80

B21

-0.734

4.996

0.436

1.772

30.48

B22

-0.719

5.262

0.433

2.048

29.53

B23

-0.740

2.844

0.439

1.380

50.92

B21-B11

-0.767

2.187

0.590

1.148

77.50

B21-B12

-0.810

0.898

0.800

1.534

254.63

Samples

It is noteworthy that the corrosion resistances for the PEO A1319 coatings are higher
3

2

than for the anodized coatings (135.84 X 10 £2/cm , as shown in Table 4.2). As has been
discussed in Chapter 4, the anodized coating on A1319 has an uneven coverage on the Siphase in the substrate. During the anodizing process, Si particles in the bare alloy were
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incorporated into the film with very limited or no oxidation, resulting in a disturbed
coating layer which does not provide efficient corrosion protection. However, during the
PEO treatment, the Si-phase was melted and oxidized together with the aluminum matrix,
thus a relatively more uniform coating layer is formed, which is preferable for enhanced
corrosion inhibition.

6.5 Summary
Hard oxide coatings were produced on an A1319 alloy by a DC PEO technique using
different process parameters. In the same electrolyte, the rate of voltage rise is increased
when the current density is increased. At the same current density, the rate of voltage rise
decreases with increasing electrolyte concentration. The rate of voltage increase for PEO
A1319 processes was lower than that for PEO A16061 processes under the same
conditions, especially in a higher concentration electrolyte. The lower rate of voltage
increase has contributed to a lower coating growth rate of PEO A1319 processes than PEO
6061 processes. The coatings obtained in a 4g/l electrolyte are smoother but thinner than
those obtained in a 8g/l electrolyte. The PEO A1319 coating hardness is in the range 1000
to 1500HV. The surface roughness of the coatings produced in 8g/l and 4g/l electrolytes
are around Ra = 8pm and Ra = 3 pm, respectively. The effects of the current density on
coating thickness, surface roughness and hardness were less significant than those of the
electrolyte concentration. The PEO A1319 coatings provided improved passivity and
corrosion protection efficiency, relative to anodized A1319 coatings. Similar to the PEO
A16061 coatings, the PEO coatings produced with parameter switches on the A1319 alloy,
showed modified structures and improved corrosion protection properties.
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CHAPTER 7 EXPERIMENTAL RESULTS AND DISCUSSION IV:
Corrosion behaviour of several metallic materials in ethanol-gasoline
alternative fuels
In this chapter, the corrosion performance of several metallic materials in
ethanol-gasoline alternative fuels was evaluated. The investigated metal substrates
included A16061, A1319, grey cast iron 2500 (G2500) and 304 stainless steel (SS304).
The selected ethanol-gasoline alternative fuels used in this study were E30 (30% ethanol
and 70% gasoline by volume), E85, and E100. Cyclic potentiodynamic polarization tests
were conducted to determine the corrosion resistances of the materials. SEM was used to
characterize the surface features of the tested materials before and after corrosion testing.
The corrosion properties of the anodized coatings and the PEO coatings on both A16061
and A1319 alloys were also investigated in E85 medium.

7.1 Corrosion behaviors of the tested materials in a 3.5wt.% NaCl solution
Before testing in ethanol-gasoline media, the corrosion behavior of the metal
substrates was first investigated in a 3.5wt.% NaCl solution. Figure 7.1 shows the
potentiodynamic polarization curves of the tested materials, i.e. A16061, A1319, G2500
and SS304. As can be seen, both the A16061 and A1319 alloys showed corrosion
behaviour with pitting commencing at potentials below 0V vs SCE. The stainless steel
also shows pitting tendency at a potential about 0.3V vs SCE. It is seen that in NaCl
solution, the corrosion curve of the G2500 suggests a type of corrosion other than pitting.
The corrosion potential, corrosion current density and polarization resistances calculated
from the polarization curves are shown in Table 7.1

As can be seen, the corrosion

ry

resistance of SS304 (56.04 X 10 £2/cm ) is the highest amongst the tested materials. The
existence of chromium and nickel in the SS304 has contributed to the high corrosion
resistance of this substrate by forming an oxide protective layer and providing good
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retention of the protective layer. The other tested materials in increasing order of
corrosion resistances are: G2500 (4.03 X 103 Q/cm2), A1319 (9.56 X 103Q/cm2), A16061
'J

o

(13.30X 10 Q/cm ). Also, it can be seen that the corrosion potentials of G2500 and the
A16061 and A1319 alloys are very close, while the corrosion current density of cast iron is
much higher than for the A1 alloys indicating a higher corrosion rate. The presence of
graphite in the microstructure could be partially responsible for this behavior. Graphite is
a conductor and the cathodic reaction can easily take place on its surface. The contact of
graphite with the more active phase (ferrite) surrounding it will intensify the anodic
reaction on the active phase [42, 62], In addition, the corrosion resistance of A16061 alloy
was higher than the A1319 alloy, although both alloys showed similar corrosion kinetics.
A reason for the difference in the corrosion behavior of the two A1 alloys could be
attributed to their microstructures. The large Si particles in the A1319 alloy would
facilitate the cathodic reaction on the surface, besides providing sites for galvanic cells,
thereby resulting in a higher corrosion current density and lower polarization resistance.
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Figure 7.1 Cyclic potentiodynamic polarization curves of SS304, G2500 and A16061,
A1319 in a 3.5wt.% NaCl solution.
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Table 7.1 The cyclic potentiodynamic corrosion results of substrates in a 3.5% NaCl
solution
Samples

SS304

A1 6061

A1 319

G2500

-0.296

-0.743

-0.760

-0.714

lew, X 10'7A/cm2

1.790

8.265

10.120

40.870

j3a, X 1 0 1V /decade

0.384

0.309

0.272

0.478

J3C, X 1 0 1V /decade

0.577

1.392

1.23

1.832

Rp , X 103 Q/cm2

56.04

13.30

9.56

4.03

Ec o n ; V

The surface morphologies of both the A16061 alloy and the A1319 alloy before and
after corrosion testing in a 3.5wt.% NaCl solution have been presented in Figure 4.1.
Because of the dissolution of the surface oxide, large corrosion pits were observed on the
corroded surface of the A16061 and A1319 alloys. Figure 7.2 shows the surface
morphologies of the stainless steel and the cast iron, before and after the corrosion testing
in the NaCl solution. It is seen that, although no obvious corrosion pits were observed, the
stainless steel exhibits localized corrosion around the grain boundaries at the surface,
suggesting an intergranular corrosion. The corrosion products on the cast iron are much
more voluminous. Graphite particles are exposed in many areas on the surface because of
the dissolution of the Fe matrix around them. This surface feature confirms that the cast
iron has suffered severe galvanic corrosion during testing in the NaCl solution.
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Figure 7.2 SEM morphologies of (a, b) 304 stainless steel, and (c, d) grey iron 2500
before and after corrosion testing in a 3.5wt.% NaCl solution

7.2 Corrosion behavior of the tested materials in ethanol containing fuels
Figures 7.3, 7.4, and 7.5 show the potentiodynamic polarization curves of the tested
materials in the ethanol-gasoline blend fuels, with 30%, 85% and 100% ethanol volume,
respectively. The corrosion results calculated from the polarization curves are
summarized in Tables 1.2-1 A.
Compared to the corrosion behavior in the NaCl solution, it was found that, except
for the stainless steel, the corrosion current density of all other materials was significantly
decreased in the ethanol fuels, while their corrosion potentials became more positive. In
the case of the cast iron, the corrosion potential shifted to -0.476V in the E85 medium
compared to -0.714V in the 3.5wt.% NaCl solution. Its corrosion current density was
decreased from 40.870 X 10"7A/cm2 in the NaCl solution to 5.256 X 10'7A/cm2 in the E85
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medium. This indicates a better passivity and a lower corrosion rate for the tested
materials in the ethanol fuels than in the NaCl solution. One reason might be that the
ethanol-gasoline fuels have a lower conductivity than the NaCl solution. Thus electron
transport is slower which reduces the rate of the electrochemical reactions. However,
compared to the polarization curves obtained in the NaCl solution, a higher anodic Tafel
slope (0 a larger than 0.1 V/ decade) was observed during the anodic polarization in the
ethanol fuels. This is, apparently, a characteristic of the ethanol media. The large slope
indicates the presence of a film on the surface of the tested material, which is less
permeable and can even obstruct the metal dissolution reaction but still permits an
electrochemical reaction to occur [81]. It is known that the surface oxide on A1 alloys
permits the movement of ionic species and an electron or vacancy flux across it [62, 81].
The difference in corrosion potential between the cast iron and the A1 alloys in the
ethanol fuels is much greater than in the NaCl solution. It can be seen that in the NaCl
solution, the corrosion potential of the G2500 is only slightly nobler than the A16061
alloy with a difference of about 0.03V; however, the difference between them in E85
medium is increased to 0.23V. This phenomenon indicates that in the ethanol containing
fuels environment, if a metallic contact is made between a cast iron and an A1 6061 alloy,
a galvanic situation might arise because of the more noble corrosion potential of the cast
iron than the A1 alloy. This would cause preferential corrosion attack and an increased
corrosion rate of the A1 alloy.
In the ethanol containing fuels, all the tested materials show much higher
polarization resistances than in the NaCl solution. This indicates that the ethanol fuels are
less corrosive than the NaCl solution. In a moderately corrosive solution, the higher
corrosion resistance of the metals is probably due to the formation of inhibiting surface
films [42]. In particular, it is noted that in the ethanol fuels, the corrosion resistances of
the A1 alloys are at the same level or even higher than the stainless steel. As detailed in
Table 7.3, the polarization resistances of the A1319 and A16061alloys in the E85 medium,
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which are 285.73X 103 S /cm 2 and 430.30X 103Q/cm2, respectively, are either similar to
or slightly higher than that of the 304 stainless steel in the same medium (289.86 X 103 Q
/cm2). This means that in the ethanol fuel environment, the A16061 and A1319 alloys
might have a similar or even lower corrosion rate than the 304 stainless steel.
For the polarization curves of the tested materials in the different corrosion media, it
was also found that although the applied potential at the reverse point was set at the same
value, the reverse scan initiated at a much lower current density (at a value between
10'5-10"4A/cm2) during the test in the alternative fuels than in the NaCl solution (at about
0.1 A/cm2). The higher corrosion resistance and the better passivity of the materials in the
ethanol solution than in the NaCl solution should be partially responsible for this
difference.

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.8

0.6

(a)
■E 30-SS304

1

0.4

C 0.2

W

«►
-

0
0.2

-0.4
-

0.6

-

0.8
1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

Log i (A/cm2)

0.2
E30-G2500
E30-AI6061

-

0.2

E30-AI319

w
u
cc -0.4
(fl
>
-

0.6

-

0.8

-1

1.0E-10

1.0E-09

r

T

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

Log i (A/cm2)

Figure 7.3 Cyclic potentiodynamic polarization curves of (a) SS304, and (b) G2500,
A16061 and A1319 in E30 medium.
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Figure 7.4 Cyclic potentiodynamic polarization curves of (a) SS304, and (b) G2500,
A16061 and A1319 in E85 medium
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Table 1.2. The cyclic potentiodynamic corrosion results in E30
Samples

A1 6061

A1319

G2500

-0.330

-0.562

-0.616

-0.532

Icon, X 10'7A/cm2

0.922

1.142

1.704

4.500

13a, X 10'1V /decade

1.086

1.534

1.816

0.216

x 1 0 1V /decade

0.836

2.631

2.385

0.227

222.83

368.92

263.06

10.70

A1 6061

A1319

G2500

-0.338

-0.703

-0.686

-0.476

Icon, X 10"7A/cm2

1.946

0.798

0.932

5.256

13

X I0“' V/ decade

4.232

1.397

1.317

0.237

13

X 10"1V/ decade

1.871

1.817

1.145

0.398

289.86

430.30

285.73

12.27

Ecorr, V

fic,

Rp , X 103Q/cm2

SS304

Table 7.3 The cyclic potentiodynamic corrosion results in E85
Samples
F

a ,

c ,

V

Rp , X 103Q/cm2

SS304

Table 7.4. The cyclic potentiodynamic corrosion results in E100
Samples

A16061

A1319

G2500

-0.302

-0.626

-0.648

-0.364

Icorr, X 10'7A / C m 2

1.165

0.548

3.126

3.919

x 10'1V /decade

1.549

1.230

1.646

0.897

13c, X IO 'W /decade

1.438

1.953

2.097

1.198

Rp , X 103 £3/cm2

278.40

598.77

128.26

56.93

E corn V

13a,

SS304
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During the polarization testing, the tested materials showed different corrosion
behaviour as the concentration of ethanol increased from 30% to 100%. Figures 7.6 (a)
and (b) show the changes in polarization resistance and corrosion potential of the tested
materials from E30 to E l 00. As can be seen, the corrosion performance of the stainless
steel is the most stable amongst all the tested materials. Little change in corrosion
potential and corrosion resistance was observed in the different ethanol content fuels. This
means that the ethanol content has little effect on the corrosion properties of 304stainless
steel. The corrosion resistance of grey iron is always lower than for the A16061 and A1319
alloys, but increases from 10.7 X 103 S3/cm2 in the E30 medium to 56.93 X 103 Q/cm 2 in
the E100 medium. It is noteworthy that, with increasing ethanol content, the corrosion
resistance of the A1319 alloy decreases, while the corrosion resistance of the A16061 alloy
increases. The microstructural differences between the two alloys could be one of the
reasons for the different corrosion behaviours.
Determination of the nature of the cathodic process in organic solutions is typically
difficult. The proposed cathodic reaction in the ethanol-gasoline fuel is oxygen reduction
when no efforts were made to remove dissolved oxygen from the solutions [82], Previous
works reported that the main factor affecting the corrosion rate of a mild steel in the
ethanol/water/sulphuric acid system is the conductivity of the medium, and the
conductivity increased when the water percentage in the ethanol-water mixture increased
[83]. In this study, it is seen that the presence of water in the ethanol (5wt.%) has also
influenced the corrosion behaviour of the tested materials. With increasing absolute water
content, the ethanol-gasoline fuel becomes increasingly corrosive from E30 to E l 00,
because of the increased conductivity. Due to the existence of large Si phases on the
surface, the air-formed protective film on the A1319 alloy was thin and discontinuous.
This results in a decreased polarization resistance of the A1319 alloy from E30 to E100.
However, the increasing resistances of the cast iron and the A16061 alloy from E30 to
E l 00 might result from their greater tendency to passivate in a relatively more corrosive
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ethanol medium.
When the ethanol-gasoline blend fuel is used, the main issue for the selection of
materials is the consideration of galvanic corrosion. From Figure 7.6 (b), it is seen that,
with increasing ethanol content from 30% to 100%, the corrosion potential difference
between the 304 stainless steel and the cast iron 2500 decreases, suggesting a decreased
galvanic corrosion tendency between these two metals. However, the corrosion potential
differences between the stainless steel and the A16061 and A1319 alloys increases, as well
as that between the cast iron and the A1 alloys. These results suggest that in
ethanol-gasoline fuel systems with higher ethanol contents, the use of stainless steel
together with the A16061 or A1319 alloys, and the use of the cast iron together with those
two A1 alloys should be avoided in order to prevent galvanic corrosion of the A1 alloys.
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Figure 7.7 shows the corroded surfaces of the tested materials after corrosion testing
in the E85 medium. Apparently, all the materials suffered corrosion to different degrees.
Figure 7.7(a) shows that the stainless steel experienced general corrosion, which left
scattered circular staining on the surface. However, all the other tested materials exhibited
localized corrosion during the testing in the same medium. Figure 7.7(b) shows white
corrosion deposits, mainly located around the graphite/ferrite boundaries, on the surface
of the cast iron. Pits were observed on the surface of the A16061 and A1319 alloys. It is
seen that the large pits on the surface of the A1319 alloy are mainly located at the Si
particles (the areas indicated by the arrows). The small pits on the A16061 alloy surface
are uniformly distributed. The Si particles in the A1319 alloy are considered responsible
for pitting nucleation. This result supports the previous suggestion that the different
microstructures of the two A1 alloys contributed to their different corrosion behavior in
the ethanol fuels.
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Figure 7.7 SEM morphologies of the tested materials: (a) 304 stainless steel, (b) grey iron
2500, (c) A16061, and (d) A1319 after corrosion testing in E85 medium. The arrows
showed the corrosion pits formed on the A1319 surface.
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7.3 Corrosion behavior of coated AI6061 and AI319 alloys in E85 medium
Since the A16061 and A1319 alloys suffered localized corrosion in ethanol-gasoline
blend fuels, both anodizing and PEO techniques were used to produce corrosion
protective coatings on the A1 alloys. Based on the corrosion results presented in Chapter 5,
the PEO treatment on the A16061 alloy was conducted using two different process
parameters, i.e., the A12 (4g/l, 0.15A/cm2) process and the A21-A12 (from 8g/l, 0.1A/cm2
to 4g/l, 0.15A/cm2) process; Similarly, based on the results presented in Chapter 6, PEO
A1319 coatings were produced using the B13 (4g/l, 0.1-0.15A/cm2) and B21-B12 (from
2

2

8g/l, 0.1 A/cm to 4g/l, 0.15A/cm ) processes. The anodized coatings on the A1 alloys
were produced using the same process parameters given in Chapter 3. The corrosion
behaviour of the coated materials in the E85 medium was then evaluated.
Figure 7.8 (a) and (b) show the potentiodynamic polarization curves of the coated
A16061 and A1319 alloys in the E85 medium. The corrosion properties calculated from
these curves are summarized in Tables 7.5 and 7.6, respectively, for the A16061 and A1319
alloys.
Figure 7.8 (a) clearly shows the improved corrosion properties of the oxide coatings
on the A16061 alloy in the E85 medium. All the oxide coatings shift the corrosion
potential to more positive values indicating some level of passivity. The corrosion current
densities of the coatings are all lower than for the bare substrates, indicating a lower
corrosion rate of these coatings. In particular, the anodized A16061 coating exhibits a
forward reverse scan back to a lowest current density region, which means superior
passive properties. The scattered data should be the result of the low conductivity of the
coating material. The shift to a lower current region and more positive Ecorr values
indicates that the PEO A16061 coatings also provided improved corrosion protection.
However, their polarization curves show larger hysteresis loops than for the substrate. The
larger hysteresis indicates a greater likelihood that a localized corrosion site would
propagate once initiated. The relatively porous surface of these coatings is probably
113
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responsible for this behaviour. In Table 7.5, it can be seen that the polarization resistances
of the coatings in E85 are all higher than for the A16061 alloy substrate. In particular, the
resistance was increased from 0.430 X 103 K Q /cm2 for the substrate to 47.928 X 103
/cm (increased by more than two orders of magnitude) for the anodized coating.
Figure 7.8 (b) shows the potentiodynamic polarization curves of the coated and
uncoated A1319 alloy in the E85 medium. It can be seen that the oxide coatings on the
A1319 alloy have a lower corrosion current than the bare alloy, indicating a lower
corrosion rate. The coating structures of both the anodized coating (locally discontinuous)
and the PEO coatings (relatively porous) also contributed to a larger hysteresis than for
the substrate in the E85 medium. From Table 7.6, it is seen that all the coatings on the
A1319 alloy provided higher polarization resistances (about one order of magnitude) than
the substrate. Clearly, the oxide coatings also provided improved corrosion properties in
the E85 medium.
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Figure 7.8 The cyclic potentiodynamic polarization curves of the coatings on (a) A16061,
and (b) A1319 in E85 medium
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Table 7.5 The cyclic potentiodynamic corrosion results of coated and uncoated A16061 in
E85
PEO-A12

PEO-A21-A12

A16061

-0.609

-0.583

-0.694

-0.703

Icorr, X 10‘7A/Cm2

0.006

0.357

0.115

0.798

Pa, X 10 _1V/
decade

1.137

1.705

1.621

1.397

1.588

2.994

1.900

1.817

47.928

1.323

3.322

0.430

Samples

A-A16061

Ecorn V

P c,

xio_1v/

decade
Rp, X 103 KQ
/cm2

Table 7.6 The cyclic potentiodynamic polarization results of coated and uncoated A1319
in E85
A-A1319

PEO-B13

PEO-B21-B12

A1319

-0.619

-0.695

-0.763

-0.686

Icorr, X 1O'7A/Cm2

0.184

0.102

0.222

0.932

P a, X 10'1V/ decade

1.213

0.896

1.125

1.317

P c, X 1 0 1V /decade

3.238

1.625

1.487

1.145

Rp , X 103 K Q/cm2

2.085

2.462

1.255

0.286

Samples
F

V
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7.4 Summary
Corrosion properties of several metallic materials (304stainless steel, cast iron 2500
and the A16061 and A1319 alloys), were evaluated in gasoline-ethanol alternative fuels.
The polarization resistances of the tested materials in the ethanol fuels are all higher than
in the 3.5wt.% NaCl solution. Except for the stainless steel, the corrosion current density
of all materials was significantly decreased in the ethanol fuels while their corrosion
potentials became more positive than in a NaCl solution. In the ethanol fuels, the
polarization resistance of grey iron was lower than for the A16061 and A1319 alloys, and
the polarization resistances of the A1 alloys were at the same level or even higher than the
stainless steel. An increasing volume percentage of ethanol from 30% to 100% affected
the different materials in different manners. An increasing ethanol content had little effect
on the corrosion properties of 304stainless steel. However, the polarization resistance of
the A1319 alloy decreased with increasing ethanol content. This was opposite to the
behaviour of the A16061 alloy and cast iron. With increasing ethanol content, the galvanic
corrosion tendency was increased for (stainless steel/ cast iron) - (A16061/A1319 alloy)
couples, but was reduced for stainless steel - cast iron couples. SEM observations
confirmed that all the tested materials suffered corrosion to different degrees in the E85
fuel. The anodized coating and PEO coatings provided efficient corrosion protection for
both the A16061 and A1319 alloys in E85 medium.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 8 CONCLUSIONS
In this thesis, anodized coatings and DC PEO coatings were produced on both a
wrought A16061 alloy and a cast A1319 alloy. The microstructure of the coatings was
characterized, and the corrosion properties of the coatings in a 3.5wt.% NaCl solution
were determined. The effects of the PEO process parameters (current density, treatment
time, electrolyte concentration)

on the coating formation

and properties

were

systematically investigated. The polarization resistances of the PEO coatings for both A1
alloys were determined and compared with the corresponding anodized coatings in a
3.5wt.% NaCl solution. The corrosion properties of several metallic materials, i.e. 304
stainless steel, cast iron 2500, A16061 and A1319 alloys, were evaluated in ethanolgasoline blend alternative fuels. The corrosion protection properties of the PEO coatings
and the anodized coatings in the alternative fuels were determined. The main research
results are summarized as follows.

8.1 Conclusions
The main conclusions drawn from the anodizing processes for the A16061 and A1319
alloys are:
1. Anodized coatings were electrochemically deposited on both the A16061 and
A1319 alloys. The anodized A16061 coating is smooth and dense with a thickness
of about 25 pm and a surface roughness of 0.4pm. The thickness and surface
roughness of the anodized A1319 coating is about 12 pm and 1.15 pm. The
hardness of the anodized A16061 coating and the anodized A1319 coating is 215.3
HVo.oi and 263.0 HVo.oi, respectively. The continuity of the anodized coating on
the A1319 alloy was disturbed by large silicon particles at the alloy/oxide interface
that had undergone limited oxidation.
2. The anodized coatings provided improved polarization resistances to both alloys
when exposed to a 3.5wt.% NaCl solution. The polarization resistance of the
anodized A16061 was increased by more than two orders of magnitudes compared
to the substrate. The polarization resistance of the anodized A1319 was 15 times
higher than the substrate. However, the discontinuous nature of the anodized
118
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coating on the A1319 alloy would not be beneficial to the long-term corrosion
protection properties of the coating.

The main conclusions drawn from the PEO processes for the A16061 and A1319 alloys are:
1. For both A16061 and A1319 alloys, during the PEO process in a same
concentration electrolyte, the rate of voltage rise was increased when the current
density was increased. At a same current density, the rate of voltage increase was
lower in a higher concentration electrolyte.
2. The rate of voltage increase for PEO A1319 processes was lower than that of PEO
A16061 processes under the same conditions, especially in a higher concentration
electrolyte. The existence of Si-phase in the A1319 alloy contributed to a lower
rate of voltage increase, and a lower coating break-down voltage than the A16061
alloy.
3. For both A16061 and A1319 alloys, the PEO coatings produced in the 8g/l Na 2Si 0 3
electrolytes were non-uniform with higher coating growth rates than those
obtained in the 4g/l electrolytes. In the 8g/l electrolytes, the PEO A16061 coatings
had a growth rate ranging from l.25 pm/m in to 2.5pm/min. In the 4g/l electrolytes,
the PEO A16061 coatings had a growth rate ranging from 0.65pm/min to
0.78pm/min.
4. For the same process parameters, the PEO A1319 processes had a lower coating
growth rate than the PEO A16061 processes.
5. The hardness of the PEO A16061 coatings ranges from 1300 tol700 HV, and the
hardness of the PEO A1319 coatings ranges from 1000 tol500 HV. For both
A16061 and A1319 alloys, the hardness of the PEO coatings produced in the 4g/l
Na 2Si0 3 electrolytes was slightly higher than those produced in the 8g/l Na 2Si 0 3
electrolytes.
6. In the 4g/l Na 2Si0 3 electrolytes, at the same final voltage of 540V, the surface
roughness of the PEO A16061 coatings and the PEO A1319 coatings was about
2.5pm and 3pm, respectively.

In the 8g/l Na 2 Si0 3 electrolytes, the surface

roughness of the PEO A16061 coatings obtained at the final voltage of 540V was
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about 11 jam, and the PEO A1319 coatings obtained at the final voltage of 520V
was about 8pm.
7. For both the A16061 and A1319 alloys, when the process termination voltage was
below 540V, the effects of the current density on coating thickness, surface
roughness and hardness were less significant than those of the electrolyte
concentration.
8. In a 3.5wt.%NaCl solution, the polarization resistance of the PEO A16061
coatings could be more than 20 times higher than the bare alloy, and the
polarization resistance of the PEO A1319 coatings could be more than 30 times
higher than the bare alloy. The polarization resistance of the PEO A1319 coatings
was even higher than that of the anodized A1319 coating.
9. The uniformity and thickness of the PEO coatings were responsible for the
difference in their corrosion properties. A thick, uniform and dense coating is the
most beneficial for corrosion protection.
10. For both the A16061 and A1319 alloys, a process parameter (current density and
electrolyte concentration) switch generated dense coatings with modified
microstructural characteristics and improved corrosion resistance.

The main conclusions drawn from the study on corrosion behaviors of the selected
materials in ethanol alternative fuels are:
1. All the tested materials suffered corrosion to different degrees in the ethanolgasoline blend fuels. The polarization resistances of the tested materials in the
ethanol fuels were all higher than in the 3.5wt.% NaCl solution.
2. In the ethanol fuels, the polarization resistance of the grey iron was lower than
that of the A16061 and A1319 alloys, and the polarization resistances of the A1
6061 alloy was at the same level or even higher than the 304 stainless steel.
3. An increase in ethanol content from 30% (E30) to 100% (E100) showed little
effect on the corrosion properties of 304 stainless steel. However, the polarization
resistances of the A1319 alloy decreased with the increasing ethanol content, and
the opposite behavior was observed in the A16061 alloy and the cast iron 2500.
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4. W ith increasing ethanol content, the corrosion potential difference between the
stainless steel 304 and the cast iron decreased, while the corrosion potential
difference between the stainless steel/ cast iron and the A16061/A1319 alloys
increased.
5. Both the anodized coatings and the PEO coatings on the A16061 and A1319 alloys
provided efficient corrosion protection in the E85 medium.

8.2 Suggestions for future work
Based on this study, the following suggestions are made for future work:
1. Verify the present observations on the effects of the process parameters on the
thickness and the corrosion resistance of the coatings, e.g. the relationship
between discharges, porosity, thickness, and corrosion resistance.
2. Extend the process parameters beyond the range in the present study in order to,
hopefully, further improve the corrosion protection properties of the PEO coatings,
3. Try to seal the PEO coatings using traditional surface modification methods, for
example, electroless plating and sol-gel post-treatment. Study the effect of sealing
on the characteristics and properties of coatings.
4. Investigate the effect of power modes (AC, DC and pulsed DC) on discharge
generation and coating growth of the PEO coatings.
5. Investigate the corrosion behavior of the materials in the commercial E85 solution.
6. Study the galvanic corrosion behavior of the fuel-line materials in ethanol fuels
under immersion conditions.
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