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ABSTRACT

Aluminium (Al) casting alloys are important materials for the fabrication of
engine components such as engine block, cylinder head and piston rings. In the present
study, a self-organized nanostructured Al.Oz layer on AA6061 T657 series was fabricated
by anodization followed by heat treatment at 450 °C for 1.5 h. The microstructural
features and surface wettability were explored. In addition, mechanical and corrosion
behavior of Al,Oz nanoporous after anodizing and annealing were investigated. From the
microstructural point of view, the average length and diameter of the optimized
nanoporous arrays ranged from 0.5 pm and 25 nm. The adhesion results showed that the
adhesion strength of coating increased for un-treated substrate from 1532 mN to annealed
sample of 2240 mN. To improve the hardness of Al, heat treatment was carried out at
450 °C for 1 hour which returned with a hardness value of 71.2 as compared to substrate
at 45.9. Besides, the annealed coating showed that highest wettability (lowest contact
angle value). The results of corrosion tests in artificial sea water (ASW) showed that the
corrosion rate values significantly decreased after anodization and subsequent annealing

compared to the substrate

Keywords: AA6061 T657; Anodization; Tribocorrosion; Wettability; Mechanical

properties.



ABSTRAK

Aluminium (Al) adalah bahan penting untuk fabrikasi komponen engine seperti
blok engin, piston, dan kepala silinder. Dalam kajian ini, lapisan AlOs nanostruktur yang
tersusun sendiri pada siri AA6061 T657 direka dengan anodisasi dan diikuti oleh rawatan
haba pada suhu 450 °C selama 1.5 jam. Ciri-ciri mikrostruktur dan kelembapan
permukaan telah diterokai. Di samping itu, kelakuan mekanikal dan kakisan Al>Os
nanostruktur selepas anodisasi dan rawatan haba disiasat. Dari sudut pandangan
mikrostruktur, panjang purata dan diameter garis nanostruktur yang dioptimumkan adalah
0.5 pm dan 25 nm. Keputusan lekatan menunjukkan bahawa kekuatan lekatan salutan
meningkat untuk substrat yang tidak dirawat dari 1532 mN ke sampel rawatan haba 2240
mN. Untuk meningkatkan kekerasan Al, rawatan haba dilakukan pada suhu 450 °C
selama 1 jam yang dikembalikan dengan nilai kekerasan 71.2 HV berbanding dengan
substrat pada 45.9 HV. Selain itu, salutan rawatan haba menunjukkan bahawa
kebolehdayaan kelembapan permukaan (nilai sudut kontak terendah). Hasil ujian kakisan
dalam air laut buatan menunjukkan bahawa kadar hakisan berkurang dengan ketara

setelah anodisasi dan rawatan haba berbanding dengan substrat.

Keywords: AA6061 T657; Anodisasi; Tribokakisan; Kelembapan; Sifat Mekanikal
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CHAPTER 1: INTRODUCTION

1.1 Background Study

The first successfully working internal combustion engine (ICE) employed in the
automotive industry was discovered by Siegfried Marcus in the year 1864 (Landmark,
2005). Back then, most of the engine blocks were manufactured from steel metal and cast
iron primarily due to its low cost, good mechanical properties and availability. Over the
past couple of years, aluminium metal has been the preferred material in the aerospace,
marine, gasoline and diesel-powered engine block in the automotive industry. As time
goes on, more stringent requirements to tackle carbon footprint emitted by vehicle exhaust
emissions and also to improve occupant safety, automotive manufacturers are making
efforts to develop newer drivetrain, while improving the conventional engine efficiency.
From there on, automakers also seek to improve gas mileage by utilizing lighter
components materials with the use of aluminium alloy. Due to modernization and the
complexity of automotive engines, aluminium alloy has been the forefront for the
transport and automotive industry and is expected a compound annual growth rate

(CAGR) of 7.8% by the year 2023 (Research and Markets, 2018).

The patent developed by General Motors shows the desired combine material
comprises, by weight in Table 1.1, with the balance in aluminium provides good
castability, wear resistance and corrosion resistance in automotive components while
fulfilling the lightweight criteria which will enhance the manufacturing and performance
for cylinder block and piston on the cylinder walls (United States Patent No. US
6,921,512 B2, 2005). According to Miller et al., the use of aluminium castings in
automotive have seen significant increase in application and have been used and
substituted with cast iron for approximately three-fourth of total cylinder heads, 100% of

pistons, 85% of intake manifolds transmissions, drive shafts and differential housings. On



top of that, aluminium castings used for chasis application accounts 40% of the brake
components, suspensions, disc wheel, steering shaft and components (Miller, et al., 2000).
This shows that aluminium will enhance the manufacturing and performance for cylinder
block and piston/ring on the cylinder walls and the combination of aluminium and alloy
produces a versatile metallic material to be used ranging from structural metals to

demanding engineering applications

Table 1.1: Chemical composition suitable for casting automotive components

(United States Patent No. US 6,921,512 B2, 2005)

Component (Wt.%)

Nickel 0-15
Copper 1.5-45
Magnesium 0.1-0.6
Silicon 95-125
Iron 01-15
Manganese 0.2-3.0
Titanium Max 0.25
Zinc Max 2.0
Strontium Up to 0.05

Development of wrought aluminium is also employed in the field of heat
exchanger conducted by Toyota Motor Corporation, which uses brazed aluminium-tube
structure in the radiator as opposed to the conventional copper-tube structure. Fin material

is also switched in the radiator to prevent corrosion (Morita, 1998).

Recently, a research shows the creation of low specific weight and wettability

behavior found on aluminium surface provides a multitude of application especially in
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the field of tribology and corrosion (Rodrigues, 2017). In addition to that, there are
various external factor which also influences the mechanical and tribological
characteristics of aluminium and its alloys, for instance the size, shape, nature and

distribution of micro-constituents (Prasad B.K, 1998).

Research steered by Li et al. showed that the fabrication of aluminium through
rolling process are often subjected to shear strain and deformation, which deforms the
microstructure near-surface layer. This may influence the optical properties and
electrochemical response (Li et al., 2013). Huttunen-Saarivirta have studied that the
behavior of aluminium alloy also changes especially at elevated temperature making it
more prone to oxidation on the surface process (Dohda et al., 2015). It was also found
that the corrosion behavior of aluminium alloy also affects the near-surface deformed
layer due to finer grains (Liu et al., 2017). The performance of aluminium alloy relies
mostly on the size and dispersion of silicon phase, nature of attachment between the lattice

and silicon, and silicon fracture characteristic (Anand S, 1997).

Aluminium in general projects good resistance towards corrosion when exposed
to aqueous and atmosphere environment as opposed to steel, prominently due to the
formation of resistive native amorphous oxide film (Revie, 2008). As described by Nayak,
aluminium alloy is seen as one of the potential metallic materials suitable for various
applications, if appropriate surface technology is employed to improve its characteristics
(Nayak, 2004). Hence, due to wide application of aluminium and its alloys in various

systems, extensive study was done.

In the present study, the lamination of alumina was deposited on the AA 6061
substrate via anodization. The effect of anodization and dissolution reactions on the
structural and material properties over fixed current densities and electrolyte temperature

was investigated.

11



1.2 Problem Statement

Aluminium alloy are often used in various engineering applications due to their
light weight, high strength-to-weight ratio, ease of fabrication and resistance to corrosion
(Kucharikova et al., 2018). On top of that, aluminium has been the second favorable
properties used for automobile manufacturing according to Aluminium Association
(Association, 2018). However, in order to reduce the risk of corrosion, further
improvements in surface properties are required to integrate aluminium and its alloys into
the production of automotive. Hence the study of corrosion properties of aluminium will
be of vital importance to understand the effect of microstructural arrangement on the

corrosion resistance of aluminium.

Besides that, more stringent requirements by using aluminium alloy to tackle
carbon footprint emitted by vehicle exhaust emissions and also to improve occupant
safety, automotive manufacturers are making efforts to develop newer drivetrain, while
improving the conventional engine efficiency. Vehicle weight has direct impact on fuel
efficiency and emissions as it uses more energy and fuel to propel forward as opposed to
a lighter vehicle. By using aluminium, the vehicle weight of the car can be reduced to

40% as compared to using steel alone (Association, 2018).

However, higher loads from the mixture of internal combustion engine leads to
higher stress and thermal heat, in the advent leading to catastrophic failure. Poor surface
properties have severely impacted its economic advantages over other ferrous materials.
For future, mechanical properties of aluminium alloy will be studied in depth along the

project.

12



1.3 Aim and Objectives

This study aims to develop non-porous surface aluminium alloy, AA6061-T6
to improve their tribological characteristic, corrosion resistance and mechanical
properties. The synthesis of aluminium alloy oxide (AAO) template is developed with
similar substrates via anodization process. This project aims to achieve a few

objectives;

1. To fabricate aluminium oxide non-porous layer by application of surface
modification, which is anodization and heat treatment

2. To investigate the corrosion behavior of AA6061 and effect of surface
modification on its corrosion behavior in artificial salt water through

experimental methods and microstructure analysis

1.4 Research Scope

The aim to this current study is to investigate the type of parameters controlling
corrosion in aluminium alloy, AA6061-T6. The project also focuses on ways to optimize
the anodization and heat treatment methods in order to obtain aluminium alloy oxides
(AAO) template on the substrates with enhanced material, tribological and corrosion
resistance. The proposed aluminium alloy metal, AA6061 will be tested in the laboratory
to determine the corrosion by surface modification. The morphological properties will be
investigated using field emission scanning electron microscopy (FESEM) combined with
energy dispersive spectroscopy (EDS) while the developed thin film will also undergo X-
ray diffractometry (XRD). The chemo-mechanical performance of AAO was also

evaluated by wear, adhesion, corrosion, and microhardness test.

13



1.5 Thesis Outline

In this current chapter, a brief introduction of the project was presented, and the
current challenges addressed in this project were explored. The scope of this study was

outlined, and the research objectives were clarified based on the existing limitations.

In chapter 2, a detailed background study in the mechanical performance of AAO
template on the AA6061-T657 substrate is presented. The chapter also covers the detailed
approach, starting from the initial fabrication phase towards the final product evaluation
while highlighting the critical parameters in order to achieve the desired mechanical, and

morphological properties.

Chapter 3 highlights the methodology employed for preparation of AAO
templates on AA6061-T6 substrates, starting from substrate preparation, anodization,
annealing, as well as the characterization approach employed for investigation of

mechanical, tribological and morphological properties of the formed coatings.

Chapter 4 analyzed the results of various sample characteristics of the developed
AAO template layer. Aside from that, the chapter also discusses the formation procedures
of oxide films. Optimum anodizing parameters, including anodization voltage, anodizing

time and electrolyte concentrations are suggested.

Finally, chapter 5 concludes the obtained results and recommendations to improve
the area of research in future studies. The flow of project activities is summarized below

in Figure 1.1.

14
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Anodization of aluminium and its alloys is one of the most important and widely
used electrochemical process to produce a layer of coating for corrosion protection,
surface finishing, decoration and improvement of mechanical properties on aluminium.
Anodic films have also received large attention due to their extensive application in
aerospace, architecture, automotive and functionalization of aluminium alloys such as
nanostructure and nanopores (El-Hameed et al., 2017). Under typical atmospheric
conditions, a great number of metals on the surface are naturally prone to the formation
of native oxide film. Nevertheless, the lamination of native oxide film due to oxidation
only provides corrosion protection up to a certain level (Fournier et al., 2004). This
chapter assess and review the current development of porous anodic oxide (PAO) films
formation, along with the key attributes to a desirable coating deposition on substrate

depending on several parameters will be reviewed.

2.2 Aluminium and Its Alloys

Aluminium is the third most abundant metal element in the Earth’s crust, just after
oxygen and silicon (Atkins & Paula, 2009). It is usually found in the oxide form known
as bauxite and has been estimated that the aluminium represents 8 percent of the total
earth crust. Aluminium in general has a density of 2.7 g/cm®, and is made up mostly of
silicon and magnesium as its main principal alloying elements and is approximately 35%
lighter as compared to steel metal with a density of 7.83 g/cm3. Material selection due to
the formation of thin native oxide layer when exposed to atmospheric air, which prevents
further oxidation provides excellent corrosion resistance Aside from that, other valuable
properties include good electrical and thermal conductivities, ductility, reflectivity, cost

effective and nonferromagnetic characteristics (Xhanari & Finsgar, 2016).
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2.3 Self-Organized Systems — Aluminium Oxides Template

As early in 1932, Miyata and Setoh had researched that the anodic aluminium
oxide (AAO) template comprises of only two types of surface layers, a thin barrier layer
attached on the aluminium substrate which results in a total thickness of less than 0.5-2%

film and a porous outer layer as illustrated below in Figure 2.1 (Yudong, 2017).

Pore Cell size
Aluminum

oxide template

o —

Acid electrolyte
Aluminum

Aluminum

_ e g thin
\. ﬁ].'l‘ll
Neutral electrolyte d Atuminun

Figure 2.1: Formation of aluminium oxide (top) and aluminium oxide thin film

(below) via anodization (Lim, 2011).

Anodization of aluminium were first discovered 50 years ago by Keller in 1953
(Keller et al., 1953). The formation of compact aluminium oxide thin film is obtained
using electrolytes with pH > 5 during anodization. As for the formation of AAO template
with porous structure can only be produced by using acidic based electrolytes which will
be discussed later at a later stage. The purpose of anodization has been widely used as
aesthetic purpose and in application requiring protection to corrosion and wear. When
aluminium is anodized in an aqueous electrolyte, either two types of aluminium oxides
will be formed on the aluminium substrate, which is barrier and porous oxide films

(Diggle et al., 1968; Lee & Park, 2014).
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Several studies concluded that various morphological of porous layer under
tailored anodization results in layer having narrow pore size distribution and larger
surface area (Diggle et al., 1968). With the rapid development in scanning electron
microscopy (SEM), O’ Sullivan and Wood discovered a significant step in understanding
the types of growth mechanisms of anodic alumina oxide layer in the 1980’s (O'Sullivan

& Wood, 1970).

From there onwards, subsequently porous anodic alumina oxide was further
investigated, which leads to the formation of self-organized hexagonal structures consists
of porous and layer barrier under various anodic electrolytes (Jessensky et al., 1998). It
was then reported by Masuda that for a certain set of parameters, e.g., applied voltage,
electrolye composition, electrode distance would affect the densely packed hexagonal

pore structure growth. (Masuda & Hasegwa, 1997).

Continuous effort in the research of porous alumina leads to the success in
growing highly ordered, well-adherent layers, known as honeycomb porous alumina by

Japanese researchers (Masuda & Fukuda, 1995).
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2.3.1  Barrier Oxides

Barrier oxide film comprises of compact, dense layer of amorphous oxide layer
with a thickness of 1 pum and are generally developed in mild environments. This thin
barrier oxide serves as the first defensive layer to prevent against oxidation. Generally, it
is notable for its high activity when exposed to atmospheric surrounding. Aluminium can
easily react with the atmosphere resulting in the lamination of boundary oxide layer of

the aluminium surface as shown in Figure 2.2.

Figure 2.2: Side view of amorphous oxide layer (top) laminated on Al metal substrate

(bottom) (Kikuchi et al., 2013)

According to Kikuchi et al., there is a connection link between the barrier oxide
formation thickness, with the electrochemical potential employed to the aluminium
substrate during anodization (Kikuchi et al., 2015). It is said that constant current
anodized in neutral pH electrolytes cause a linear increase with anodizing time, which
ends the linear formation of oxide at higher current density, known as the ‘breakdown
potential’. (Ikonopisov et al., 1979; Yahalom & Hoar, 1970). The breakdown potential is

also affected by the concentration and type of electrolytes used (Yi Li et al., 1997).

Hence, due to the overwhelming properties of barrier AAO films, it is being
investigated in great details by researchers due to its high dielectric property mainly

employed in aluminium electrolytic capacitor (Uchi et al., 2001; Du & Xu, 2008).
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2.3.2  Nanoporous Oxides

Generally, AAO anodized in aqueous acid solutions such as sulphuric acid,
phosphoric acid, chromic acid and oxalic acid will be further discussed. Unlike barrier
type oxides, porous oxides form due to dissolution reactions. Figure 2.3 shows the
development of anodic aluminium oxide (AAQO) template substrates anodized at fixed
voltage. A detailed review researched by Diggle et al., on the progress of AA6061

anodization, from fabrication, to material characterization will be shared (Diggle et al.,

1968).
Aluminum
axide / Fit / TPore 5
(a) ih) ‘-' ic) / -\
¥
™ Barrier
layer
!
/
/
Aluminum
}’nre
() / © N Doe
Channel
Barrier "~ Barrier
Layer Layer

Figure 2.3: Evolution of AAO template substrates during anodization at fixed voltage

(Lim, 2011)

During the initial anodization stage, a thin oxide layer is shaped due to the
interaction of AI3* ions from Al surface as well as the 0%~ ions present in the acid
electrolyte. The 0%~ ions derive from the water due to splitting. Subsequently, electrical

field is formed on the metal/oxide boundary causing the AI3* ions to migrate to the
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electrolyte while the 02~ ions moves from the electrolye to the metal/oxide boundary,

which result in the growth of oxide at both sides (Thompson, 1997).

As the thickness increases, this will decrease the effect of electric field across the
oxide hence limiting the growth capability of the oxide layer. Chung et al also concur
that the outcome of the process leads to thickened of oxide barrier layer, forming a non-
conductive barrier restricting the flow of ions. This results in the decrease of oxidation

rate over time (Chung et al., 2017).

The oxide electric field has a connection with the surface morphology of the
alluminium alloy oxide templates. There is a tendency that electric field tends to
concentrate more at the surface with morphology instability which will develop into pits
shown in Fig. 2.3(b). Due to the parallel segment of the pits, the pit will enlarged into the
shape of pores depict in Fig. 2.3(c) during oxide growth. This ripple effect will cause the
pores to grow downwards until they fuse as shown in Fig. 2.3(d). Finally, anodic
aluminium oxide template is formed at Fig. 2.3(d). The length of aluminiun alloy oxide
template increases linearly with the anodization time until the aluminium fully depletes

(Thompson, 1997).

2.3.3  Synthesis Techniques of Anodic Aluminium Oxide Template

Surface modification process have been the most effective approach to improve
the mechanical properties of Al alloys in different environments. Up to date, there are a
number of published papers and reviews on the synthesis of nanostructures and its
methods. Surface technology process for example anodization, physical vapor deposition,
chemical vapor deposition, sol gel coatings and thermal sprayings serve as a feasible

solution to widen the market share of aluminium alloys (Quazi, 2015).
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Numerous research has been employed to address the corrosion, fatigue and
tribological characteristics of AAO template without degrading the microstructure and
modifying the composition. Throughout the years, various metal and oxides being
researched and studied on, such as zinc oxide (ZnO) (Huang, et al., 2001), titanium oxide
(Kasuga et al., 1992) and others. The appropriate techniques are selected based on the

application, layer thickness, and contact load.

Among all the fabrication methods used for the fabrication of Al.Os template,

anodization is by far the best approach for to fabricate oxide layer on the metallic surface.

2.3.3.1 Anodization

Anodization of aluminium and its alloys using sulfuric acid was patented back
then in 1927’°s by Gower et al for corrosion protection and surface finishing (Kikuchi et
al., 2013). The factor affecting the thickness and quality of AAO is affected by the
electrolye concentration, temperature, current density, metal compositions and rate of

anodization which will be discussed further.

Up to date, sulphuric acid is the most common acidic electrolyte for the formation
of AAO as it forms barrier layer rather quickly and easily. AA6061 substrate fabricated
by electrochemical anodization technique have gain popularity due to its highly ordered,
well adherent AAO array. Table 2.1 below summarizes the anodization conditions
employed previously by other researchers in the synthesis of AAO via different

anodization technique including electrolyte composition, voltage, thickness and time
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Table 2.1: Electrolyte composition coating on aluminium alloys

Voltage Time
No Electrolyte composition Ref.
(V) (hours)

1. 0.3 MH,SO, (Sulphuric Acid) 25 12.5 (Masuda & Hasegwa, 1997)

2. 0.3 M H,C,04 (Oxalic Acid) 40 160 (Masuda & Fukuda, 1995)

3. 0.1 MH3PO4(Phosphoric Acid) 195 1 (Nielsch et al., 2002)

4. 0.3 M H,C,04 (Oxalic Acid) 30 1 (Chung et al., 2010)

5. 1MH,S0, +1wt. % HF 20 1 (Sieber et al., 2005)

6. 0.3 M H,S0, (Sulphuric Acid) 15 1 (Ono, et al., 2004)

7. 0.6 M Hs3PO; (Phosphoric 40 1 (Samantilleke, et al., 2013)
Acid)

8.  0.5M C4Hs0s (Malic Acid) 200 48 (Kikuchi, et al., 2013)

9. 0.1 M Hs3PO; (Phosphoric 194 3 (Lee, et al., 2011)
Acid)

According to research being done, anodization is the most preferred process as it
produces stronger surface adhesion, mechanical integrity such as strength and hardness,
while providing good protective layer of the resulting implants (Sarhan, 2013).
Consequently, anodization grown electrochemically on AA6061 was reported to increase

the corrosion and wear resistance (Huang, et al., 2001).

However, there are also drawbacks being reported solely to conventional
anodization, which separates the corrosion and wear protection away from the substrate.
This instance greatly affects the mechanical performance (Nayak, 2004). Evidence also
showed that by using anodization in sulphuric acid solutions, this creates a porous close
packed structure array with hexagonal cell making the structure highly absorbent, which

allows the accumulation of unwanted material on solid surface to happen when exposed
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to corrosive environments (Gonzalez et al., 1999). In general, anodization changes the
crystallographic and microscopic structure of metal surface, making it porous due to the

thick coatings hence the requirement for sealing process (Grubbs, 1999).

24 Formation Mechanism of Alumina Nanoporous

Generally, the formation of AAO during anodization can be described as chemical
dissolution followed by electrodeposition of anodic oxidation. In 1978, Thompson et al
proposed a model to describe the two main process that took place during the initial film
growth formation, which is the (i) growth by ionic migration through an existing film
AI3*, 02~ and OH~ forms new oxide layer near the aluminium film and (ii) dissolution
between the electrolye and aluminium oxide film at the interface level (Thompson et al.,

1978).

The geometric parameters of oxides layer are controlled by a set of process
parameters such as the electrode properties, acid concentration, deposition time,
anodization applied voltage and electrode separation distance. The formation of
nanotubular pore arrays in aqueous based-solutions during electrochemical oxidation can
be expressed by equation (1) and (2) below (Wu et al., 2007). Equation (1) illustrates the

oxide layer growth during anodization on the anode electrode.

2Al + 3H,0 = Al,05 + 6H* + 6e~ (1)

Al,05 + 6H* = 2A13* + 3H,0 )
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The morphology features of anodic alumina pore growth can be divided into four
stages as shown in Figure 2.4. During anodization, the immersed Al substrate will form
a layer of barrier oxide on the entire surface area (Fig 2.4a). Due to external factors
pertaining stress and defects, this leads to the formation of potential lines concentrated in
a region, due to the development of penetration paths known as pore initiation (Fig 2.4b).
The substrate is said to achieved pore development as it is an auto catalytic process (Fig
2.4c), and finally when it acheives steady state anodic film morphology occuring roughly

at the same rate (Fig 2.4d) (Parkhutik & Shershulsky, 1992)
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Figure 2.4: Growth formation of porous AAO (Parkhutik & Shershulsky, 1992)
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2.5 Processing Parameters Effects on the Development of Porous Alumina

The research done by Masuda and Fukuda in 1995 has garnered much attention in
the generation of anodic porous alumina oxide. Example of the structure is showed in
Figure 2.5. Numerous studies were conducted to grow a perfectly close packed hexagonal
anodic porous alumina, varying from the right electrolyte concentrations and

temperatures, voltages, pre-treatment and purity of the initial Al substrate.

Figure 2.5: SEM view (left) and cross-sectional view (right) of perfect hexagonal

anodic porous alumina oxide layer (Masuda, et al., 2001).

25.1 Effects of Anodization Voltage to the Formation of Anodic Aluminium

Oxide

Lately, Ono et al. proposed that the factor for obtaining a self-porous alumina
oxide depends on the current density during film growth. It was noted that the
homogeneousness of cell size improves in tandem with increased of potential voltage
followed by the rise in current density (Ono et al., 2004). Bandyopadhyay et al. reviewed
that electropolishing of aluminium at high current density may formed pits. By anodizing
this electropolish aluminium will result in a perfect hexagonal porous order arrangment

(Bandyopadhyay, et al., 1996).
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The interpore distance of porous oxide formed during anodization increases with
the anodizing voltage (Chu, et al., 2006). Thus, the higher the anodizing voltage
employed during anodization, the larger the interpore distance also known as interpore
distance. The formation of hexagonal pore array also depends on the voltage applied

(Jessensky et al., 1998).

2.5.2 Effects of Anodization Surface on the Formation of Anodic Aluminium

Oxide

Pre-treatment of Al substrate also played a part in the equifield strength of the
model as the preferred pore growth direction should be perpendicular to the surface of
oxide layer. It is believed that a coarser surface may affect the pores allignment making
it not parallel to each other whereby affecting the electric field strength (Su & Zhou,
2009). It has been found that only certain anodization conditions will initiate self-
organization of the pores. The term self-organized is coined when the nearest neighbor
pore and lattice is arranged hexagonally according to the radial distribution function and

was reported to exhibit photonic crystal properties (Choi et al., 2003).

2.5.3 Effects of Anodization Electrolyte to the Formation of Anodic Aluminium

Oxide

It was reported that the types of electrolyte composition used can influence the
change in surface properties. These include the strength and hardness of substrate,
microstructure, morphology and tribological properties. A variety of acidic acids are
carried out whereby the cathode and anode are immersed in several distinct electrolytes
such as sulphuric acid (Cheng & Chou, 2015), oxalic acid (Chen et al., 2010; Wang et

al., 2008) and phosphoric acid (Masuda et al., 1998; Zhang et al., 2010). The thickness
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of the film growth is also determined by the directionality of the electrolye (Wood et al.,

1996).

The mixture of electrolyte type was also reported useful to control the anodizing
voltage and cell pores diameter. Several mixture groups such as sulphuric acid/oxalic
acids (Shingubara et al., 2004; Kashi et al., 2007) and oxalic/phosphoric acid (Kao &

Chang, 2014) were performed for the anodic aluminium oxide formation.

2.6 Other Anodic Metal Oxides

Anodization, grown electrochemically on aluminium alloy have been studied
extensively by numerous researchers to produce porous oxides matrix aside from the
common metals. To date, not only aluminium materials are widely researched on to
produce porous oxide films, but rather a variety of other metals. Among the metals
research are niobium (Nb)(Tsuchiya et al., 2005), titanium (Ti)(Beranek et al., 2003),
tungsten (W) (Mozalev et al., 2016), tantalum (Ta) (Young, 1960), and zirconium (Zr)

(Cox et al., 1970).

2.6.1  Anodization of Niobium

Studies have showed that Nb nanotubes by anodization have desirable application
properties as gas sensors, optical, catalysts and electrochromic devices. Self-organised
porous hafnium were first obtained via anodization in 1 M H2SO4 + 0.2 wt% NaF with
constant potential of 50 V at atmospheric temperature depicted in Figure 2.6 (Tsuchiya
& Schmuki, Self-Organized High Aspect Ratio Porous Hafnium Oxide prepared by
Electrochemical Anodization, 2005). On another note, highly ordered porous niobium

oxide (Nb2Os) films were performed in 1M H,SO, with addition of 1% HF respectively
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(Sieber et al., 2005). Based on the research, the potential anodization voltage was found

to be the leading key affecting the microstructure of AAO and its morphology.

250 nm

Figure 2.6: Porous Nb2Os (a) view and (b) side view anodized in 1 M H2SOs4 + 0.2 wt%

NaF (Tsuchiya & Schmuki, 2005).

2.6.2  Anodization of Tungsten

Tungsten oxide, (WOs3) gained its popularity due to its commercial and potential
application in photocatalytic, optical data storage device, and solar cells. Electrochemical
anodization of tungsten was investigated in 0.2 M H;PO, aqueous solution. With the
current technology in this approach, the anodic WOs films growth with nanoporous layer
forming a homogenous anodic film (Mozalev et al., 2016). Apart from that, porous anodic
WO, showed denser pores with small size distribution in the morphology structure when

anodized in 0.3 M oxalic acid, (H2C204) as represented Figure 2.7 (Tacconi, et al., 2006).
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Figure 2.7: Porous WO3 (a) view and (b) side view anodized in 0.3 M H2C>0.at (a) 10

V, (b) 35 v. (Tacconi, et al., 2006)

2.6.3  Anodization of Titanium

Research in titanium oxide, (TiO.) have attracted multiple attention due to its high
potential in self-cleaning materials, gas-sensors, photovoltaics and photoanode solar cells.
Self organized porous TiO- layers were obtained using 1 M H,SO, at room temperature.
Beranek and co-workers anodized titanium metal in H,SO, electrolytes containing low
concentration of HF (0.05-0.4wt %). As a result, the optimized electrolyte produced a
highly ordered porous TiO», comprised of single pore arrays with pore spacing of 150 nm
and an average diameter of 140 nm (Beranek et al., 2003). Apart from that, Mor et al
reported that addition of acetic acid to HF electrolyte results in a more robust nanotubes

without altering its size and shape (Mor et al., 2003).

2.6.4  Anodization of Zirconium

Zirconium oxide, (ZrO,) is used as a catalysts support and industrial catalyst. The
electrochemical formation of ZrOzin 1 M H,S0, + 0.2 wt% NH4F with constant potential
of 30 V results in the growth of porous ZrO: layers as presented in Figure 2.8. The growth

of ZrO; layer leads to the transition of amorphous to crystalline film at room temperature
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(Tsuchiya et al., 2005). It was reported that ZrO, layer is able to form up to several
hundreds of nanometers even if culturally anodized in various forming electrolytes (Cox,

1970).

Figure 2.8: Porous ZrO> (a) view and (b) side view anodized in 1 M H2SO4 + 0.2 wt%

NHaF electrolyte at 30 V. (Tsuchiya & Schmuki, 2005).

2.6.5 Anodization of Tantalum

Tantalum oxide, (Ta2Os) has been regarded as a protective coating material for
equipment. Anodization of tantalum was successfully investigated in various acidic and
neutral electrolytes such as phosphoric, sulphuric acid, and sodium sulfate solution
(Young, 1960). The result produced a layer of amorphous Ta>Os with constant thickness
as shown in Figure 2.9. Self-organized porous Ta>Os was successfully obtained in 1 M

H2S0O4 with constant potential of 20 V (Sieber et al., 2005).
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Figure 2.9: SEM image of porous Ta>Os (a) view and (b) side view anodized in 1 M

H2SO4electrolyte at 20 V (Sieber et al., 2005)

2.7 Two-Step Anodization of Aluminium

To reiterate, it was only in 1995 that Masuda and Fukuda discovered the formation
of AAO with highly ordered nano-pores. The pores were reported to alligned regularly
forming a honeycomb structure and this have encouraged researchers to further research

on the development of “two-step anodization’’.
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Figure 2.10: Schematic of two-step anodization process involving, (a)
electropolished surface, (b) first anodization, (c) oxide removal and (d) second

anodization (Zaraska et al., 2010)

First and foremost, Al substrates are electropolished under constant voltage in
acidic solution. During the first anodization step in (Fig 2.10b), the electropolished Al
substrate is anodized in acid electrolyte. As observed, no well-ordered hexagonal pores
arrangement is formed. Pores start to grow downwards towards aluminium base until all

the tube bottom are parallel to each other. Subsequently, oxide is removed by submerging
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the initial-anodized substrate templates in H.SO4 (Zaraska et al., 2010). By removing the
oxide in (Fig 2.10c), a pit is formed in the aluminium surface. Finally, the AAO template
is anodized for the second time shown in (Fig 2.10d) to produce a surface consisting of
symmetrical nanopores with acquired pore diameter and thickness (Zhao et al., 2007; Lee
et al., 2011). A research conducted by Ilango et al also noticed the similar formation of

self organised nanoporous on Al substrate (llango et al., 2016)

2.7.1  Hardness of Al and Al,Os Nanoporous

Hardness of a material is determined by Vickers hardness number. An experiment
conducted by researchers on Al>Os with different alloy composites AA356 and AA1050
sintered at 1200 °C returned with hardness value of 610 HV and 153 HV, respectively.
This proved that the higher content of Al alloy in the composite is known to affect the
hardness of pure alumina as aluminium is comparably a soft material. According to Chou
et al., the hardness properties value of aluminium and Al.O3z depends on the number of
pores in the composites (Chou et al., 2007). This is due to the voids found which
influenced the physical and mechanical properties of the composites. Therefore, the
composition of Al in A356 was bigger than Al A1050 based on the vickers hardness value
side. The formation of pores also relied on densification of pore formation in the
microstructure. A research proved that the increase of Al,O3z lamination thickness lowers
the hardness value of the metal due to the increase of porosity and coating roughness
(Sarikaya, 2005). This causes the lamination to be mechanicaly weaken with the increase
in pores and residual stresses. In fact, the increase in hardness can be obtained at a lower

coating thickness with lower porosity and surface roughness.
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2.7.2  Wettability of Al and Al.O3; Nanoporous

The wettability of nanoporous Al.Oz were investigated by the water contact angle.
Tuscharoen et al reported an increase in surface contact angle from 38° to 106° by
increasing the anodization voltage which changes the surface properties from hydrophilic
to hydrophobic. It showed that the increase in anodization voltage affects the template
morphology (Tuscharoen, et al., 2017). The convention term of superhydrophobic (WCA
over 150 °) were made known in recent years which attracted research interest due to its
promising application in microfluidics and self-cleaning surface (Barberoglou et al.,
2010; Buijnsters et al., 2013) Aside from that, a similar trend on super-hydrophobic with
high contact angle can also be achieved by surface modification via plasma enhanced

chemical vapor deposition (PECVD) (Tuscharoen, et al., 2017).

2.7.3  Corrosion of Al and Al,Oz Nanoporous

Different grades of aluminium react differently in contact with various types of
acids. Hence, corrosion of Al materials is examined for a few reasons. A research reported
that the dissolution of grain boundary is dependent on the corrosive effects of acids
(Schacht et al., 2000). It is, therefore, believed that the corrosive effect on alumina
increases in the acids order H.SO4 > HCI > H3PO4 (Curkovic et al., 2008). On top of that,
Curkovic et al., in their alumina corrosion tests recorded that the dissolution rely on the
grain boundary impurities (Curkovic & Jelaca, 2009). Hence, this proved that impurities

played a role in the corrosion process of alumina and its alloys.

2.8 Heat treatment of Al and Al,O3 Nanoporous

Various steps are introduced to produce a highly ordered hexagonal porous
structure, but little work has been investigated on the influence of heat treatment.

Different conditions were proposed by researchers on the heat treatment. In 2007, a
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research on heat treatment in nitrogen atmosphere at 500 °C for 4 h were done to obtain
homogenous microstructure and to enlarge the grain size (Zhao, et al., 2007). Annealing
process is reported to softens the aluminium as several dislocation moved into lower-
energy configurations producing a new strain-free grains (Rahimi et al., 2008). It is also
studied that annealing along with electropolished treatment improved the oxide stability
against dissolution which could be an indication of uneven distributions of oxide
(Bocchetta et al., 2003). According to Vatne et al., annealing at 620 °C for 24 h proved
that heat treatment has a profound influence on the final grain size and recrystallisation
texture (Vatne et al., 1994). At lower annealing temperature, the grain size decreases in
tandem with temperature. Aside from that, the effecct of higher annealing temperature
also leads to improved microhardness value and reduce porosity as the thicker coating
layer is mechanically weakened with increasing pores and residual stresses (Sarikaya,

2005).
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CHAPTER 3: MATERIALS, METHODS AND PROCEDURES

Chapter 3 reviews the methodology process to fabricate nanoporous anodic
alumina on aluminium alloy series 6 substrates via electrochemical anodization along
with the materials, equipment, and experimental settings involved in this project as well
as its characterization for mechanical and tribo-corrosion properties. Figure 3.1 shows the

flowchart process
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Figure 3.1: Schematic diagram of nanoporous anodic alumina on AA6061 metal
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3.1 Substrate Preparation

The raw material used in this study was fabricated from aluminium alloy series 6
(KAMCO ALUMINIUM SDN BHD, Kuala Lumpur, Malaysia) metal. The substrate was

cut into thin plates with dimensions of 15 mm x 15 mm x 2 mm.

Figure 3.2: AA6061 T657 plates after cutting into smaller plates

Following that, the specimens were successfully abraded (Model METAPOL-2, Srimad)
using emery paper with different grit ranging from 800-2400, for 1 minute both each in
Figure 3.3, followed by wet-polishing using diamond slurry to mirror finish. The default

speed for both grinding and polishing are set at 500 rpm.
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Figure 3.3: Grinder and polisher machine (Model METAPOL-2, Srimad).

Samples were placed in an ultrasonic cleaning bath dipped in acetone at a
temperature of 40 °C for 10 minutes. The substrates are then washed with distilled water,
followed by drying for each individual sample in order to fabricate Al,Oz nanoporous

array.
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Figure 3.4: Ultrasonic cleaning bath
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3.2 Preparation of Self-Organized Al,Oz Nanoporous Arrays

Anodization of substrate AA6061 T657 was conducted in an electrochemical cell
consist of two-electrode by using a direct current (DC) power source (Model E3641A,
Agilent Technologies, Palo Alto, USA) rated at 12V for 1 hour in sulfuric acid (15 wt%
H2SO04, Ajax Chemicals, Sydney, Australia). It is important that the electrodes and
graphite rod are cleaned and polished before used to prevent surface impurities which
might affect the adherence and strength of deposition. The graphite rod (D = 5mm) was
connected to the negative terminal (cathode) and the samples were connected to the
positive terminal (anode) of the power supply (Model EPS 601, General Electric) at room
temperature. The distance between the anode and cathode terminal are separated 20 mm
away in all experiments. Subsequently, samples are then rinsed with de-ionized water to
remove residual and impurities from the surface. The setup of electrochemical

anodization is shown in Figure 3.5.

Figure 3.5: Electrochemical anodization process to produce Al,Oz hanoporous array
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3.3 Annealing

Subsequently, to improve the coating adhesion, heat treatment was carried out.
The amorphous coated sample undergoes annealing in a standard laboratory furnace. For
the samples to form crystalline phases, the anodized specimens were heat treated at
ambient temperature up to 450 °C for 1.5 h, pre-set at an increase and decrease
temperature elevation ramp of 5 °C/min under atmospheric conditions. Samples were

placed in the middle of the furnace for even heat distribution.

Figure 3.6: Furnace for annealing of substrate
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34 Characterization Techniques

A variety of characterization technique were employed in this work to analyze
the AAO template formation after undergoing all process. The analytical methods used
are field emission scanning electron microscope (FE-SEM), X-ray diffraction (XRD),

energy dispersive x-ray spectroscopy (EDS) and atomic force microscopy (AFM).

3.4.1 Field Emission Scanning Electron Microscope

In this present work, morphology of coating was investigated by using (FESEM,

SUB000, Hitachi, Japan) with an acceleration voltage of 1 to 2kV.

3.4.2 X-Ray Diffractometry

XRD is atechnique used to characterized crystalline materials. In short, it acquires
information based on the current phase, crystallographic structures and chemical

composition of coated AAO template.

In this present work, the phase composition and purity of the substrates, Al.O3
nano porous arrays on series 6 specimens were analyzed by (XRD, PANanalytical X’Pert
3 Powder, Netherlands) with Cu Ka radiation (A=1.54178 A") operating at 45 kV and 30
mA, 20 range of 20° - 80 °, scan rate of 0.1°.s™, and step size of 0.026°. The
“PANanalytical X Pert HighScore’’ software was employed to determine XRD patterns,
whereby are patterns are governed by the standards gathered by the Joint Committee on

Powder Diffraction and Standards (JCPDS, card #005-0682).
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3.4.3 Energy Dispersive X-Ray Spectroscopy

EDS or otherwise known as EDX are one of the many analytical technique used
to analyze and obtain compositional analysis. Hence, the atomic concentration are

respectively determined using EDS.

3.5 Adhesion Strength

The lamination strength of the coating was measured using Micro Materials Nano
Test (Wrexham, United Kingodm) equipped with a diamond indenter. The angle of the
indenter was set at 90.0 + 5.0 ° and tip radius of 25 £ 2.0 um. The experiments were
performed with a loading rate gradually increased to 9.2 mN s and a sliding velocity of
5 mm s?. The scratch tests were performed on each individual sample. Samples are
moved in a perpendicular manner towards the scratch probe while the contact are held
constant. Subsequently, the result based on the scratch profile were examined under an
optical microscope (Olympus BX61, Tokyo, Japan). The frictional load and probe
penetration depth were monitored throughout the test to determine the critical normal
force required to peel of the oxide layer coatings off the substrate. Each sample was
scratch tested for three times under the same parameter to ensure reproducibility of the

results.

To investigate further, the scratch hardness test was performed on the substrate,
Al203 nanoporous array, and heat treated Al.O3 nanoporous array thin film at 450 °c for
1.5 hours. The purpose of the test performed is to measure the lamination of oxide of the
single point force exerted which caused the deformation. Once completed, the stylus tip
is removed to compute the scratch hardness which can be calculated by dividing the
applied normal force exerted by the stylus tip against the final scratch width. Based on

that, the frictional coefficient can also be obtained at the critical load by the tester. The
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scratch hardness number, HSp is determined using the following specification of ASTM

G171-03 governed by the formula below (ASTM, 2003; Jaworski et al.; 2008);

8P

w2

HSP = Eq. (1)

Where HSp is the scratch hardness number, P is the applied normal force, and “'w’’is the

scratch width.
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Figure 3.7: Schematic of scratch hardness measurement (Li D. J., 2009)

3.6 Microhardness

The Vickers microhardness testing machine (Mitutoyo-AVK C200-Akashi
Corporation, Kanagawa, Japan) was employed to determine the microhardness of each
samples by the strength-indentation method with an applied load of 98.07 mN and dwell
time of 15 s at ambient temperature. A total of five indentations was analyzed to

determine the average mechanical properties of each.
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3.7 Corrosion Studies

Corrosion specimens was analyzed using potentiostats/galvanostats (SP-150, Bio-
Logic, France). The potentiodynamic polarization were executed using a three electrodes
terminal in a compartment cell: (i) a sample as the working electrode, (ii) a counter
electrode made of platinum, and (iii) the saturated calomel electrode as the reference
electrode. All samples were performed in an artificial seawater. The substrate, AAO, and
heat-treated samples were the working electrodes exposed using a mounted sample with

working area of 1 cm?.

Potentiostat SP-150 was monitored by a PC computer and EC-Lab software were
used to collect and evaluate the experimental data. The potential range varying from -
2000 to +2000 mV were tabulated in the polarization curve against reference electrode
with a scanning rate of 1 mVs™. Duplicate tests were performed under identical testing

conditions to validate reproducibility.

As mentioned, the corrosion study was performed in artificial seawater by
dissolving inorganic salts at stagnant room temperature. As reported by Burkhoder’s
formulation, the compositions of the simulated seawater were as follows (per litre of

deionized water);

23.476 g NaCl + 3.917 g Na2SO4 + 0.192 g NaHCOs + 0.664 g KCI + 0.096 g
KBr + 10.61 g MgCl; . 6H.0 + 0.026 g HsBO3 + 0.04 g SrCl, . 6H.0 + 0.41 g MgSOs .
7H20 + 0.1 g NH4CIl + 0.1 g CaSO4 + 0.05g KoHPO4 + 0.5 g tri-sodium citrate + 3.5 ¢
sodium lactate + 1 g yeast extract (Bidwell & Spotte, 1985). The pH was adjusted to 7.5

+ 0.1 using 5 M NaOH solution (Yuan et al., 2013).
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The corrosion potential (Ecorr / Vsce), and corrosion current (leorr / WA cm?), are
obtained from Tafel graph. The corrosion protection efficiency (P.E) used to evaluate the
effectiveness of corrosion protection was estimated governed by equation below (Yu et
al., 2014);

0
I —1¢

P.E.(%) =~ __cort 100 Eq.(2)

corr

0 . . . )
Where |cop is the corrosion current (MA / cm?) of AA series 6 and |éorr is the

corrosion current of the coated samples.

CR was calculated by the following formula:

CR(mmyear™) = O'lglcog (EW.) Eq.3)

3.8 Surface Wettability

The surface wettability (hydrophilicity) of nanoporous anodic Al,O3 was analyzed
by measuring the contact angles of sessile drops of artificial sea water with a constant
liquid volume of 5ul deposited on each sample surface for contact point assessments, with
a drop speed of 2ul s at a temperature of 26+1 °C. The webcam (OCA 15EC, Data
Physics Instrument GmbH, Germany) was aligned to the eyepiece of microscope to study
the surface wettability. The contact angle <’’’ was measured by the water droplet height

“h’” and width “’'w’’ governed by the following formula (Elias et al., 2008);

4 2h
6(°) = 2tan 1[7) Eq.(4)
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Wettability of surface contact angle can be viewed by the following (Rodrigues, 2017);

B = 0°

0° <, < 65°
65° < @, < 150°
6, > 150°

superhydrophilic,
hydrophilic,
hydrophobic,
superhydrophobic
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 XRD Analysis

Figure 4.1 shows the XRD profiles of the substrates (AA6061 T765), the 1 h
anodized sample in H2SO4 solution with a constant potential of 12 V, and the heat-treated
sample at 450 °C for 1.5 h (at heating and cooling rate of 5 °C / min). As depicted in
Figure 4.1a, the XRD reflection of the substrate shows multiple diffraction peaks
associated with Al located at 26 = 38.5°, 44.6°, 64.9°, and 78.1°, which are connected to the
(111),(200),(220)and (31 1) lattice planes respectively. Subsequently, the 1 h anodized
sample was formed as depicted in Figure 4.1b. After anodization, as can be seen, the intensity
of characteristic peaks of Al especially (2 2 0) and (3 1 1) decreased which can be caused by
the formation of oxide layer during the anodization. New diffraction peaks (1 1 1) plane were
recorded at 260 = 38.3 °, (2 0 0) plane at 260 = 44.6 °, (2 2 0) plane at 20 = 64.5 °and (31 1)
plane at 26 = 78.4 ° individually. During annealing at 450 °C as shown in Figure 4.1c, same
diffraction peaks (1 1 1) plane at 26 = 38.4 °, and (2 0 0) plane at 26 = 44.6 ° were recorded.
It is noticeable that the intensity of the peaks increased considerably before and after
annealing indicating their transition from amorphous to crystalline phase, as shown in Fig
4.1b and Fig 4.1c. The increased in the intensity of the peaks along with increase annealing
temperature was also reported by Rao (Rao et al., 2013). Aside from that, the decreased in
the intensity of the Al peaks especially for (1 1 1) plane and the disappearance of (2 2 0) and
(3 1 1) peaks contributed to the development of oxide layer formed on the surface of Al.
However, due to amorphous and low crystalline nature of ceramic materials, the peaks
identification of alumina is difficult to decipher. Grain size was reported to become larger
during heat treatment, since grain coarsening and recrystallization occurs during annealing
(Xu, et al., 2010). According to De Azevedo et al, the broad peak indicates that the
synthesized layer was disordered and/or made up of amorphous Al oxide compound (De
Azevedo et al., 2004). It is clear that there is high and sharp diffraction peak in these patterns,

demonstrating that the Al,O3 coating phase is crystalline.
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Figure 4.1: XRD profiles of the (a) bare substrate, (b) the anodized sample, and (c) the

heat treated sample at 450 °C for 1.5 h

4.2 Microstructure of Al.O3z Nanoporous Array after Anodization

The microstructural evolvement and chemical compositional analysis of AA6061
substrate and anodized specimens were observed by FESEM and EDS imaging technique
individually at a time. The oxide coating was produced by anodizing aluminium substrate

in 15 wt% H>SO;4 electrolyte with a constant potential of 12 V for 1 h.

Microscopic examination was done to verify the effect of anodization as
compared with the standard substrate specimen. As shown in Figure 4.2a, it is noticeable
that the scratches, particles and organic contaminants are present based on the roughness
of the surface, which could be due to the manufacturing process. Research performed by
Runge in 1999 reported that defects such as grain boundaries, and surface contamination
will affect the passivation of oxidation reaction (Runge J. , 1999). A comparative FESEM

image in Figure 4.2a and 4.3a showed that the anodization process affects the surface
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topography resulted in irregular formation of pits at the surface due to localized

dissolution of the oxide layer.

Figure 4.2b shows the overall AA6061 substrate composition. The EDX analysis
for the substrate recorded peaks for the primary alloying elements of aluminium at 92.54
wt%, followed by oxygen at 5.85 wt%, magnesium of 0.88 wt% and 0.74% wt% of
silicon. The trace of oxygen is due to the formation of native oxide layer on the surface
upon exposure to atmospheric air (Rulik, 2014). It should be noted that certain trace

quantities of chemical elements are not detected during EDX analysis.

Figure 4.3b demonstrates the EDX spectra of coating of Al.O3 nanoporous array
after anodized in 15 %wt H>SO4 for 1 h at a constant potential of 12 V. Results showed
that aluminium and oxygen are the main elements of the coating formed in AAO after
anodization from the EDX profile, which shows the formation of film layer on the

substrate. From there, the profile also exhibit the absence of impurity during the

(b) 13 - Al
Element Wit% At%

0K 05.85 09.48
Mgk | 0088 00.94
AIK 9254 88.91
Sik 00.74 00.68
Matrix | Correction  ZAF

anodization process.

4 e
100 200 300 400 600 600 700 800 900 100
e Energy - keV

Figure 4.2: (a) Top view FESEM image and (b) EDX analysis of AA6061 series 6

substrate
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Figure 4.3: (a) FESEM top-view image and (b) EDX analysis of Al,Oz Nanoporous

array after anodization for 1 hat 12 V in15 wt% H>SO4

The effect of anodization duration on the thickness of AAO nanostructure
coatings was determined using the FESEM cross-sectional view as shown in Figure 4.4,
Based on this figure, it is observed that the thickness of the nanoporous alumina formed
was approximated to be 500 nm. Correspondingly, a similar research was done by
Chu et al. that by increasing the constant potential during anodization process, the pore

orders located in the domain were also significantly improved (Chu et al., 2005).
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Figure 4.4: FESEM cross-sectional image of Al,O3 nanoporous array after anodization

process for 1 h in an electrolyte containing 15 wt% H>SOsat 12 V

4.3 Adhesion Strength of Al,Os; Nanoporous Array and Heat Treated

There are many factors that affects the adhesion strength of coatings such that
surface pretreatments have been one of the key factor in the protection of aluminium alloy
(Bajat et al., 2008). The adhesion strength of AAO depends not only on the hardness of

the oxide coating, but also on the durability and stability.

In this study, two experiments were carried out to improve the adhesion strength
and consistency. Figure 4.5 shows the overall scratch track length and the failure point of
the anodized coated sample. Figure 4.5 a-e illustrates the graph profiles of depth, load,
friction force and coefficient of friction (COF) against distance, along with the failure
points of the 1 h anodized specimen during the scratch force analysis. The scratch of the

direction was done horizontally from left to right as shown in Figure 4.5a with a scratch
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depth of (~ 1.8 um). Critical load was evaluated when the depth profile matched the
delamination of coating. Therefore, critical load of the sample was attained from the load-
distance graph profiles. As can be seen, the total scratch length of the anodized sample is
951.28 um, while the coating failure point was detected at 553.17 pum. Aside from that,
the adhesion strength of the coating increased to 1532 mN after anodization. Based on
figure 4.5 d-e, the calculated friction and COF of anodized sample were calculated and

plotted against the scratch length with both recorded at 1300 pum and 0.79, respectively.

Figure 4.6 shows the adhesion strength of anodized alumina after underwent
thermal treatment at 450 °C along with the scratch track length of 965.81 um and the
failure points recorded at 780.36 pm with an increased applied load of 2240 mN. As
mentioned, Figure 4.6 b-e illustrates the scratch depth of (~ 2.5 um), a scratch load
recorded at 2240 nM after heat treated, friction force of 1800 pum and COF against

distance 0.75, individually.

Based on the consolidated results attained from Figure 4.5 and 4.6, it can be
observed that the longer optical micrograph scratch track has the best adhesion strength.
The scratch failure showed an increase in the scratch track failure point after undergoing
heat treatment. There is also an increased in the recorded scratch profile, scratch load and
friction force plotted against the scratch length from 1.8 to 2.5 um depth, scratch load of
1532 to 2240 mN and an increase in friction force of 1300 to 1800 um. Both specimens

stayed stable and revealed a COF value of 0.79 and 0.75 respectively.
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This showed that the alumina nanoporous coating remained stable forming
homogenous microstructure and a variation of grain size after undergoing heat treating
process. Subsequently, these findings imply that subsequent heat treatment on the
samples may have affected the adhesion strength of the AAO. The scratch hardness for
as-anodized and heat treated sample values were 9.753 GPa and 14.26 GPa respectively.
These imply that subsequent annealing process provides better adhesion than the un-

treated substrate.
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Figure 4.5: The optical micrograph of (a) scratch track and graph profiles of (b) depth,

(c) load, (d) friction and () COF against scan distance inclusive of failure points of the 1

h anodized specimen
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4.4 Vickers Microhardness

To reiterate, the surface hardness of coated oxide layer was determined by means
of strength-indentation method using an applied load of 98.07 mN and dwell time of 15 s
at ambient temperature. Table 4.7 shows the variation of Vickers hardness value for
untreated substrate, un-annealed anodized sample, and finally the heat-treated sample at
450 °C. The hardness value of the substrate was 45.9 HV. After anodization, a nanoporous
alumina layer was formed on the substrate; this effect increased the surface hardness value
to 82.8 HV. Subsequently, after thermal annealing at 450 °C, a drop recorded in the
surface hardness value of 71.2 HV but is still higher than the untreated substrate. The
results obtained are justified by Zhang et al, who reported that the surface hardness of
each samples highly depends on the amount of porosity in each sample (Zhang et al.,
2006). The drop in hardness value from 82.8 to 71.2 HV after annealing at 450 °C showed
that the precipitation hardening effect is being dominated by the softening effect after
annealing. Rao and his co-workers researched that precipitates loses its coherency matrix,
hence affecting the hardening effect. This can be concluded that the formation of equiaxed
grains due to recrystallisation effect may have affected the strength and hardness of the

as annealed sample while making it ductile (Rao et al., 2013).

57



Specimens

0 10 20 30 40 50 60 70 80 90 100
Vickers Hardness / HV

Figure 4.7: Vickers hardness value of (a) substrate, (b) anodization in 15 wt% H>SO4

and (c) heat treatment at 450 °C
45 Effectiveness of Corrosion Protection

Figure 4.8 illustrates the polarization plots of untreated substrate, AlOs as-
anodized specimen and the 450 °C annealed sample. The values of Ecorr, Icor, Rp, and
P.E value are tabulated in Table 4.2. The AA substrate displayed a corrosion potential of
-793 mVsce and corrosion current density of 9.023x10® uA cm. For comparison, the as-
anodized sample and heat treated recorded an increased in negative value indicating
which indicates an increase in corrosion of the specimen. Besides that, the value of Icor
slightly increased as the polarization curves moved towards the upper corrosion current
density from a low of 9.023x10° to 1.313x10® pA cm?. The corrosion rate were
determined for all three samples, which showed a decrease in corrosion activity of
substrate at a rate of 3.91x10®, anodized sample at 2.72x10° and the annealed sample at

0.734x10°® respectively. Last but not least, corrosion protection efficiencies were also

58



determined for all three samples. Through benchmarking, the anodized Al.Os nanoporous
array and annealed sample showed 46% and 85% increase in P.E individually against the
bare substrate. It was noticed that the 450 °C had a significant improvement over P.E and
exhibited the highest corrosion protection efficiency of 85%. According to Doodman et
al, the heat treatment temperature also affects the corrosion properties of the coating
surface (Doodman et al., 2014). On a similar note, a research done by Dumitrascu et al.
on anodized AA1050 showed that the Ecor recorded a value of -440 mVsce with constant
potential of 15 V. Likewise, by increasing the constant potential to 18 V, the Ecor recorded
a decrease in value to -550 mVsce. The decrease in similar trend could be related to the
dissolution of boundary layers from the base of anodic oxide layers. Therefore, the
increase in constant potential thickens the alumina layer and nanoporous diameter

resulting in a more regulate order (Dumitrascu et al., 2017).
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Figure 4.8: Polarization plots of the untreated substrate, the anodized specimen, and the

450 °C heat-treated sample.
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Table 4.1: Corrosion potential (Ecorr), corrosion current density (Icorr), corrosion rate

4.6

and effectiveness of corrosion protection (P.E.) values

AA6061 S6 Substrate Anodized Annealing
Ecorr / (mVscg) -793.753 -820.016 -830.946
Icorr / A 9.023x10%  4.858x10° 1.313x10°®
(LA cm?)

Sample weight (g) 2.35 2.4 2.4
Density (g/cm3) 2.7 3.95 3.95
E.W (g) 9 17 17
Corrosion rate 3.91x10° 2.72x10® 0.734x10®
P.E (%) - 46.16 85.45

Surface Wettability

The contact angle determines whether the surface is hydrophobic or
hydrophilic. Figure 4.9 demonstrates the multiple WCA of substrate, the as-
anodized sample in H2SO4 electrolyte, and heat treated sample of 450°C. It has
been reported by Buijnsters et al. that the wetting of the AAO surface is highly
dependent on the surface porosity (Buijnsters et al., 2013). Low value of the
contact angle indicates the high surface wettability. According to Figure 4.9a, the
AA6061 bare substrate showed a contact angle of 95.7°, which caused by the
hydrophobic surface. Based on the literature, the roughened solid surface tends to
increase the contact angle due to the existence of air pocket between surface and
liquid drop (Ran et al., 2008). After anodization in 15 %wt H2SO4 for 1 h with
constant voltage of 12 V, the contact value angle decreased significantly to 10.7°
and 13.8° for both multiple sides as showed in Figure 4.9b. This suggest that the

anodization is favorable in surface wettability. Figure 4.9c recorded the lowest
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wetting contact angle of 7.7°, where the hydrophilic properties was improved after
being heat treated at 450 °C. Therefore, the surface modification of AA6061 by
anodization and annealing proved to change the surface topography, roughness,
composition and wettability (Kim et al., 2006). It was reported by Ferro and Derby
that the decrease in wetting angle after heat treatment is attributed to the formation
of true metal and the breakup of alumina films. The combined effect of chemical
reaction leads to the breakup of alumina films, hence leading with the formation

of volatile aluminium oxide formed (Ferro & Derby, 1995).
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Figure 4.9: Optical images of the contact angle of (a) substrate, (b) anodized in

H2SO4 electrolyte, and (c) heat treated sample at 450 °C.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

51 Conclusion

In the present work, nanoporous anodic alumina was successfully synthesized on
aluminium alloy series 6 (AA6061 T657), followed by evaluation of mechanical and
corrosion behavior in artificial salt water. A methodical investigation revealed an
improved on the adhesion, surface hardness, scratch hardness, wear, corrosion resistance

and wettability behavior between the substrate and film coating of nanoporous AAO.

According to the research, surface modification via anodization was done in an
electrolyte containing 15% H>SO. with constant potential of 12 V. It showed that the
anodization process affects the topography due to the localized dissolution of the oxide
layer. On top of that, the effect of anodization on the thickness of AAO nanostructure
coatings was approximated to be 500 nm. Subsequently, it can be seen similarly that the
surface modification via heat treatment also affects the adhesion strength of aluminium
which recorded a scratch hardness value of 14.26 GPa against the as-anodized sample.
Vickers hardness for anodization was also enhanced by anodization with a surface
hardness value of 82.8 HV. Corrosion of AA6061 also indicated that the annealed sample
showed significant improvement in the corrosion protection efficiency rate of 85% in
ASW. Last but not least, surface wettability contact angle showed improved surface

wettability (hydrophilicity) recorded at a contact angle of 7.7°.

Therefore, this project has demonstrated the feasibility of fabrication using
AA6061 T657 for the production of nanoporous Al>Os for both pre-treatment, and surface
modification via anodization and heat treatment. This can be concluded that surface
modification improved the mechanical and corrosion characteristics of AA6061. At the
outset, this project has also met both of its objectives by investigating the corrosion

behavior of AA6061 along with the microstructure analysis.
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5.2 Suggestions for Future Work

The aim of this current research was to explore the nanoporous anodic alumina
formed on aluminium alloy series 6 (AA6061 T657) for improved mechanical and
corrosion behaviour. The evaluation of corrosion mechanism of this alloy in various

corrosive media for different applications can also be investigated in future.

On top of that, anodizing by varying the potential voltage on the substrate may
also determine the effect of particle size and distribution of fine crystalline particles
relating to it. X-ray photoelectron spectroscopy (XPS) could be employed to determine

further the elemental composition and surface chemistry of the formed Al>Oz.
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