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ABSTRACT 
The combination of two cost-effective processes, i.e. casting and anodising, would be 
an interest for the aluminium component applications. However, there are some 
obstacles in the application of anodising on cast Al alloys. The challenges mostly 
relate to the alloying elements especially Si and the surface quality. With the 
development of casting process, cast aluminium alloys with low Si content can be 
casted, and a complex geometry component with reasonably good surface finish can 
be achieved. This study aims to identify the influence of Si on anodising and 
mechanical properties of Al-Si alloys.  

In this study, six Al-Si alloys with three different Si level and two different Sr level 
were investigated. Sr acts as a modifier to change the morphology of Si particles. The 
directional solidification technology was used to vary the microstructure coarseness 
by controlling the cooling rate to study the influence of Si level, Si particle 
morphology and cooling rate on mechanical properties, oxide layer formation and 
corrosion protection performance in cast Al-Si alloys.  

This study has observed that Si has a significant influence on anodising. During 
anodising, Si particles are anodised at a lower rate than the Al phase. The presence of 
Si particles in eutectic phase make the oxide layer locally thinner and more defected 
due to the low oxide growth rate in eutectic phase. This study observed the presence 
of residual metallic Al phase beneath or between Si particles. Due to their presence 
and their geometry, Al can be shielded by Si particles and prevented from oxidation. 
Si particles also act as a key role in the corrosion protection of oxide layer in Al-Si 
alloys. The corrosion attack propagates along Si particles as well as oxide defects to 
the Al substrate.  

It is found that the morphology of Si particles has a significant influence on the oxide 
layer formation and corrosion protection performance of the oxide layer on cast Al-
Si alloys. A substantially improvement the corrosion resistance of anodised layer on 
Al-Si alloys is attributed to the morphology change from interconnected flakes to 
disconnected Si fibres when Sr is added, with less oxide defects and better oxide 
distribution. 

The Si level governs the mechanical properties of Al-Si based alloys. An increase of Si 
content in Al alloys improves the mechanical properties such as ultimate tensile and 
yield strength as well as hardness of the materials, but decreases the ductility. 
However, an increase of Si level in Al alloys decreases the thickness of oxide layer, 
and thereby, the corrosion protection of the oxide layer is deteriorated.  

Keywords: Al-Si based casting alloys, anodising, corrosion protection, mechanical 
properties  



 

  



 

 

SAMMANFATTNING 
Kombinationen av två kostnadseffektiva processer, gjutning och anodisering, är av intresse 
för tillämpning på aluminiumkomponenter. Det finns dock hinder för tillämpning av 
anodisering på gjutna aluminiumlegeringar. Utmaningarna relaterar till effekten av 
legeringselement, i synnerhet Si, och komponentens ytkvalité. Med utvecklingen av 
gjutprocesser kan aluminiumlegeringar med lågt Si-innehåll gjutas, och komponenter med 
komplex geometri med förbättrad ytkvalité kan uppnås. Denna studie syftar till att identifiera 
påverkan av Si på anodisering och mekaniska egenskaper hos Al-Si-baserade legeringar. 

I denna studie undersöktes sex Al-Si-legeringar med tre nivåer av Si och två nivåer av Sr. 
Tillsatser av Sr leder till modifikation av morfologin hos Si-partiklar. Med hjälp av tekniken 
”riktad stelning” varierades stelningshastigheten för att studera sambanden mellan halten och 
morfologin av Si, mikrostrukturens grovlekoch dess inverkan på mekaniska egenskaper, samt 
oxidskiktets bildning och korrosionsbeständighet hos gjutna Al-Si-legeringar. 

Denna studie visar att Si har ett betydande inflytande på anodisering r. Under anodisering, 
anodiseras Si-partiklar i en lägre takt än Al-fasen. Närvaron av Si-partiklar i eutektisk fas bidrar 
till ett lokalt förtunnat oxidskikt med fler defekter på grund av den låga oxidtillväxthastigheten 
i eutektisk fas. Denna studie observerade förekomsten av kvarvarande metalliska Al fasen 
under eller mellan Si-partiklar. På grund av Si-partiklarnas närvaro och geometri, kan Al 
skärmas från oxidation. Si-partiklar har även en nyckelroll i korrosionsskydd av oxidskiktet i 
Al-Si-legeringar. Korrosionsangreppet propagerar längs Si-partiklar samt oxiddefekter till Al-
substrat. 

Morfologin av Si-partiklar har funnits ha en betydande inverkan på oxidskiktets bildning och 
korrosionsskydd hos gjutna Al-Si-legeringar. En väsentlig förbättring av 
korrosionsbeständigheten i anodiserat skikt hos Al-Si-legeringar tillskrivs förändring av kiselns 
morfologi från sammankopplade flingor till osammanhängande fibrer när Sr tillsätts, med 
mindre oxiddefekter och bättre fördelning av oxid. 

Si halten påverkar demekaniska egenskaperna hos Al-Si-baserade legeringar. En ökning av Si-
innehållet i Al-legeringar förbättrar de mekaniska egenskaperna såsom brott och sträckgräns 
samt hårdhet hos materialen, men minskar duktiliteten. En ökning med Si halt i Al-legeringar 
minskar dessvärre tjockleken hos oxidskiktet, och därigenom, försämrar oxidskiktets 
korrosionsskydd. 

Nyckelord: Al-Si-baserade gjutningslegeringar, anodisering, korrosionsskydd, mekaniska 
egenskaper 
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CHAPTER 1 

CHAPTER INTRODUCTION 

The background of the current work focused on cast aluminium alloys and anodising 
of cast aluminium alloys. 

1.1 

The growing demands of weight minimisation and high reliability make Al alloys as a 
proper candidate in automotive and electronics industries, due to their low density, 
good mechanical performance and high thermal/electrical conductivity. Pure 
aluminium shows an excellent corrosion resistance due to the spontaneous 
formation of passive aluminium oxide layer on its surface. However, the pure 
aluminium is rarely used in industries because of its relatively poor mechanical 
properties. Aluminium therefore is commonly alloyed with various alloying elements 
to improve material properties in order to meet certain requirements. 

However, by introducing alloying elements, corrosion resistance of Al alloys will 
decrease. In order to get an optimum corrosion resistance of Al alloys for outdoor 
application, anodising is one cost-effective and common surface treatment used in Al 
alloys by generating an oxide layer on the surface to protect against harsh 
environments. The anodising process has been developed since early 1930s [1], and 
is now widely used in Al alloys (mainly wrought Al alloys). As one category of Al 
alloys, cast Al alloys with casting process is considered to gain a good economic 
benefice, and now is widely applied in industries. However, there exist some 
obstacles in the application of anodising on cast Al alloys, and problems mostly 
concern to the relatively high alloying elements especially Si and the surface quality 
due to the fabrication method. With the development of casting process, Al casting 
with relatively low Si content can be realised, and a complex geometry component 
with good surface finish can be achieved. From the angle of business image with 
achieving good profits, the marriage of two cost-effective and productive process, 
casting and anodising, would be of wide interest in the foundry industry. 

1.2 

Aluminium alloys alloyed with Si as the major element form a class of aluminium 
materials with very suitable castability and good mechanical properties. Other 
alloying elements such as Mg and Cu are also commonly alloyed in Al-Si alloys with 
the aim of improving the strength at room and evaluated temperature and providing 
the possibility for heat treatment [2, 3]. Al-Si alloys can be manufactured by almost 
all casting process such as high and low pressure die casting, gravity die casting and 



sand casting. Also, a new casting process which is called semi-solid casting is 
becoming a hot topic both in industries and research. 

 

Al-Si alloys solidify as precipitation of primary Al dendrites and Al-Si eutectic phase 
if the Si concentration is lower than 12.6 wt-%, as shown in Figure 1. As shown in Al-
Si phase diagram, in the hypoeutectic alloy (Si<12.6 wt-%), during solidification, the 
dendrites of primary aluminium will solidify first surrounded by liquid melts when 
the temperature goes below liquidus temperature [4]. The primary Al dendrites is 
almost aluminium, but still contains certain amount of other alloying elements such 
as Si. With the temperature below solidus temperature, eutectic phase will start to 
precipitate between the primary Al dendrites [4, 5]. In the Al-Si binary system, the 
eutectic phase contains the Al phase and most of Si particles. Commercial Al-Si alloys 
often contain other alloying elements such as Mg, Cu and Fe in addition to Si, and the 
eutectic phase therefore may be more complex containing other intermetallic 
particles.  

 

Si is the main and most important alloying element of Al-Si alloys. Depending on the 
concentration of Si, Al-Si alloys can be classified into hypoeutectic alloy (Si <12.6 wt-
%), eutectic alloy (12.6 wt-% Si) and hypereutectic alloy (Si >12.6 wt-%). Si content 
in Al-Si alloys is primarily responsible for improving the fluidity of the Al alloy and 
decreasing the shrinkage, and thus improving Al castability [6, 7]. As a hard phase, 
the introducing of Si in aluminium decrease the density and improve the mechanical 
properties such as elastic modulus, yield strength (YS) and ultimate tensile strength 
(UTS) and wear resistance of material [8-10]. Furthermore, Si combines with other 
elements to obtain the possibility for heat treatment. However, the more Si the alloy 
contains, the more both thermal conductivity and ductility decrease. Si has been also 

Figure 1: Al-Si phase diagram 



 

 

found to improve the pitting corrosion resistance of Al-Si alloys, due to the 
incorporation of Si atom in the passive film rendering it more stable [11-14]. Figure 
2 depicts the influence of Si concentration on UTS and elongation. 

 

Figure 2: Effect of Si content on (a) ultimate tensile strength; (b) elongation [9]. 

Mg alloying is basely used for strength and hardness improvement in heat treated Al-
Si alloys. The increase of strength and hardness is attributed to the precipitation of 
highly dispersed Mg2Si particles in the matrix. The hardening phase Mg2Si displays a 
useful solubility limit corresponding to approximately 0.70 wt-% Mg, beyond which 
either no further strengthening occurs and decrease the ductility [15]. 

The addition of Cu to Al-Si alloys aims to increase the strength, hardness and creep 
resistance in Al-Si alloys. The most increase of strength and retainment of ductility is 
achieved if Cu dissolved in the Al matrix. However, Cu in Al-Si alloy will reduce the its 
corrosion resistance [16], and the porosity formation will increase if Cu exceeds to 
0.2 wt-% in the family of A356 [17]. 

Iron (Fe) is commonly introduced in Al-Si alloys because of recycling process and 
casting process. The presence of Fe is good for preventing die soldering in high 
pressure die casting. However, Fe is always present as an undesired impurity due to 
the formation of brittle intermetallic compounds (Al5FeSi, β phase) which will result 
in a decrease of ductility [18, 19]. The addition of Mn in Al-Si alloy changes the shape 
of Fe-intermetallic phase to so called t α-Al15(Fe,Mn)3Si2 “Chinese script”, thus 
improves the ductility of Al-Si alloys [20-22]. Moreover, Fe has the effect to degrade 
castability via the formation of porosity at high Fe level [23, 24].  

 

The microstructure of Al-Si alloys presents as a mixture of primary Al dendrites and 
eutectic phase. The amount of eutectic phase depends on the Si level in Al-Si alloys. 
The cooling rate has a significant influence on the microstructure of Al-Si alloys. An 
increase of cooling rate leads to a finer microstructure of eutectic phase with small 
secondary dendrite arm spacing (SDAS) and small size of intermetallics, while, a low 
cooling rate results in a coarse microstructure with big and flake-like Si particles [25].  

(a) (b) 



Although an increase of cooling rate refines the Si particles, the flake-like morphology 
remains unaffected. Chemical modification by adding modifiers in Al-Si alloys can 
change the morphology of Si particles from flake-like to fibrous, which develop UTS 
and ductility [26-28]. As one common modifier, small amount of strontium (Sr) can 
realise the modification of Si particle morphology. Interfacial poisoning theories 
explain the chemical modification by addition of Sr in the way that the chemical 
modifier poisons the growth sites of Si. Among the interfacial poisoning theories, 
there are two models: impurity induced twinning and restricted twin plane re-entrant 
edge (TPRE) growth, to explain the role of Sr in modifying the morphology of Si 
particles. In the model of impurity induced twinning, Sr segregate together with Al 
and with the main component Si on nm scale. The Sr-Al-Si co-segregation promotes 
new twinning by changing the stacking sequence and acts as a poison to already Si 
crystal growing [29], as shown in Figure 3a. In the model of restricted TPRE growth, 
with introducing Sr in Al-Si alloys, Sr segregates with Al and Si and locates within the 
eutectic Si phase at the re-entrant edges or growing surfaces, as shown in Figure 3b. 
The Sr-Al-Si co-segregation in this type will inhibit and restrict growth of the eutectic 
Si phase and thus causes eutectic Al phase grow ahead of Si phase and induces the 
modification of Si particle morphology.  

Figure 3: Schematic views of a) impurity induced twinning model; b) restricted TPRE growth model of 
Sr modification[29]. 

However, modification could lose its positive influence with an addition of large 
amount of Sr in Al-Si alloys which is called over-modification. Over-modification 
causes coarse eutectic Si particles such as formation of Al2Si2Sr and degrades the 
performance of Al-Si alloys [30]. In order to obtain the best modified structure, the 
optimum amount of Sr is also depending on the Si content in Al-Si alloys, for 
examplefor EN AC-46000 with 8 wt-% of Si, the Sr content is suggested to be set 
between 180 ppm to 340 ppm [31]. 

1.3 

 

(a) (b) 



 

 

 

Anodising process is an electrochemical process that promotes the growth of 
aluminium oxide, shown in the following equations: 

Anodic reaction: 

 

Cathodic reaction: 
 

Overall reaction: 

 

The anodising process is normally performed in an acid solution with the aluminium 
component connecting as anode. Based on the applied electrolyte, the anodising 
process cab be classified in three groups: 

I. Sulfuric acid anodising (including hard anodising) 
II. Chromic acid anodising 

III. Other chromium free anodising process 

In the case of sulfuric acid anodising, depending on the anodising current/voltage and 
temperature, it can be also classified into decorative/protective anodising and hard 
anodising. Table 1 shows the typical process parameter for decorative/protective 
anodising and hard anodising. Higher current/voltage and lower temperature in hard 
anodising than decorative anodising promote a thicker oxide layer formed on the 
surface that results more compact, which provide the material good wear resistance 
and high hardness but with more cracks on anodised surface. The 
decorative/protective anodising gives an ordered porous structure of the oxide. 
Typically, the term “anodising” refers to sulfuric acid anodising process. 

Table 1: Process parameters for sulfuric acid anodising[1] 

Anodising current density Decorative/protective 
anodising 

1.2-2 A/dm2  

Hard anodising 2-5 A/dm2 
Anodising Voltage Decorative/protective 

anodising 
18-22 V  

Hard anodising 15-120 V 
Process temperature Decorative/protective 

anodising 
5 and 10 μm: not above 21 
oC;15, 20 and 25 μm: not above 
20 oC  

Hard anodising 0-5 oC 
Bath concentration Decorative/protective 

anodising 
200 g/l H2SO4 

Hard anodising 100 g/l H2SO4 

In certain applications where the corrosion resistance is critical, chromic acid 
anodising is used due to the superior corrosion resistance and good adhesion with 



painting obtained by this process. However, due to the toxicological and 
environmental problems associated with hexavalent chromium, chromic acid 
anodising is now ongoing to be replaced by other chromium free anodising methods. 
Airbus developed two alternative anodising process for corrosion protection of 
aluminium parts: tartaric sulphuric acid anodising (TSA) and phosphoric sulfuric acid 
anodising (PSA) [32]. Normally, TSA is carried out in a bath of 40 g/l H2SO4 and 80 
g/l C4H6O6 at a constant voltage of 14 V and temperature around 35 oC for 20 mins 
[33-35]. And PSA uses a bath of 20±2 wt-% phosphoric acid (H3PO4) as voltage 
between 50-60 V and temperature between 30±2 oC for 10±2 mins [36]. Other 
anodising chromium free methods are based on oxalic acid or boric acid.  

Before anodising, it is very important to remove the natural oxide layer and other 
contaminants on surface. The industrial pre-treatment is typically starting with 
alkaline degreasing for removing oil, grease and other lubricants. Alkaline etching 
and desmutting in nitric acid follow in order to remove the oxide layer and introduced 
smut during etching. After anodising, the porous structure of the oxide can be 
coloured in a variety of colours to obtain the desired appearance. 

Sealing is the last but one of the most important step in the anodising process, 
performed to fill or plug the formed micropores. The sealing can significantly enhance 
the corrosion resistance of the oxide layer and make the surface easier to maintain 
and keep clean. One of the most common sealing processes is hydrothermal sealing 
by means of hot water at a temperature between 98-100 oC to form AlOOH who will 
close the pores [1, 37]. When corrosion resistance and wear resistance are required, 
chemical or physical impregnation is commonly applied to deposit sealing 
components into pores by means of electrochemical reaction or electro migration of 
corrosion-inhibiting species. The common chemistries are hexavalent chromium, 
nickel fluoride, nickel acetate and sodium acetate [1].  

 

The formation of the porous oxide layer (Figure 4) consists of the two main reactions 
(1.4) and (1.5). The reaction (1.4) shows aluminium oxidation and reaction (1.5) 
represents the chemical dissolution of the oxide in an acidic electrolyte. 

 

 



 

 

 
Figure 4: Formation of oxide layer: (a) sketch of oxide layer formation and growth; (b)current vis time 
during anodising [37]. 

The oxide layer growth takes place in several steps: step a in Figure 4 shows the 
uniform oxidation and formation of the first oxide layer. The current in this step will 
be relatively high due to the fact that current only passes through the metallic 
aluminium or its alloys. When full coverage of oxide layer has been reached, the 
current will decrease approximately linearly as the thickness of the oxide layer 
increases, since the oxide layer (alumina Al2O3) is a good insulator. The increase in 
thickness results in a decrease in the current taking place in step b. At the end of step 
b, the tendency of the curve turns upwards because of small imperfections in the 
oxide layer [37]. These small imperfections are formed by the concentration of the 
current or electrical field in areas with thinner oxide than on the rest of the surface, 
thereby increasing both the formation as well as dissolution of the oxide layer 
(reaction (1.5)) [1, 37]. At this point, dissolution of the oxides starts parallelly to 
further Al oxidation and this induces the formation of pores at step c. The structure 
of nano/micropores is regular and has a hexagonal structure. From the cross-section 
view, the oxide layer consists of two layer, named porous layer and barrier layer 
(Figure 5). Since the dissolution reaction (reaction (1.5)) is started, the oxide 
thickness inside the pore is reduced, and the current will flow to repair the damage. 
In step d, the current reaches a constant level where the rates of dissolution and 
formation of oxide layer reach a steady state. 

xide layer:
(a) 

n and grow
(b) 



 
Figure 5: Hexagonal cell structure of porous oxide layer: (a) cross-section; (b) top view [38]. 

In contrast to the dissolution model, another theory called flow model explain the 
growth of porous oxide layer in another way [39]. In the flow model theory, the 
constant thickness of barrier layer and growth of porous layer is due to the flow of 
oxide from the barrier layer toward the cell wall, driven by compressive stress from 
electrostriction and volume expansion because of the oxidation. 

1.4 

 

It is well known that the limitation of application of anodising on cast aluminium is 
mostly due to the relatively high alloying elements. The high concentration of alloying 
elements in Al alloys leads to the miscolouring, non-uniform oxide layer and low 
corrosion resistance after anodising. 

 

As the main alloying element in cast aluminium, Si is a disturbing element for 
anodising, since Si will precipitate in Al matrix in the eutectic and cannot be fully 
anodised or dissolved during anodising. The undissolved Si particles result in 
cloudiness on the anodised surface, and dark grey to black coating would be 
generated when Si concentration excesses 5 wt-% [40]. The thickness of oxide layer 
depends on the amount of Si in Al-Si alloys. Labisz et al. [41] studied the anodised 
layer formation on samples of AlSi9Cu3 and AlSi12 produced by high pressure die 
casting. It was found that the sample of AlSi9Cu3 obtains a thicker oxide layer than 
sample of AlSi12. Similar results were also shown in the work by Juhl [42], where it 
was found that the oxide layer on AlSi0.5Mg is thicker than that on AlSi7Mg and 
AlSi5Mg. However, in the work by Juhl [42], no significant difference of oxide layer 
thickness between AlSi7Mg and AlSi5Mg has been identified. 

An additional effect of Si is to cause a non-uniform oxide layer thickness distribution 
and introduce defects in the anodized layer [43-45]. Fratila-Apachitei et al. [46] 

tructure of
(a) 

top view [3
(b) 



 

 

studied the hard anodised layer with embedded Si particles on Al-10wt% Si alloy by 
applying transmission electron microscopy (TEM). They reported that, during 
anodising, Si particles will be entrapped by the oxide front and be anodised at a 
significantly reduced rate by forming a barrier type SiO2 film with a cavity above 
them. The formation of Si-O film has also been reported by Mohedano et al. [47]. 
Modification of Si morphology also affect the quality of the oxide layer. Another work 
performed by Fratila-Apachitei et al. [45] based on hard anodising on AlSi10 alloy 
revealed that a modified and fibrous morphology of Si by addition of 0.015 wt% Sr is 
favourable for forming the anodised layer with minimum defects and even thickness. 
The similar result was also reported by Forn et al. [44] by studying the anodisation 
on thixocasted A357. Being different to the work by Fratila-Apachiti et al., the 
refinement of Si particle in this work was performed by T6 heat treatment, that Si 
particles were spheroidised.  

The presence of embedded Si particles also influences the corrosion protection given 
by the oxide layer. Chaukea et al. [48] studied the corrosion behaviour of the anodised 
A356 alloy produced by rheo-high pressure die casting process. They reported that 
the presence of eutectic Si raises the potential difference between Al, Si and Al2O3 in 
the interface of oxide layer and the substrate. The potential difference causes the 
preferential corrosion attack at the interface between eutectic Si and Al matrix and 
the interface between Si particles and oxide layer.  

 

When Cu is added to Al-Si alloys, an intermetallic phase Al2Cu is formed. Fratila-
Apachitei et al [49] studied the formation of hard anodised layer on AlSi10Cu3 alloy. 
It was found that Cu affects the morphology of oxide layer by dissolution of Al2Cu. 
Comparing with Si particle, Al2Cu has a lower resistance to be anodised. The oxide 
front advanced more rapidly towards the Cu intermetallic than other phases and 
leads to a non-uniform oxide layer if Cu intermetallic are present at the oxide 
layer/substrate interface.  

Fe diminishes the specular brightness of the anodised alloys even when it is found in 
small amounts [40]. Jariyaboon et al [50] studied the behaviour of Fe-intermetallic 
particles during anodising based on AA1050 alloy. It was observed that, during 
anodising, depending on their chemical composition, Fe intermetallics would be 
partly dissolved or embedded in oxide layer [50].  

 

The final properties of anodised Al-Si component also relate to the casting process. 
The cooling rate influence the thickness of the oxide layer on Al-Si sample. Labisz et 
al.[41] compared the anodisation of Al-Si alloys produced by pressure die casting and 
sand casting. Their research has shown that the thickness of anodised layer is larger 
for sand cast material compared to the material produced by pressure die casting. 
Riddar et al.[51] also investigated a comparison of anodised Al surface from four 
fabrication methods, extruding, permanent mould casting, sand casting and high 
pressure die casting, on AlSi1Mg, AlSi7Mg, AlSi7Mg and AlSi9Cu3, respectively. They 
found that the oxide layer of the three cast alloys have non-uniform thickness, and 
the high pressure die cast sample has the thinnest oxide layer than others. The 



extruded surface show the even oxide layer and highest average thickness. They also 
measured the nanohardness of the oxide layers, and it was found that the high 
pressure die cast surface shows the lowest mean value and largest scattering. The 
sand cast surface has the same mean value as extruded surface, but shows larger 
scattering. The nanohardness of permanent mould cast surface is higher than high 
pressure die cast surface, but lower than sand cast and extruded surfaces.  

With the development of casting process, a new casting process, semi-solid casting 
process, is becoming a new interest to realise the application of anodising on cast 
aluminium. One benefit of semi-solid casting is the ability of casting cast aluminium 
with low Si concentration. However, when it comes to the application of anodising on 
semi-solid casted component, one obstacle is the presence of surface liquid 
segregation (SLS) layer on the surface. A high amount of alloying elements 
segregating in the SLS layer results in a thin oxide layer with cloudiness appearance 
after anodising [52].  

 

A limited number of studies have briefly revealed that the factors such as alloying 
element (especially Si) and fabrication methods have significant influence on the 
application of anodising process in cast aluminium alloys. However, relatively few 
studies have provided proper theories which can explain the formation and growth 
of the oxide layer in cast Al alloys and how they relate to the microstructure of Al-Si 
alloys. This thesis will enhance knowledge on the formation and growth of oxide layer 
in Al-Si alloys by presenting proper mechanisms and correlating the bulk 
microstructure to the oxide layer formation in Al-Si alloys. 

The idea of applying anodising in cast aluminium alloys is to improve the corrosion 
protection of cast component. Previous studies have indicated that the Si has a 
significant effect on oxide layer growth. However, few researches have been done to 
test the corrosion protection of anodised layer on Al-Si alloys and identify the 
influence of Si on it. In this thesis, the corrosion behaviour of anodised layer on Al-Si 
alloys will be evaluated, and the influence of microstructure of Al-Si alloys on 
corrosion protection of anodised layer will be identified. 

Moreover, since most studies are carried out to investigated the mechanical 
properties of relatively high Si content (5 wt-% Si) Al-Si alloys, this thesis will also 
give the mechanical properties of relatively low Si content Al-Si alloys. 
  



 

 

CHAPTER 2 

CHAPTER INTRODUCTION 

This chapter describes the research methods used in this thesis. The purpose and aim 
are firstly described, followed by a description of research activities and research 
methods. 

2.1 

Being a multidisciplinary thesis, it involved a study from material selection, casting 
process, surface treatment (anodising) to the mechanical and surface properties. This 
thesis will try to understand the influence of Si on mechanical and anodising 
properties of cast aluminium alloys. The industrial contribution of this thesis is to 
obtain technical and economic benefits by merging casting and anodising to produce 
aluminium components with good mechanical properties and corrosion resistance. 
Finally, the knowledge investigated in this licentiate thesis will be transferred to 
industrial designers and manufacturers to expand their range of product concepts. 

2.2 

 

Based on the purpose and goals of this thesis, a series of investigation of the main 
factors involved in alloy design, casting process and their influence on mechanical 
properties and anodise results was designed, as shown in Figure 6. The research 
consists of three main research focuses that are interrelated: 

Alloy design is the critical aspect with regards to the achievement of anodising in Al 
alloys. As primary element in cast Al alloys, Si is as one factor that influence the 
anodise results e.g. quality of oxide layer, corrosion resistance and surface 
appearance. In this study, Al-Si alloys with relatively low Si concentration were 
studied. Moreover, another focus was to understand the effect of Si particle 
morphology on mechanical and anodising properties.  

Casting process and its parameters in terms of cooling rate could influence the 
microstructure and the performance of oxide layer. This focus was investigated by 
using directional solidification technology, which can control the sample with cooling 
rate. 

Materials properties characterisation aims to characterise the performance of the 
materials in service situation by corrosion testing (by electrochemical impedance 
spectroscopy) after anodising and in tensile and hardness testing of the bulk 
materials. Additionally, mechanisms of oxide layer growth were investigated, which 
was also one academic contribution in this study. 



 
Figure 6: Research activities and topics 

 

With the respect to predict the influence of each aspect on final properties, several 
questions had to be answered: 

How does the cast microstructure affect the formation of oxide layer during anodising 
of Al-Si alloys? (Supplement II) 

As the major alloying element, how does Si influence the formation of oxide layer and 
its corrosion protection on cast Al Si alloys? (Supplement II & III) 

How does the Si concentration and Si particle morphology affect the mechanical 
properties of low Si content Al-Si alloys? (Supplement I) 

How does the cooling rate affect the microstructure and mechanical properties of low 
Si content Al-Si alloys? (Supplement I)  

 

The research starts with key element definition by literature reviewing and gathering 
information. With a better understanding of key element which will influence the 
purpose and aim of this thesis, testing is designed. The reliability of the research is 
ensured by experimental tools and measuring instruments and by repeatability of the 
experimental results. In this thesis, the repeatability of the samples performance was 
checked by reliable analytical methods performed on different samples to ensure the 
reliability of the collected data. Moreover, a big quantity of collected data ensure the 
quality of the research.  

2.3 

 

This thesis is mainly based on six designed alloys which the composition is reported 
in Table 2, and a commercial wrought alloy (6082-T6, Table 3) was used as a 
reference for the corrosion performance. The main variables are the concentration of 
Si and the level of Sr modifier. The other alloying elements like Mg, Cu and Fe are kept 
at a similar level. Sr is chosen as Si particle morphology modifier and the amount of 



 

 

modifier Sr used in this thesis is set around 200 ppm, based on the previous literature 
results [31].  

Table 2: Composition of designed alloys in the thesis 

 Alloying Elements (average value wt%) 

Si Mg Cu Fe Mn Sr  Al 

A2.5 2.43 0.23 0.23 0.20 0.05 0 bal. 

A2.5 M 2.43 0.23 0.23 0.20 0.05 0.020 bal. 

A3.5 3.53 0.26 0.23 0.24 0.09 0 bal. 

A3.5 M 3.53 0.26 0.23 0.24 0.09 0.019 bal. 

A5.5 5.45 0.29 0.23 0.36 0.14 0 bal. 

A5.5 M 5.45 0.29 0.23 0.36 0.14 0.019 bal. 

 

Table 3: Composition of reference 6082-T6 

 Alloying Elements (average value wt%) 

Si Mg Cu Fe Mn Sr Al 

6082-T6 1.17 0.83 0.054 0.25 0.54 0 bal. 

 

Designed alloy samples were firstly cast in a Cu die coated with graphite as cylindrical 
rods and then remelted and solidified with the directional solidification technology 
(Figure 7). The initial rods were put into graphite coated steel tubes and then inserted 
into the furnace at 710 oC for 30 minutes. Then the furnace was raised at a set speed 
and the steel tubes with samples inside were withdraw from the furnace and cooled 
by water cooling. The speed of the furnace determined the cooling rate. In this thesis, 
two different cooling rates referring to the furnace speed of 3 mm/s and 0.3 mm/s, 
have been used to produce samples with two microstructures comparable to high 
pressure die casting (HPDC) and die casting. Moreover, the local cooling condition 
can be expressed by SDAS. In this thesis, the high cooling rate which refers to HPDC 
obtains SDAS around 10 μm, while the low cooling rate which refers to die casting 
obtains SDAS around 20 μm. Finally, the directional solidified samples were 
machined and polished to remove impurities from the surface and the head part of 
rods were removed before anodising and tensile testing. 



 
Figure 7: Directional solidification equipment 

 

Two different anodising processes were used in this thesis. One was an industrial 
anodising process, the other was carried out in the laboratory. 

 

Samples of six designed alloys with two cooling rate were anodised by industrial 
anodising process. Prior to anodising, samples were degreased in Aluclean 5S at 55 
oC for 5 mins and desmutted in 0.3 M HNO3 at 20 oC for 5 mins. Anodising process was 
performed in 2.0 M H2SO4 + 0.4 M Al3+ at a constant voltage of 16.5 V for 40 mins at 
room temperature. After anodising, samples were coloured with Sanodal Red B3LW 
for 15 mins. Sealing was finally performed in hot water with Anodal SH1 at 98 oC for 
40 mins. In industrial anodising process, all samples were rinsed with tap water after 
each step before anodising and distilled water after anodising. 

 

Low and high Si content Al-Si alloys with high cooling rate and 6082-T6 reference 
material were anodised by laboratory scale anodising process for corrosion testing. 
Laboratory scale anodising process generated the oxide layer in a more controlled 
way than industrial anodising process which can provide more controlled thickness 
for the corrosion testing. In the laboratory scale anodising process, the Al substrate 
was firstly ground and polishing < 1 μm (Largo 9 μm with diamond suspension for10 
min, Mol 3 μm and Nap with OP S, 5 mins each). Ethanol cleaning of samples and the 
holder was performed between each polishing step. Before anodising, samples were 
ultrasonically cleaned in ethanol for 15 mins. The anodising was performed at a 
controlled voltage of 20 V corresponding approximately to a current density of 3 
A/dm2 in 1.0 M H2SO4 at 16.5 to 18.0 oC for 30 mins. After anodising, samples were 
ultrasonically rinsed in pure water for 3 mins and the oven dried at 55 oC for 55 mins. 
For better differentiating the corrosion behaviour of the oxide layer on the different 
Al alloys and better microstructural analysis, sealing is not applied after the 
laboratory scale anodising process. 



 

 

2.4 

 

The microstructures of the alloys and anodised layer were studied by optical 
microscopy (Olympus GX71F), scanning electron microscopy (SEM, JEOL JSM-
7001F), low vacuum SEM (LVSEM, JEOL IT300LV) and focused ion beam-scanning 
electron microscopy (FIB-SEM, FIB-SEM TESCAN Lyra3). The thickness of the oxide 
layer was measured by optical microscopy on the cross section of the samples, and at 
least 30 measurements were performed on each sample. 

 

Samples produced by directional solidification were tensile tested. Before tensile 
testing, tensile bars were machined with a gauge length of 48 mm and a diameter of 
6 mm according to ASTM B557 standard. The tensile testing was performed by a 
Zwick/Roell Z100 equipped with a length extensometer. The extensometer was 
applied until the strain goes to 2%. 

Hardness measurements were performed on the macro, micro and nano level to 
identify the hardness of the Al-Si alloys, specific phases and particles. Macro and 
micro hardness testing were done with a Vickers indenter which is a pyramidal 
shaped indenter with a phase angle of 136o. The load for macro hardness testing was 
set at 20 Kg. When it comes to micro hardness of different phases, the load for Al 
phase was 200 g, while the load for eutectic phase was 50 g. In the micro hardness 
testing of Al phase in A5.5 and A5.5 M, due to the fine microstructure of Al phases, the 
load was changed to 25 g. Nano indentations were employed in A5.5 with low cooling 
rate by making three grids of indentations (12x12 with 3 mN, 15x15 with 2 mN, and 18x18 
with 2 mN) on the eutectic phase to determine the hardness of the eutectic Si particle.  

 

Scanning transmission electron microscopy (STEM) was applied to exam the detailed 
microstructural features of anodised layer on A5.5 and A5.5 M with high cooling rate 
by laboratory scale anodising. The high Si content and high cooling rate result in a 
finer microstructure and an increased amount of eutectic phase in the oxide layer 
after anodising. Therefore, these samples are the most suitable to detect the eutectic 
phase in the oxide layer by STEM. A disc-shaped section (about 1 mm) of the sample 
was cut from cross-section and used for sample preparation for STEM. The STEM 
sample was produced by conventional cutting, gluing and polishing method. For 
thinning to electron transparency, Argon ion milling at 5 kV using a Gatan Ion 
Polishing System was applied. Electron microscopy was performed using a double 
corrected Titan3TM-60-300 STEM equipped with a monochromated high brashness 
electron source, large solid angle energy-dispersive X-ray spectroscopy (EDXS) 
detector (Super-X), as well as a high-speed, Dual EELS Gatan Quantum ERS imaging 
filter, employed for electron energy loss spectroscopy (EELS) spectrum imaging in 
the low loss region, to investigate the resulting structures. 



 

Corrosion testing was performed in the electrochemical impedance spectroscopy 
(EIS) with an AUTOLAB 302 N equipment. As a non-destructive technique, EIS can 
provide a quantitative data of the corrosion protection performance of the anodised 
layers. Samples with no sealing were immersed in 3 wt-% NaCl at room temperature 
as the working electrode, while a platinum ring and a Ag/AgCl electrode (3 M KCl) 
were used as counter and reference electrode. The electrochemical measurements 
were collected during 24 hours with a continuous immersion, and after 48 hours and 
72 hours of immersion. The frequency ranged from 100 kHz to 10 mHz with 36 points 
and amplitude of the sinusoidal potential was 10 mV on open-circuit potential. After 
collecting the electrochemical measurements, ZSimpWin software was used to fit the 
impedance data.  

 

 

 

 

 

 
  



 

 

CHAPTER 3 

CHAPTER INTRODUCTION 

In this chapter, the main results of the appended papers are summarised and 
discussed. This chapter is divided into two parts: microstructure evaluation and 
material characteristics, and the influence of Si on anodising and mechanical 
properties is discussed. 

3.1 

The microstructure evaluation shows the microstructural changes of the bulk 
materials and oxide layer by changing the Si concentration, the morphology of Si 
particles and the cooling rate. 

Be contrary to the ideal of applying directional solidification technology, there exist 
two different microstructures within the same sample, as shown in Figure 8. In Al-Si 
alloys with Si concentration of 2.45 wt-% and 3.53 wt-%, a coarse microstructure 
with globular and rounded Al phases is evident in the bottom of the cylinder rod, 
while the top part of cylinder rod obtains a finer microstructure with typically 
dendritic Al phases. The measured temperature inside the steel tube during 
remelting shows a temperature drop in the bottom of the steel tube. The actual 
temperature in the bottom part of the steel tube during remelting is much lower than 
the set-up temperature in furnace, which is 630 oC in reality. In the case of remelting 
A2.5 and A2.5M (Table 2), the melting temperature is 643 oC which is higher than the 
actual temperature in the bottom part of steel tube. The bottom part of the cylinder 
rod was only partly remelted while the rest part of the cylinder rod was fully remelted. 
The partly remelting in the bottom part of cylinder rods results in an unreliable and 
coarse microstructure. Similarly, in Al-3.53wt-%Si alloys which the melting 
temperature is 637 oC, a coarse microstructure is also shown in the bottom part of 
cylinder rods due to the partly remelting. The fine microstructure represents as the 
representable microstructure and they are used for microstructure evaluation. 



 

Figure 8: Microstructural differences in same sample of alloy A2.5 (a) the coarse microstructure in the 
bottom; (b) the fine microstructure in the top. 

 

Figure 9 depicts the microstructural changes of bulk materials by changing the Si 
concentration. As shown in Figure 9, by increasing Si concentration in Al alloys, the 
Al phase appeared, visually evaluated, to be slightly refined, and an increase of the 
fraction of the eutectic phase is evident. In the microstructure of low Si content Al-Si 
alloys, the eutectic phase is small and displayed as a thin and broken structure. With 
increasing the Si concentration, the eutectic phase becomes larger and is an 
interdendritic network.  

(a) (b) 



 

 

 

Figure 9: Microstructures of: (a) alloy A2.5, high cooling rate; (b) alloy A2.5, low cooling rate; (c) alloy 
A3.5, high cooling rate; (d) alloy A3.5, low cooling rate; (e) alloy A5.5, high cooling rate; (f) alloy A5.5, 
low cooling rate. 

Microstructural changes of the Al-Si bulks by changing the level of Si results 
microstructural changes of oxide layer. Figure 10 summarises the measured average 
thickness of the oxide layer on cross-section with the standard deviation as the error 
bar. As shown in Figure 10, both in the industrial and laboratory scale anodising 
processes, the average thickness of the oxide layer decreased with increasing Si 
concentration in Al alloys. Comparing the cross-section microstructure of unmodified 
alloys (alloy A2.5 and A5.5, Figure 11), it was found that, after anodising, Al dendrites 
and Al in the eutectic phase were oxidised, but the Si particle was still embedded in 

(a) (b) 

(c) (d) 

(e) (f) 



the oxide layer. By increasing the Si concentration to 5.45 wt-% Si (Figure 11b), more 
fraction of eutectic Si particles in the oxide layer is evident. However, no 
intermetallics were observed in the oxide layer from the cross-section by SEM, as 
shown in Figure 12.  

 

Figure 10: Thickness of oxide layer: (a) industrial anodising process; (b) laboratory scale anodising 
process 

 

Figure 11: Optical micrographs, high cooling rate of: (a) alloy A2.5; (b) alloy A5.5. 
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Figure 12: SEM picture of anodised oxide layer with embedded Si particle and intermetallics. 

The top-view microstructure of anodised layer on A2.5 and A5.5 were collected by 
LVSEM. As shown in Figure 13, eutectic phases which contains most of Si particles 
are displayed as valleys on the surface from top view. As before, with an increase of 
Si content (Figure 13b), the fraction of surface valleys increased, and these valleys 
became more connected. Moreover, cracks on the surface of the oxide layer could be 
observed. Similar results were also published in the work of Fratila-Apachitei et al. 
[53]. 

 

Figure 13: LVSEM micrographs of the anodised layer on (a) alloy A2.5; (b) alloy A5.5. 

 

Morphological changes of Si particles in bulk materials were obtained by addition of 
200 ppm Sr in Al-Si alloys. Figure 14 depicts the microstructure of alloy A5.5 and 
A5.5M with a low cooling rate. In the unmodified conditions, Si particles are displayed 
as polygonal flakes and formed a continuous branched network. By introducing 200 
ppm Sr in Al substrate, Si particles are displayed as disconnected fibres. Comparing 

(a) (b) 



the microstructure of unmodified and modified structures, it was found that the Al-Si 
eutectic phase was slightly enlarged by the modification.  

 

Figure 14: Microstructures of: (a) alloy A5.5, low cooling rate; (b) alloy A5.5M, low cooling rate. 

In Figure 10, the changes of oxide layer thickness were not evident by introducing Sr 
in sealed industrial and unsealed lab anodisation. Comparing the microstructure of 
alloy A5.5 (Figure 15a) and A5.5M (Figure 15b), in the unmodified structures, during 
anodising, Si flakes are embedded by oxide layer which grows through the Al phase 
gap between the flakes. By introducing the Sr in the material, the oxide layer grows 
between these disconnected fibrous Si particles and engulf them.  

 

Figure 15: Micrographs: (a) alloy A5.5, low cooling rate; (b) alloy A5.5M, low cooling rate. 

To obtain more detailed information about the microstructure difference of oxide 
layer in unmodied and modified conditions, STEM was employed to analyse alloys 
A5.5 and A5.5M with high cooling rate as representative alloys of different 
microstructures. 

Figure 16 depicts the embedded flake-like Si particles in the oxide layer regards of 
alloy A5.5. As shown in Figure 16a, cracks and voids above or through Si particles are 
evident, which have also been reported in early researches [45, 46, 51]. Moreover, as 
shown in Figure 16a, the presence of Al-rich phases is observed and located either 

(b) (a) 

(a) (b) 



 

 

beneath or between Si particles. Figure 16b-c depicts the Si flake in the oxide layer 
with EELS mapping at a higher magnification. As shown in Figure 16b, EELS mapping 
reveals the presence of the oxidised silicon layer, represented by a more yellow 
colour, on the top of the Si flake. It indicates that, during anodising, the Si flake might 
also be slightly anodised and a thin oxide silicon layer, with about 40 nm in thickness, 
was formed and covered on Si flake. Similar results have been also reported by 
Fratila-Apachitei et al. [46] and Mohedano et al. [47]. The thickness of this Si-O film 
seems to be in the same range as Fratila-Apeichitei et al. [46] observed. Furthermore, 
metallic Al and Si in the oxide layer are revealed by EELS mapping, where metallic Al 
is shown by dark blue colour and green parts correspond to the metallic Si. The 
resulting EELS map (Figure 16c) clearly shows that Al-rich phased observed in EDXS 
map is actually metallic Al which remains unanodised after anodising. 

 

Figure 16: Micrographs of the oxide layer containing Si flakes (alloy A5.5): (a) EDXS elemental map; (b) 
bulk plasmon energy map of the selected area highlighting the oxide regions at high magnification; (c) 
bulk plasmon energy map of the selected area highlighting the metallic Al and Si regions at high 
magnification. 

Similar analysis is also performed on oxide layer of alloy A5.5M by STEM, and the 
STEM micrographs are presented in Figure 17. As shown in Figure 17a, Si particles 
are displayed as small isolated fibres due to the modification process, and only a few 
cracks and voids are observed in this condition. Moreover, no residual metallic Al 
phase is clearly observed in Figure 17a. Figure 17b-c shows the Si fibres in oxide layer 
with the EELS mapping at a high magnification. In Figure 17b, a silicon oxide (Si-O, 
yellow response) with more than 100 nm in thickness is observed on the top of pure 
Si (green response). The resulting EELS map proved that a relatively large fraction of 
the Si fibre is anodised. By comparing the Si-O on fibrous Si particles to flake-like Si 
particles, it seems that the fraction of the anodised Si also depends on the morphology 

(a) 

(b) 

(c) 



of Si particles. Furthermore, a small area (nano-scale) of metallic Al phase beneath a 
Si particle was observed in EELS map (Figure 17c).  

 

Figure 17: Micrographs of the oxide layer containing Si fibres (alloy A5.5M): (a) EDXS elemental map; 
(b) bulk plasmon energy map of the selected area highlighting the oxide regions at high magnification; 
(c) bulk plasmon energy map of the selected area highlighting the elemental Si and Al regions at high 
magnification. 

 

A comparison between the microstructure with different cooling rate of alloy A2.5, 
A3.5 and A5.5 (Figure 9) shows that the higher cooling rate promoted an overall finer 
microstructure.  

Figure 10 reveals that the cooling rate changes the thickness of the oxide layer by 
refining the microstructure and the thickness of the oxide layer increases by 
decreasing cooling rate. After anodising, a decreased fraction of embedded eutectic 
phases of low cooling rate conditions are evident (more microstructures can be seen 
in Supplement II).  

(b) 

(c) 
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The formation and growth of oxide layer are presented by four mechanism that can 
describe the behaviour of Si particle and eutectic phase during anodising, as well as 
the influence of Si level, Si particle morphology and cooling rate on oxide layer growth. 

During anodising, the oxide layer grows homogenously in the Al phase perpendicular 
to the surface. When oxide front meets the Si particle, Si reacts to form Si-O at a much 
slower rate than Al oxidation. Therefore, the oxide front circumvents the Si particle. 
When the oxide front passes the Si particle, the Si particle becomes embedded in the 
oxide layer and insulated from the bulk material and the oxidation stops, leaving a 
partly anodised Si particle in the oxide layer. Moreover, Si particles can act as shields 
for the Al phase that cannot be directly reached by the oxide front before becoming 
insulated. Therefore, the metallic Al phase that remains unanodised is commonly 
observed in the oxide layer beneath or between Si particles (Figure 18).  

 

Figure 18: Behaviour of Si particle during anodising. 

Furthermore, cracks and voids observed in oxide layer are associated with the 
presence of Si particles. The cracks and voids may be a result of localised intrinsic 
stress due to the volume expansion around the Si particles. As a stress release, a crack 
or void may have formed during anodising.  

The Si concentration mainly influences the thickness of the oxide layer. In the low Si 
content Al alloys (Figure 19a), the eutectic phase displays as a thin or even broken 
structure, resulting in a growth of oxide front with less obstacle. An increase of the Si 
content in Al alloys increase the probability of the oxide layer growing through the 
eutectic phase, and therefore a thinner oxide layer with a more non-uniform 
distribution is formed at the end. 



 

Figure 19:Influence of Si concentration on the growth of the oxide layer: (a) anodising on low Si level 
alloy; (b) anodising on high Si level alloy. 

In the unmodified condition (Figure 20a), due to the interconnected and larger Si 
flakes [54], the space between the flakes for the oxide layer growth becomes narrow. 
More Al phases become shielded from oxidation, resulting in larger and more 
numerous residual metallic Al inclusions remaining in the oxide. When it comes to 
the modified condition (Figure 20b), disconnected structure of Si fibres promote the 
oxide front growing more homogenously through the Al phase between them, 
resulting in a decrease of the residual unanodised Al in the oxide layer. However, due 
to the geometry of the Si particle and the complex directionality of the growth front, 
there may still exist certain volume of metallic Al beneath the Si particles. Meanwhile, 
the modification process promotes a large fraction of Si-O in Si particles and few 
cracks and voids in the oxide layer. 

 

Figure 20: Influence of the modification process on the growth of oxide layer: (a) unmodified condition; 
(b) modified condition. 
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The cooling rate influence the oxide layer growth via the eutectic phase morphology. 
The high cooling rate promotes a refinement of Al phases as well as eutectic phase, 
and increase the eutectic phases, which remains as the boundary of Al phase in the 
oxide layer (Figure 21a). By decreasing the cooling rate, because of an increase in the 
size of Al phase, the fraction of the eutectic phase lying in the oxide layer decreases.  

 

Figure 21: Influence of the cooling rate on the growth of oxide layer: (a) high cooling rate; (b) low cooling 
rate. 

3.2 

 

Impedance spectra were obtained for four designed Al-Si alloys (A2.5, A2.5M, A5.5 
and A5.5M) and reference alloy (6082-T6) with no sealing during 72 hours of 
immersion in 3 wt-% NaCl solution. Figure 22 shows some representative impedance 
results in Bode plot. In Figure 22, for all tested materials, the total impedance 
modulus decreases and the phase angle depresses with the immersion time. 

(b) 

(a) 



 

Figure 22: Bode plot of EIS spectra of 6082, alloy A2.5, alloy A2.5M, alloy A5.5 and alloy A5.5M at (a) 3 
hours, (b) 8 hours, (c) 24 hours and (d) 72 hours. 

In order to obtain a quantitative information of resistance and capacitance of the 
anodised layer, all impedance spectra were fitted by equivalent circuit, 
Rel(CPEoxRox)(CPEdlRct). The similar equivalent circuit was also used in other studies 
[55-57]. In the current circuit, Rel indicates the resistance of electrolyte, Rox and CPEox 
(constant phase element, CPE) represent the resistance and capacitive behaviour of 
oxide layer, and Rct and CPEdl indicate the resistance and capacitance of charge 
transfer at the interface. The CPE is described as CPE=1/Q(jω)n, where Q is the CPE 
“pre-factor”, ω is the angular frequency, and n is the frequency dispersion factor and 
varies from 0 to 1. When n=1, CPEox and CPEdl can be consider as capacitors. Another 
equivalent circuit, Rel(CPEox(Rox(CPEdlRct))) was applied to fit the impedance spectra 
for A2.5M after 48 hours and 72 hours of immersion. The time evolution of the charge 
transfer resistance (Rct) for all tested materials are presented in Figure 23. With 
immersion time, the values of Rct for all materials decrease.  
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Figure 23: LogRct values with immersion time for all materials. 

Generally, the EIS results of tested materials (Figure 22 and Figure 23) show a change 
of EIS results with varying Si level in Al alloys. The anodised layer on reference alloy, 
6082-T6 with Si content around 1 wt-%, obtains the highest resistance among all 
tested materials. The corrosion pits are observed in the anodised surfaces of all tested 
materials after 72 hours of immersion, and these pits are mainly localised at the 
eutectic regions which contain most of Si particles. Figure 24 depicts the corrosion 
pits in the anodised surface of alloy A5.5M by LVSEM with EDXS.  



 

Figure 24: Corrosion pits in alloy A5.5M: (a) LVSEM micrograph; (b) Al map; (c) Si map; (d) Fe map. 

EIS results indicates that the corrosion protection of the anodised layer in Al-Si alloy 
is influenced by the Si concentration. Generally, better corrosion protection of 
anodised surface is obtained on Al alloys with low Si content. An increase of Si 
concentration in Al alloys results in an increase of Si particles or eutectic phase 
embedded in oxide layer. Si particles, as well as cracks and voids give access to the 
transfer of anions and cations, and enable corrosion attack to propagate through 
them. With more Si particles in the oxide layer, corrosion attacks easily find the path 
to propagate within the oxide layer and reach to the Al substrate. Moreover, better 
corrosion of low Si level Al alloys could also be attributed to the formation of thicker 
oxide layer.  

Addition of Sr which changed the Si particle morphology from continuous flakes to 
disconnected fibres results in a significant change of corrosion behaviour of the 
anodised layer. Fitting results show that addition of Sr results in substantial changes 
in Rct values. Comparing the fitting results of unmodified alloys and modified alloys, 
it is found that, by changing the morphology of Si particles from flake-like to fibrous, 
an increase of Rct values can be achieved.  

(a) (b) 

(c) (d) 



 

 

Focus ion beam-scanning electron microscopy (FIB-SEM) was performed to 
investigate the corrosion pit morphology on the cross section of alloy A5.5M. Figure 
25 shows the corroded oxide layer and corrosion propagation path. Figure 25 
indicates that, during immersion of samples in the electrolyte, the interface between 
Si particles and aluminium oxide as well as cracks or voids gives access of the anions 
and cations to the Al substrate. In the cross-section view, the corroded oxide area has 
a thin oxide layer. It seems that Si particles or eutectic phases in the oxide layer result 
in a locally thinner oxide layer. Corrosion attack initiates from point in the surface 
where the oxide has a very limited thickness and propagates to the Al substrate via 
the embedded Si particles and oxide defects such as cracks or voids. 

 

Figure 25: FIB-SEM micrograph of corrosion pit from cross-section view. 

The EIS results reveal that the morphology of Si particles significantly affects the 
corrosion protection of the oxide layer in Al-Si alloys. In the unmodified alloys, 
because of interconnected and large shape of Si flakes, anions (Cl-) and cations (Al3+) 
can transfer smoothly with few obstacles between different Si particles within the 
oxide layer to the Al substrate, through the interface between Si particles and 
aluminium oxide. By changing Si particle morphology to fibrous, Si particles are well 
isolated by aluminium oxide. As a barrier to corrosion, the aluminium oxide between 
Si fibres interrupts and limits the transfer to anions and cations, resulting in a better 
corrosion protection performance. Furthermore, the change of Si particle 
morphology to fibrous reduces the oxide defects such as cracks and voids in the oxide 
layer. The more compacted oxide layer with isolated Si fibres and less oxide defects 
promote an improvement of corrosion protection performance of the oxide layer in 
alloy A2.5M and A5.5M. 



 

Mechanical properties of tensile-tested Al-Si alloys, including UTS, YS and percent 
elongation with standard deviation represented as error bar are shown in Figure 26, 
as function of Si concentration, modification and cooling rate. Comparing the tensile-
test results as a function of Si level (Figure 26), it was found that, by increasing Si 
content in Al alloys from 2.5 wt-% to 5.5 wt-%, the UTS and YS increases, while the 
elongation decreases. An increase of Si content in the materials increases the fraction 
of hard and brittle eutectic phase, resulting in an improvement of mechanical 
properties such as UTS and YS. Also, the refinement of Al phases and the more well-
structured eutectic phase could be attributed to the improvement of UTS and YS. 
Figure 27 shows the fracture surface of alloy A2.5, A3.5 and A5.5 with high cooling 
rate after tensile testing. As shown in Figure 27, the fracture path is mostly 
intergranular due to preferential damage along the grain boundaries in finer 
microstructure [58]. And the no significant changes of fracture path are observed by 
increasing Si level.  

 

Figure 26: Mechanical properties as a function of the Si concentration, as well as modification and the 
cooling rate: (a) ultimate tensile strength, (b) yield strength and (c) elongation. 

(a) (b) 

(c) 



 

 

 

Figure 27: Fracture profile of: (a) alloy A2.5, high cooling rate; (b) alloy A3.5, high cooling rate; (c) alloy 
A5.5, high cooling rate. 

The results of hardness in macrolevel and microlevel with standard deviation 
represented as error bar are depicted in Figure 28. An increase of Si content in the 
materials promote an increase of marco hardness (Figure 28a) accompanied by an 
increase of micro hardness of the Al phase (Figure 28b). However, no visible relations 
between Si level and the micro hardness of the eutectic phase is observed. The nano-
hardness performing in the alloy A5.5 with low cooling rate represents the hardness 
of the Si particle and the Al phase. Nano-hardness results show that the hardness of 
the Si particle varies from 8.74 GPa (891.2 HV) to 10.58 GPa (1079 HV), however, the 
hardness of the Al phase is only around 1.45 GPa (147.9 HV). The nano-hardness 
results indicate that, the improvement of marco hardness are attributed to an 
increase of hard eutectic phase by increasing Si level in the materials. 

(a) (b) (c) 



 

Figure 28: Hardness testing results as a function of the Si concentration, as well as modification and the 
cooling rate: (a) macro hardness, (b) micro hardness of the Al phase and (c) micro hardness of the eutectic 
phase. 

Comparing the tensile testing results with different Si particle morphologies (Figure 
26), it was found that the contribution of modification in the improvement of UTS, YS 
and elongation is not evident (inside the standard deviation). Normally, the 
modification process is believed to increase the mechanical properties such as UTS 
and elongation of Al-Si based, and at least, the elongation should be improved. Similar 
results that indicate the Si particle modification is not a guarantee for improving 
mechanical properties have also been reported in early studies [59-61]. In the 
current study, it seems that, because of the relatively low Si content, the morphology 
of the Si particle will not dominate the mechanical properties. Furthermore, the 
addition of Sr will not impact the size and morphology of Fe-intermetallic phases, the 
Fe-intermetallic phases governs the mechanical properties. The presence of brittle 
Fe-intermetallic may lead to wide variations in properties, and no correlation may be 
stipulated statistically. Figure 29 shows the fracture surface of alloy A2.5M, A3.5M 
and A5.5M after tensile testing. As shown in Figure 29, the modification process 
transfers the fracture path from intergranular to transgranular, but not completely. 
Similar results have also been reported by Cáceres et al. [58]. It seems that the 
morphology of the Si particle influence the path of the fracture. 

(a) (b) 

(c) 



 

 

 
Figure 29: Fracture profile of: (a) alloy A2.5M, high cooling rate; (b) alloy A3.5M, high cooling rate; (c) 
alloy A5.5M, high cooling rate. 

Figure 28 shows that, by considering the standard deviation of hardness results, the 
modification process does not show an obviously influence on the macro hardness of 
the Al-Si alloys and the micro hardness of the Al phase and the eutectic phase. There 
are no visible relations between the modification and the hardness either in macro 
or micro level. 

 

 

  

(a) (c) (b) 



 

  



 

 

CHAPTER 4 

In this chapter, some of the conclusions have been drawn. 

This study, by focusing on the influence of Si on anodising and mechanical properties 
of cast Al alloys, tries to promote a better application of anodising process in casting 
aluminium components with certain demands on corrosion resistance and 
mechanical properties. To reach this point, a wide range of analytical techniques has 
been used in this study to obtain more knowledge related to the mechanical 
properties, oxide layer formation and corrosion protection of Al-Si alloys. This study 
has observed that Si has a significant influence on the anodising and mechanical 
properties of Al-Si alloys. The following conclusions are highlighted from the work: 

Role of Si particles on the oxide layer formation and the corrosion protection 

 During anodising, Si particles are anodised, but at a lower rate than the Al 
phase. The oxidation of Si particles stops when they become isolated from the 
bulk material. This study observed the presence of residual metallic Al phase 
in the oxide layer, and it relates to the presence of Si particle in the material. 
Depending on the geometry and morphology of Si particles, Al can be shielded 
by Si particles and prevented from anodisation.  

 The Si particle in oxide layer also acts as a key point on the corrosion 
protection performance. Due to the presence of embedded Si particles in oxide 
layer, during immersion in electrolyte, the interface between Si particles and 
aluminium oxide, as well as oxide defects such as cracks and voids, gives 
access of anions (Cl-) to the Al substrate and results in the corrosion pits. 
Moreover, Si particles make the oxide layer thinner and therefore, the 
corrosion attack could easily propagate via Si particles and oxide defects to 
the substrate.  

Influence of Si level on anodising and mechanical properties 

 During anodising, an increase of Si content in Al-Si alloys results in an increase 
in the possibility of oxide layer growing in the eutectic phase, and thereby, a 
thinner oxide layer is obtained. 

 An increase of Si level in Al-Si alloys decreases the corrosion protection of the 
oxide layer mainly because leads to a thinner oxide layer and more points of 
Si/Al interfaces.  

 An increase in Si content in Al-Si alloys promote an improvement of 
mechanical properties such as ultimate tensile and yield strength as well as 
hardness, and it is attributed to the increase of hard eutectic fraction. 



Influence of the Si particle morphology (the modification process) on 
anodising and mechanical properties 

 The Si particle morphology (Sr modification) has a significant influence on the 
oxide layer formation during anodising. By changing the Si particle 
morphology from flake-like to fibrous, the amount of residual metallic Al 
phases and oxide defects reduces. Furthermore, the fraction of Si-O film 
depends on the morphology of Si particles. A relatively large fraction of Si-O 
film is shown in the Sr-modified alloys. 

 Addition of Sr which changes morphology of Si particles from flakes-like to 
fibrous can substantially improve the corrosion protection of the oxide layer 
on Al-Si alloys. Disconnected Si fibres in combination with less oxide defects 
in the oxide layer promote an improvement of corrosion protection. 

 Sr modification is not a guarantee for improving the mechanical properties 
such as ultimate tensile strength, yield strength, elongation and hardness of 
the relative low Si content Al alloys. 

 

 

 

 

 

  



 

 

CHAPTER 5 

CHAPTER INTRODUCTION 

In this chapter, ideas are presented on how to design aluminium alloys and the 
anodising process for anodising rheocasted Al alloys in the future work. 

This work is part of the project “Optimisation of rheocasting for high thermal 
conductivity aluminium alloys for telecom application for outdoor use (RHEOCAL)” 
and the knowledge investigated in this licentiate thesis will be transported to second 
stage to the PhD thesis. The future work will focus on the anodising process and final 
surface properties on cast aluminium products with optimal alloy composition, 
produced by rheo-high pressure die casting process. Moreover, thermal and fatigue 
properties of products will be highlighted in the future work. 

Alloy development 

The future study will try to find a new Al casting with high thermal conductivity 
suitable for semi-solid casting that can be anodised for corrosion protection. This goal 
will be approached by modifying commercial alloy 6082 with the consideration of 
thermal conductivity, anodiseability and castability. In addition, from academic and 
industrial aspects, anodising properties of high Si content Al alloys will be studied to 
find a new way of application of the anodising process in high Si content Al alloys. 

Casting 

Aluminium alloys produced by “The RheoMetal Process” obtains a surface liquid 
segregation (SLS) surface where alloying elements are enriched. The future work will 
try to identify the influence of SLS layer on anodising and corrosion protection 
performance.  

Anodising 

The process parameters of anodising and their relations to the final properties will 
be studied in the future work. Additionally, pulse anodising on Al-Si alloys is an 
interest in the future work.  

Component characteristics 

Thermal conductivity, wear resistance and fatigue properties and their dependency 
on microstructure and anodising processes will be investigated in the future work. 
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