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Summary 
 
 

This study aims to evaluate the response of AlSi10Mg alloys made by 

selective laser melting (SLM) technology to the anodizing process. 

 

The anodising of SLM samples is performed in a bath of H2SO4 at a 

constant voltage of 30 V for 45 mins at 22±1°C. 

 

Microstructural analyses under an optical (LOM) and electron 

microscope (SEM) were conducted to characterise the thickness and 

morphology of the anodic layer. Micro-hardness tests and resistance to 

wear and corrosion were carried out to study the mechanical properties 

of the oxide layer. The outcomes demonstrate that the anodic layer has 

a thickness of 4±0.1µm, 4.2±0.1 GPa of hardness and a wear rate of  

0.98x10-5 mm3/(N mm) with 0.38±0.2µm of roughness. Furthermore, 

after 12 hours of the immersion of the anodized sample in 3% of NaCl 

solution, the corrosion attack penetrated the oxide layer due to the 

presence of oxide defects present on the surface.  

 

Compared to the traditional processes, AlSi10Mg alloys made by SLM 

and anodized have greater properties if the process is specifically 

controlled. 
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Introduction 
 
In recent years, lightweight design has become a significant focus for 

industries ranging from automotive to aerospace. Lightweight materials 

and components can reduce carbon dioxide emissions, save energy, and 

reduce costs.  

Additive manufacturing, or 3D printing, is one such technology that has 

great potential to address these issues due to the considerable flexibility 

in terms of shapes (geometry and dimension) and materials. Nowadays 

is viable to print not just polymers but also metals and create 

combinations of different materials. [1] 

Selective laser melting (SLM) is one of the additive manufacturing 

methods that can satisfy different requirements in terms of complexity 

thanks to computer model design (CAD) that can offer a high degree of 

freedom in terms also of the requested shape and then, according to the 

file created by CAD, the SLM process create a layer-by-layer 

component. The as-built pats created are so well done (for instance, in 

terms of surface roughness) that can be ready for use. Microstructure 

and evolution of solidification have been studied recently, finding 

correlations between parameters such as laser power and scan speed (for 

instance, increasing those two is possible to observe an increase of 

density). [2] 

One of the ideas is to combine one of the most used Al-alloy with this 

new production system and study how the process response is usually 

made for increasing mechanical properties in standard production. 

The Al-Si alloys have outstanding high thermal conductivity, fluidity, 

low thermal expansion coefficient and excellent castability. All those 

properties made AlSi10Mg the right candidate for casting and shaping 

in SLM processing.  
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The object of this thesis is to understand the impact of anodizing process 

in AlSi10Mg made by selective laser melting. The result will highlight 

the potential of additive manufacturing and of the anodizing process. 

A different macrostructure is observed for AlSi10Mg during SLM  

compared to the casted version. This will be due, in particular, thanks 

to the rapid solidification. Selective laser melting process increased the 

microstructure homogeneity but also generated much more porosity (by 

the way, topology and size of the pores can be controlled using various 

processing parameters [3] 

During anodizing, there is a generation of the porous structure of the 

oxide on the cleaned bulk. The oxide layer has a hexagonal structure, 

with a pore in the middle; maxing a cross-section is possible to see the 

dimension of the porous layer till it reaches the base material. This study 

highlighted the hardness of this oxide and compared it with components 

not anodized and made with SLM and with casting operations. 

Another study was done thinking about typical environments in which 

those components can be used. Recreation of an outdoor situation is 

done by immersing components in a saline solution at 3% and studying 

the degradation of the oxide layer created during anodizing. 
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1. Literature review 

1.1. Additive selective melting 
 
 

1.1.1. Additive manufacturing 

 

Additive manufacturing (AM) is a technique regulated by the 

ISO/ASTM 52900, based on ‘’geometrical representation, create a 

physical object by successive addition of material, layer by layer’’[4].  

Additive manufacturing, rapid prototyping (RP), rapid 

manufacturing (RM) or additive layer manufacturing (ALM) are all 

technologies that share this approach [3], [5]: 

1. The creation of a 3D object is designed using computer-aided 

design (CAD) software. 

2. Convert the file in STL format (With a file preparation software 

interface) used by the 3D printing/additive manufacturing 

machine. 

3. Break the 3D STL geometry into individual slices of constant 

thickness, creating a 2D representation of the object. The 

computer numerical control program (CNC) uses these layers as 

a blueprint. 

Thus, the manufacturing process is performed by a machine controlled 

by a CN, which creates layer by layer the desired object. 

Various materials require different systems for fusing the layers 

together. 

The following scheme (Figure 1.1) is a possible classification of the 

different processes of AM (divided by material) discovered until now 

[6]: 
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Figure 1.1: 3D printing material scheme 

 

Selective laser melting (SLM) is a technique of AM based on the 

deposition of a thin layer of powders on a building platform. The 

powder metal layer is entirely and keenly melted by a focused laser 

beam. At this point, the building platform is lowered, and a new powder 

melt layer can be settled. The process will be repeated layer-by-layer 

until the figure is done (Figure 1.2): 
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Figure 1.2: Schematic representation of the SLM process[7]  

 

In order to don’t degrade the quality and the mechanical properties of 

the product, the process takes place in an inert chamber full of argon. 

The particle size of the powder is smaller than 60 μm, and it is 

consolidated by using a high-energy density fibre laser. The powder is 

deposited on a mobile build plate, which moves along the z-axis, and it 

has a thin layer thickness between 25 and 50 μm. After the powder 

distribution on the build plate, the laser beam scans the powder bed and 

melts the new layer (Figure 1.3) on the x-y plane with the previous 

layer, and after the build plate lowering, the process restarts. 
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Figure 1.3: Schematic illustration of the internal laser drying 

process 

 

Use of AM 

Parts manufactured by SLM can have an internal and external complex 

shape, no easier to make with other methods. Because of costs higher 

than processes for optimized parts for high-value engineering 

applications. 

Thanks to the high flexibility of the process to generate parts of different 

sizes and complex geometry, the fields of application are different: 

• Automotive 

• Consumer 

• Medical 

• Aeronautical 

• Power and communication 

• Manufacture and production 

Compared to the traditional subtractive manufacturing techniques (like 

milling, cutting and drilling), AM allows a reduction of wasted material, 

tooling and fixture (presence of already consolidated assembled parts 

and also a reduction of parts in terms of numbers), weight (based on 

design loads) and products lead time [8]. 

But AM also has some disadvantages related to the accuracy of surfaces 

(can result in stair stepping, porosities, hot cracking, anisotropy [9]), 
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process speed (time-consuming), size of components, skill shortages, 

software (need an expert in CAD) and expense (may be prohibitive). 

 

1.1.2.  Influence of alloying elements in AlSi10Mg alloys 

The fields of application of AM also require a material that can 

fit with the described process. The perfect candidate nowadays is 

aluminium. 

This is also because of different properties like low weight (after steel 

and copper), high corrosion resistance, non-toxicity, high corrosion 

resistance, high thermal and electrical conductivity, high weldability, 

low power radiation and good formability. 

Aluminium can be pure, can come from scarps (primary and secondary 

fusion) or can be made as an alloy (called light alloy). 

Al-alloys are made in order to improve aluminium properties by adding 

elements; the main ones are: 

• Silicon improves the fluidity of the alloy, decreases shrinkage 

porosity (so it improves castability and feeding capacity), and 

reduces the expansion coefficient. It can also increase 

mechanical properties (UTS, YS, etc.) as a hard phase. Si also 

decreases the density, thermal conductivity and ductility of Al 

alloys. Increase brittleness and reduce hot tearing. 

• Magnesium increases hardness, strength, corrosion resistance, 

polishing, anodizing, and painting. Decrease castability. 

• Manganese decreases ductility but increases mechanical 

properties 

• Copper increases the mechanical resistance, especially the hot 

mechanical properties. Improve machinability but decrease 

castability and corrosion resistance. 
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• Zinc combined with magnesium gives higher mechanical 

resistance, but because of interactions with other elements, it 

decreases the corrosion resistance  

• Iron in casting reduces die soldiering phenomena and ductility, 

increasing die life and die life 

Chemical compositions of Al-alloys are regulated by international 

standards such as EN 1706:2010 European Standard, CIS for Russia, 

JIS for Japan, A.A. for the US, BS for UK and ETIAL for Turkey. Each 

composition has an exact range of % for each element. 

 

Those are the main common elements in Al alloys. Depending on the 

concentration of Si is possible to identify three categories of Al-Si 

alloys: hypoeutectic, eutectic and hypereutectic alloys. Where the 

eutectic point is at 12.6-13% of Si in weight (close to this percentage, 

there is also the maximum fluidity, as mentioned before, and quite 

visible in Figure 1.4[10]). 
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Figure 1.4: Fluidity of AlSi-alloy vs % Si in the alloy 

It is possible to increase the properties of Al-Si alloys by adding other 

elements based on what are the final product requests (Figure 1.5 shows 

an example of properties). As anticipated, the common ones are copper 

and magnesium. 

The addition of copper in the Al matrix increase strength and ductility. 

In Al-Si alloys aims to increase hardness and creep resistance. 

However, Cu reduces corrosion resistance, so in this case, adding 

magnesium is a valid alternative. 

The addition of magnesium, as the Cu, thanks to Mg2Si (in the presence 

of Cu is AlCu2Mg) particles in Al-matrix increases strength and 

hardness in heat treatments. On the other side, having more than 

0.7%Mg decrease the ductility. 
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Studies also give a lot of other elements that can be added in a small 

amount (so small that they are not present in the name of the alloys) in 

order to change properties, morphology (e.g. Sr, Ti, Cr, Be), etc. of the 

Al-alloys.[11]

 

Figure 1.5: Phase diagrams of AlSi in different fields of 

applications 

 

Among various aluminium alloys, cast AlSi10Mg alloy is the most 

employed aluminium alloy for additive manufacturing [12]because of 

good corrosion resistance, high specific strength and excellent 

processability.[13] 

It is the wide alloy used in the industry thanks to due the short 

solidification range (557°C-597°C): this hypoeutectic composition is 
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close to the eutectic point (12.6% Si), visible also in the phase diagram 

(Figure. 1.5[14]).  

The combination of Si and magnesium in a small amount (0.3-0.5%) 

cause the formation 

of Mg2Si precipitates when the alloy is exposed to a natural or artificial 

ageing 

treatment. These precipitates will then cause hardening of the alloy, thus 

improving the strength properties of the alloy. [15], [16] 

 

In general, Al-Si alloys can be manufactured by almost all casting 

processes, such as high and low-pressure die casting, gravity die casting 

and also SLM [15]. 
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1.1.3. Structures of AlSi-alloys in the SLM process 

 

The morphology of AM specimens is unique and depends on how the 

scanning laser works. 

Usually, every layer done by the SLM process was divided into square 

boxes representing a chessboard (Strategy 1 and 4 in Figure 1.6) in 

order to create a ‘chessboard’. The scanning direction (laser tracks) 

changed with each layer by 90°, so it is possible for types of elongated 

zones to overlap perpendicularly; this happens in the building 

direction[17], [18] 

 

Figure 1.6:  Laser scanning strategies reported in the literature 

 

As numerous works show, this strategy is pretty easy to recognize also 

with the just aim of a LOM microscope (Figure. 1.7 a) and b))[17] 

 



 

  

 

37 

 

 

Figure 1.7: Macrostructure of the SLM AlSi9Cu3Fe alloy in (a) 

transversal and (b) longitudinal section 

 

Due to the laser beam, melt pools were formed transiently. The 

solidification makes this pool visible immediately. The optical image in 

AM samples shows that the melt pools and the melt pool borders 

(MPBs) are visible because the microstructure is coarser at the borders 

of the melt pool. 

 

This working thesis was done with samples of AlSi10Mg alloy, 

hypoeutectic. It is characterized by a structure composed of α-Al grains 

and surrounded by α-Al/Si eutectic microstructure. 

According to the phase diagram, the microstructure is characterized 

by the size and arrangement of the following: 

• Eutectic Si-particles (light phase) 

• Supersaturated matrix of α-Al (dark phase)  

 

In casting, the microstructure of Al-Si alloys presents an α-Al matrix 

and an Al-Si eutectic structure. As said before, the amount of eutectic 

structure depends on the Si level in Al-Si alloys. What most influences 
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the microstructure of an Al alloy is the cooling rate. An increase in 

cooling rate leads to a finer microstructure of the eutectic phase with 

small secondary dendrite arm spacing (SDAS) and a small size of 

intermetallic, while a low cooling rate results in a coarse microstructure 

with big and flake-like Si particles. [19] 

 

 

Figure 1.8: Comparison between (a) as-cast (HPDC) and (b) 

SLM microstructures 

In SLM, due to the higher cooling rate, it is impossible that can happen 

the formation of dendrites with multiple arms. Therefore, very fine cells 

are formed. They elongate in the longitudinal direction of (with the 

highest temperature gradient) (Figure 1.9 a) b)). 
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Figure 1.9:  Fine cellular substructure AlSi9Cu3Fe in (a) 

transversal and (b) longitudinal section. 

 

The fine dispersion of fibrous Si networks in the Al matrix has a 

positive effect on the mechanical properties of the SLM specimens. [20] 

The figure above shows the 3D network that encloses the α-Al. These 

cells have an elongated shape in the longitudinal section (Figure 1.9) 

with an average length of  0.4 to 1 μm. In the transversal section, the 

shape is more circular, with an average diameter ranging from 0.3 to 

0.6 μm (Figure 1.10).  
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Figure 1.10:  MPBs on the surface perpendicular to the 

building platform of AlSi10Mg 
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The transition of the laser beam affects the material by the heat, and it 

creates, between the MPB, a zone called heat-affected zone (HAZ). In 

the HAZ, the intercellular network has coarsened into idiomorphic 

silicon particles. 

Here the intercellular network is broken up into idiomorphic particles 

due to an increase in the diffusion rate of silicon (Figure 1.11) [21] 

 

 

Figure 1.11: SEM image of AM surface near a melt pool border 

 

A clear and schematic diagram (Figure 1.12) of the formation of the 

three-zone in the SLM process of an AlSi10Mg alloy is given by the 

work of Xhie Liu [22]. Ts has identified the solidus temperature, and TL 

identifies the liquidus one.  
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• Fine zone (T>TL): it is where is located the melt pool, and from 

the centre to the hedge of this zone, the microstructure is 

gradually refined.  

• Coarse zone (Ts<T< TL): it is at the border of the melt pool; the 

length of α-Al is much smaller than that refine zones but 

wider/broader.  

• Heat effect zone (HAZ)(T<Ts): in this area, the Si network is 

broken into small particles (because here metal is not melted by 

laser beam, but the laser creates a kind of heat treatment, so Si 

precipitates from the supersaturated Al, became Si particles that 

form and growth. In the end, the cells’ boundary disappears). 

 

 

Figure 1.12: Scheme of microstructure divided into zones 

thanks to SLM[22] 

1.2. Anodizing 

 

Anodizing is a surface conversion process where the base 

material is converted into an oxide (e.g. Al2O3) during an electrolytic 

process. Anodizing can be carried out in many different chemical 

solutions depending on the intended application.  

The system is composed of these parts (Figure 1.13): 

1) Anode (the material we want to anodize, e.g. Al) 
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2) Cathode: Pt/Ti plate 

3)  Ions flow (+ from anode to cathode and – from cathode to anode) 

4) Bath (e.g. sulphuric acid), the electrolyte 

 

Figure 1.13: Anodizing scheme of setup[23] 

Applying a current (or an anodic potential), the oxide layer starts to 

grow. 

Due to the current, ions migrate on the anode, that thanks to its 

characteristics, accepts O and creates a first oxide layer called a barrier 

layer and a second one, much more porous on the surface (Figure 1.14) 

 

Figure 1.14: Typical structure of an Al Anodized[24] 

The porous layer can be used for further processing like painting (e.g. 

in order to avoid flaking). 

So an anodizing treatment is easily recognizable in lateral and top vision 

(Figure 1.15 and 1.16[25]). The structure of aluminium oxide is very 

peculiar: ordered tubes grow perpendicular to the surface. Tube size is 

very homogeneous and depends on the process parameters. 
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Figure 1.15: Lateral vision of an anodized Al sample 

 

Figure 1.16: Vision from the top of an anodized Al sample 

 
 

1.2.1. Natural anodizing and how it works 

 

The anode reaction takes place on the anode surface to produce anodic 

oxide: 

2Al + 3H2O → Al2O3 + 6H++6e- Formula 1.1 

Anode reaction 

There is a reduction process taking place on the cathode surface: 

6H++6e-→3H2 Formula 1.2 Cathode reaction 

The overall reaction: 
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2Al + 3H2O→ Al2O3+ 3H2 Formula 1.3 Overall reaction 

 

Applying a constant anodic potential current varies with time because 

of the mechanism changes in the oxide growth. 

 

Figure 1.17:  Anodizing mechanism 

The oxide layer growth takes place in several steps (Figure 1.17):  

Step a) in Figure 1.17 shows the uniform oxidation and formation of 

the first oxide layer. The current in this step will be relatively high since 

current only passes through the metallic aluminium or its alloys. When 

full coverage of the 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. A 

compact oxide film stat to grow, and the current tends to decrease 

because the surface becomes more and more resistive  

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. 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. At this point, the dissolution of the oxides starts parallelly to 

further Al oxidation, and this induces the formation of pores at step c. 
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Step c)  the oxide is some microns thick, a localized dissolution process 

starts, and oxidation continues with a tubular structure: at this point 

current increases again. 

The structure of nano/micropores is regular and has a hexagonal 

structure. From the cross-section view, the oxide layer consists of two 

layers, named the porous layer and the barrier layer (Figure 1.17). Since 

the dissolution reaction is started, the oxide thickness inside the pore is 

reduced, and the current will flow to repair the damage. 

Step d) the current reaches a constant level where the rates of dissolution 

and formation of the oxide layer reach a steady state.  

 

 

1.2.2. Materials that can be anodized 

 

Anodizing process is, in general, used in order to increase wear 

resistance, generate corrosion protection and also give some aesthetic 

appeal (multicolour, matt or shiny finishing). 

Metals, in order to be anodized, need to maintain a stable oxide layer. 

Just watching the commercial trend, it is pretty understandable who can 

be the candidate anodes (Table 1.1):  

 

Material Decoration 
Protection 
Resistance 

Examples 

Stainless steel X  Jewellery 

Titanium X  Dental 
implants 

Niobium X  Numismatics 

Zinc X X 
For lab and 

research 
purposes 
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Magnesium  X Car parts 

Hafnium  X 

Apollo Lunar 
Lander 

Modules 
engines 

Aluminium X X 

Apple’ 
products, 

carabiners, 
etc 

Table 1.1: Common anodized materials 

 

As said before, Al-alloys are widely used in different fields, and a 

process of anodizing improves corrosion protection and surface 

hardness. 

Two types of aluminium anodizing are available commercially: 

1. Traditional anodizing: good corrosion protection (that can be 

further improved by sealing the porous structure) and the 

possibility to add colours into the layer (Type II).  

The candidate's alloys for this process are 1xxx, 5xxx and 6xxx 

(ASTM std). 

2. Hard anodizing: with excellent corrosion resistance and good 

surface mechanical properties such as higher hardness and wear 

resistance. (Type III). For alloys with low Cu and Si content [26] 

 

 

1.2.3. Parameters 

 

Parameters that can influence the process are different: type of 

electrolyte, voltage, bath temperature and material. 
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It is possible to obtain different thicknesses and regulate them related 

to the application field (Table 1.2 [27]). 

 

Thickness 
[μm] 

Usage 

5 
For decoration, jewellery, arts and craftworks. 
Only suitable for surfaces used indoors. 

10 
Indoor or clean outdoor environment (e.g. 
reflectors, fitting, decorative plates and sports 
equipment). 

15 
Outdoors or metals. Surfaces exposed to medium 
indoor wear. 

25 

Heavy or normal outdoor applications (e.g. 
ships). 
Indoor surfaces exposed to the chemical or moist-
containing atmosphere in connection with 
production plants, process lines and equipment 
used in (e.g. food industry). 

25-250 

The extensive form of corrosion or wear. 
Especially outdoor applications in highly 
corrosive environments (e.g. mounts, engines and 
wheels). 

Table 1.2: Thickness of layer and usage. 

 

The thickness layer of Type II is usually below 25 μm. The structure is well-

oriented in hexagonal cells and grows homogeneously and perpendicular to 

the surface. If the material meets a particle of the alloy, it can react by 

decreasing the oxidation and enveloping it.  

In the case of AlSi alloys, the Si reacts to form the Si-O at a much slower rate 

of the Al oxidation. Then the Si particle is embedded in the oxide layer, and 

the Al phase below the Si particle remains not anodized.  

This event is easy to recognize because the volume expansion around the Si 
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particle can create localised stress visible as cracks and voids. [28] 

 

Figure 1.18:  Behaviour of Si particle during anodizing [28] 

 

Above 25 μm of thickness, there is the Type III anodization. 

 

Bath composition 

Different electrolytes allow the classification of anodizing processes: 

• Sulfuric acid anodizing 

• Chromic acid anodizing 

• Other chromium-free anodizing processes 

 

The commonly used one is the sulfuric electrolyte: depending on 

voltage and current is possible to obtain decorative/protective and hard 

anodizing (parameters examples will give in the next paragraph). The 

chromic bath is used in the aeronautic field because it allows to have a 

better response to corrosion attacks and also gives an adhesion to 

painting. However, chromium is toxic, so it is substituted with a 

phosphoric bath (which also allows a deep bonding). 

 

Voltage and current density 

Increasing voltage (and current density) can also increase oxide 

thickness and influence colour. 
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Figure 1.19: Colour changing of Ti6Al4Va because of DC 

voltage (in V)  

 

Approximately for a Ti6Al4Va, the pink region in Figure 1.19 

[29]corresponds to an oxide layer of 160 nm. For a Type II process is 

between 1 and 1.5 A/dm2. 

 

Electrolyte temperature 

Must be controlled: for Al, higher temperatures can break the barrier 

layer. But a moderate one allows the growth of pores, and so, for 

example, can absorb better colour pigments. 

Increasing temperature increase thickness and, as said before; also an 

increase of current density can increase thickness; combining both 

parameters is possible, in general, to increase also the thickness to 1.4 

μm/V. 
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It is crucial to maintain the same temperature during the process in order 

to not damage the oxide layer and create cracks. 

Because of electrical resistance heating, the bath temperature tends to 

increase during the anodizing process. So some ice cubes are used to 

maintain the bath. 

 

Alloys 

Different materials can give different colours, brightness and properties 

because of different oxides formed. 

 

Changing parameters allows the control of the anodizing process, for 

instance, of the aluminium.  This means that literature gives some 

‘recipes’ to follow (Table 1.3 [30]) 

 

 

 

Parameters Traditional anodizing 
Hard 

anodizing 
Bath concentration 

g/l [H2SO4] 
180-200 100 

Current density 
A/dm2 

1.2-2 2-5 

Voltage 
V 

18-22 15-120 

Temperature 
°C 

5-10 must be <21°C 
0-15 

15-25 must be <20°C 

Time 
min 

10-60 

Table 1.3: Parameters of traditional and hard anodizing 

 

The industrial setup for AlSi is 129 A/m2, 35V, 20°C per 10-60 min. 
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At the end of the process, the hard anodizing has an oxide that is more 

compact, thicker and hard than a traditional one. 

 

 

1.2.4. Ancillary treatments prior to anodizing 

 

There are some steps that ensure an excellent anodizing process [31] 

1. Cleaning: the surface must be cleaned in order to remove grease 

and dirt. 

2. Pre-Treatment: 

• Etching: minor surface imperfections are removed with hot 

solutions of sodium hydroxide in order to achieve an appealing 

matte surface. A thin layer of aluminium is removed to create a 

matte or dull finish. 

• Brightening: the aluminium's surface is smooth with a mixture 

of nitric and phosphoric acid in order to create a near-mirror 

finish surface. 

3. Mechanical preparation (grinding/brushing): gives a silk or matt 

appearance and a flat, even surface. 

4. Polishing and buffing: removes die-lines, tool marks and surface 

blemishes, grinding lines and stress raisers. It involves 

procedures such as shot peening and sandblasting that can 

improve the aluminium part‘s fatigue, hardness, resistance and 

coating adhesion. 

5. High finish polishing: mirror finish – usually followed by bright 

anodizing. 

6. Anodizing: Aluminum is immersed in an acid electrolyte bath; 

an electrical current passing through the acid creates in contact 
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with the material an anodic film. The final product is realized 

tightly, controlling the coating thickness and surface 

characteristics. 

7. Sealing. This process closes the pores in the anodic film, giving 

a surface resistant to staining, abrasion, crazing and colour 

degradation (with boiling water or polymers).  

 

Before sealing is also possible to apply some colours in three different 

ways: 

• Integral Colouring – It is a process which significantly electrical 

power, so it is very expensive. This so-called one-step process 

combines anodizing and colouring to simultaneously form and 

colour the oxide cell wall in bronze and creates some black 

shades while being more abrasive resistant than conventional 

anodizing.  

• Organic Dyeing – It is a process which involves a small amount 

of colouring (compared to the other process) and less amount of 

initial capital, so it is a method relatively inexpensive. The 

organic dyeing process produces a unique intensity of colour 

easy recognizable and difficult to create with other paint 

systems in the market. The variety of colours generated is wide. 

They can also provide excellent light-fastness and weather-

fastness. The structures built with organic dyeing usually have 

lasted more than 20 years. The colour range can be broadened 

by over-dyeing the 43 electrolytic colours with organic dyes for 

a wider variety of colours and shades.  

• Interference Colouring – It consists of a modification of pore 

structure using sulfuric acid in order to create colouring shades. 

At the base of the pore occurs a pore enlargement. Shadows in 



 

  

 

54 

 

a range of red, yellow, blue and green appear with metal 

deposition at this location. The optical interference and light 

scattering caused the colours, as with the basic electrolytic 

colouring process. A greater variety of colours will be produced 

with further development. 
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2. Experimental procedure 

 

 

2.1. Introduction 

In this procedure, there will be a study of specimens made on 

3D printing that came from a previous work done by Mr. K.J. Moremi 

for the University of Pretoria[14]. The specimen arrived in a rectangular 

shape (in a darker colour in Figure 2.1) 

 
2.2. Anodizing 

 
 

The specimen composition given by the work of Mr. K.J. 

Moremi is confirmed by the analysis of mass spectroscopy (Table 2.1). 

After a quick check of the chemical composition of the alloy of the 

sample with the Optical Emission Spectroscopy (OES).  

 

Al Si Mg Mn Cu Fe Ni Zn Ti 

89,48 9,99 0,298 0 0,004 0,16 0,018 0,009 0,008 

 

Table 2.1: Chemical samples composition conducted with 

spectroscopy  

 

The specimen is cut in a piece of 20x20 mm with a bandsaw at a slow 

speed (in order not to create any reheating in the cutting zone) (Figure 

2.1). 
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Figure 2.1: Sample arrived from Pretoria (100x40 mm) on the 

bottom. Sample cut in Jönköping University (20x20 mm) on top 

 
 
 

In order to analyse the macrostructure with Light Optical Microscopy (LOM) 

and a Scanning Electron Microscope (SEM), the samples are mounted 

in a conductive powder in the three faces directions (Table 2.2). 

Using Miller’s index (Figure 2.2), the three vectors are renamed as �⃗⃗⃗⃗1→=x, 

�⃗⃗⃗⃗2→=y and �⃗⃗⃗⃗3→=z (building direction). So surfaces studied are so-called 

 

Name Miller’ index Surface [mm2] 
 

XY1 

001 20*20 = 400 

 

z 

x 
y 
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XZ1 

010 20*5 = 100 

 

YZ1 

100 20*5 = 100 

 

Table 2.2:  Renamed samples no anodized 

 

(�⃗⃗⃗⃗1→, �⃗⃗⃗⃗1→, �⃗⃗⃗⃗1→)  =  (x,y,z),  and  they  are  the  YZ=(1,0,0),  

XZ=(0,1,0)  and XY=(0,0,1). 

 
 

Figure 2.2: Planes defined with Miller's index 

 
 

z 

x 
y 

z 

x 
y 
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Samples candidates for anodizing are connected with copper tape to an electric 

wire and mounted in no conductive resin (Expofix); the face exposed is the one 

anodized, and the raisin protects the other surfaces not involved in the process. 

 

Samples not anodized are hot mounted in a conductive powder PolyFast is 

the perfect resin for an SEM microscope because of the carbon filler that 

secures the conductivity. 

 

According to the standard foundry techniques, all samples mounted into a 

conductive and no conductive resin are polished and ground  following those 

eight steps (Table 2.3).  

 

The polish machine used in this procedure is the Tegramin-30 machine  (all 

equipment for metallography comes from Struers company), so the last disk's 

name is given by the industry: 

 

 

 

Table 2.3: Grinding and polishing steps 

Step n° Disk Time [min] 

1 320 6 

2 500 5 

3 800 5 

4 1000 6 

5 4000 7 

6 Largo 7.5 

7 Mol 7.5 

8 Nap 8 
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Sandpapers grit size is referred to CAMI Grit designation and not the 

particles’ dimension in millimetres. So the last stages have finer grit than the 

first one used. 

At the end of each step, samples (also the holder) are cleaned with water, 

ethanol and dried with a combo of compressed air and a ball of cotton wool. 

The last cleaning phase was done by putting samples in an electrolysis 

machine in order to remove minor impurities. 

Those steps gave, as a result, a glossy surface without any scratches. Surfaces 

so treated are ready for other studies and processes. 

A chemical attack was made on XZ1and the average area of XY1 was 

calculated with Icy. 

Examples of the final result are shown in the following figures (Figure 2.3 and 

Figure 2.4). 
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Figure 2.3: Sample mounted in a no-conductive resin 

 

 

Figure 2.4: Sample mounted in a conductive resin 
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2.2.1. Anodizing preparation 

 
 

The anodising process is performed in a bath of H2SO4 (sulfuric acid) at 

a constant voltage of 30 V for 45 mins at 22±1°C. As said in $1.2.3 

temperature of the bath increase during the process, so some ice cubes are 

added to a chiller machine in order to keep the temperature constant. 

Voltage is kept constant using a programmable DC bench power supply 

(Velleman PS3005D). Between samples and the inert plate is maintained a 

distance of  20 mm (Figure 2.5). The process is done one sample at a time, and 

the inert plate and clips must be washed carefully every at the end of every 

‘cycle’. This setup ensures the growth of the barrier and porous layer. 

 
 

Figure 2.5: Sample during the anodizing process 

 
 

Prior to anodizing, the samples were ultrasonically cleaned in acetone and 

ethanol, with immersion times of 3 min. 

After anodizing, the samples are washed with distilled water and dried with a 

cool air stream and dried up in the oven at 50°C for 45min (Figure 2.6). 
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Figure 2.6: Oven for porous sealing 

 

 

The oxide layer is checked with a coating thickness measuring instrument. 

According to Fischer Technologies and DIN EN ISO 2360, for ‘Paint, lacquer 

or plastic coatings on non-ferrous metals, anodized coatings on aluminium 

and electrically conducting coatings on electrically non-conducting carrier 

materials’ the right instrument for thickness measuring is based on eddy 

current method (Figure 2.7)[32]. 



  

 

 

 
 

  
 
 

Figure 2.7: Eddy current method scheme on Fischer Isoscope 

 
 
 

Eddy current in based material is created by the primary field generated from 

the excitation of the probe. The weakness of the primary and secondary field 

is read by the instrument as the distance between the probe and the base 

material (so-called coating thickness). 

According to [33], thickness measures in 001 and 010, and 001 should be the 

same. 
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2.3. Hardness 

 

In order to study the hardness of the anodized layer, anodized samples  are cut 

in half (in the direction of anodized growth) and embedded in a transparent 

resin in order to indi 

The microhardness is based on the Berkovich tip (Figure 2.9), a helpful 

nanoindenter for thin film. 

 

 

 

 

 

 

 

 

 

Figure 2.8:  Cross section of samples 

Ya4 and Za4 polished, into resin 



 

  

 

67 

 

The force applied is 20 mN for 10 min at different points of the oxide layer 

(in order to have a complete sample scenario of oxide hardness). 

 

 

 

 
 

 

 

Figure 2.9: Characterization of Berkovich tip 

 

 

 

 

 

 

 

 

 

 

 

Feature Size Front view Top view 

Semi-angle (α) 65.3 °   

Apex half  angle (θ) 
 

76.9° 

 

 

 

 

 
Tip radius 200nm 

Height (h) 1 µm  

Base length (L) 7.52µm   



 

  

 

68 

 

 

 

 

2.4. Wear test 

 

A motion between a surface and a material or substance creates damage called 

wear.  

The tribological behaviour of anodized coatings was evaluated on a ball-on-

disc tribometer (CSM Instruments, now Anton Paar, Neuchatel, Switzerland) 

under dry sliding conditions.  (Figure 2.10)[34] 

 

 

Figure 2.10: Ball-on-disc configuration friction test (a), (b) 

+CSM apparatus (c) 

The candidates of this test are samples in XY direction because of their 

dimension, which allows a proper work of machine test. 
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 Al system is levelled and checked with a comparator (Mitutoyo, Absolute, 

Digimatic Indicator ID-U) placed in the same position in which later a static 

partner in Al2O3 with ball shape with radius dimension of 6mm.  

Machine setup is:  

- temperature of 23±1°C   

- humidity at 19±1%  

- acquisition frequency of 10 Hz  

- normal load of 1N  

During the test, only the anodic layer was worn out by performing 35 laps 

with a linear speed of 3cm/s.  

After tests, the surface profiles of the wear tracks were measured while using 

a stylus profilometer. The wear rates of tested coatings were calculated using 

the following equation:  

 

�� =
�

� ∗ �	�

 Formula 2.1 Wear rate formula 

 

Where: 

- V is the wear volume loss also calculated in mm3 as:  

� = � ∗ 2 ∗ 
 ∗ � Formula 2.2 Volume formula 

 

- A is the area of the hole (given by the roughness tester in μm2)  

- r is the radius in mm  

- L is the sliding distance, also calculated as:  

 

� = 2 ∗ 
 ∗ � ∗ � Formula 2.3 Sliding distance 

 

- N is the laps number  
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So is also easy to calculate as:  

 

�� =
�

� ∗ �	�

 Formula 2.4 Wear rate simplified formula 

 

The software connected to the roughness tester (TalyProfileLite 3.1.0) gives 

information regarding the hole area  (in red colour in Figure 2.11). Around 

the hole area is possible to observe the roughness of the surface and edges of 

the track. 

Figure 2.11: profile after wear test 

 

 

 

2.5. Corrosion and EIS 

 

Anodized samples, so done, are ready for corrosion test. 

 

This work is referred to wet corrosion, which means that samples are 

immersed in a liquid bath (Cl). Dried corrosion (thermal oxidation) is also 

used but not so common because it works at higher temperatures. 
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Wet corrosion is a result of RedOx reactions from the reduction of the cathode 

and oxidation of the anode. 

 

M ←→ MX+ + Xe- Formula 2.5 Metal dissolution 

 
 
The reduction reaction is correlated to the corrosive environment and is 

possible to have a reduction of hydrogen, oxygen (in acid or basic 

environment) or other metallic ions: 
 

2H++2e-←→ H2 Formula 2.6 Reduction of H

O2+4H-+4e- ←→ 2H2O 
 

O2+ 2H2O -+4e- ←→ 4OH-
 

Formula 2.7 Reduction of O in acid and basic
environment

MX+ + Xe- ←→ M 
Formula 2.8 Reduction of metallic ions

 
 
 
The number of electrons produced during the anodic process is the same as 

the consumed ones in the cathodic process. Migrations of electrons from the 

anode to the cathode induce a current flow in the opposite way inside the 

metallic conductor. Meanwhile, there is also an ions migration inside the bath: 

negative ions move from the solution to the anode and balance positive ions 

from oxidation semi-reaction, and positive ions move from the bath to the 

cathode and substitute cations consumed or balance anions generated. 

Migrations of ions generated in the bath a current from the anode to the 

cathode. 

All those currents in a corrosion cell generate an electric circuit. Equilibrium 

is reached when anode and cathode currents are the same. 

 

Applying Faraday’s law is possible to determine the corrosion current: the 

amount of corroded metal (from the anode) that passes through the bath in a 
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specific range of time. Corrosion speed is proportional to the current and is 

the inverse of the area exposed to the corrosive attack. 

So, electrochemical impedance spectroscopy EIS is performed using 

a three-electrodes arrangement. Anodized specimens (one at a time) are 

immersed in a bath with 3 wt-% NaCl, with a reference electrode in Ag/AgCl 

and a counter in Pt (Figure 2.12). 
 

Figure 2.12: EIS setup 

 

 
The frequency ranged 105 – 10-2 Hz with 36 points in 5 dC, turbulence at 15 

mV, current range 10-10-2 mA and voltage at +- 0,6 V. Electrochemical 

measurements are collected during 24 hours of immersion (9 cycles and 10 

mins of pause between each cycle).  

The EIS gives as results data that should be re-arranged and studied with 

ZSimpWin software. This software is used for electrochemical measurements 

and gives back the impedance data. [12] 

 
 
ZSimpWin shows data as points that must be fitted into the best circuit given 

that can be able to represent the phenomena. Studies were done for anodized 

 

Count 

Specim 
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casting aluminium (in the same conditions of this work and for long 

immersion time in the electrolyte) suggest that R(RQ)(RQ) (Figure 2.13) or 

R(Q(R(QR))) (Figure 2.14), can be a solution; so those two were the starting 

point for the research of the right one. 
 

 

Figure 2.13: Circuit in porous section R(RC)(RC) 
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Figure 2.14: Equivalent circuit R(C(R(CR)) 

 

In order to clarify the equivalent circuit, the components are named: 

 

 

Name Equivalent component 

Re Resistance of the electrolyte 

Ro Resistance of oxide layer 

Rp Resistance of polarization 

 

Co 
Constant phase element for oxide 

layer 

 
Ci 

Constant phase element for the 

interface 

Table 2.3: EIS equivalent circuit members 

 

Corrosion processes have a response in an impedance measurement. If 

corrosion occurs underneath coatings, electrons are transferred between 

molecules and metals in the corroding system. This charge transfer can be 

studied with standard electronic entities such as impedance. 
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The proper circuit interpolation of point gives a Bode diagram: on x-axes is 

possible to find the range of frequencies (Hz), on y-axes, impedance in the 

modulus [Ω*cm2] and angle (deg), an example of obtained Bode diagram is 

showed in the Figure 2.15. During immersion time, the phase angle increase 

and the total impedance modulus decrease. 

 

 

Figure 2.15: Example of Bode diagram obtained after EIS 

measurements in 9 cycles in 24 hours 

 
 

 
The corrosive attack will also be visible, observing the decrease of the value of 

Rp during the time of immersion. 
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3. Results 

 

3.1. Chemical composition 
The chemical composition of samples is determined using spectroscopy in weight 
percent 

 

Al Si Mg Mn Cu Fe Ni Zn Ti 

89,48 9,99 0,298 0 0,004 0,16 0,018 0,009 0,008 

 

Table 3.1: Chemical composition conducted with spectroscopy 

(%wt.) 

 

3.2. Qualitative and quantitative analysis 

 

As said in the experimental procedure’ paragraph, samples were cut in three 

different directions and renamed as follows in Table 3.2: 

 

Name Miller’ index Surface [mm2] 
 

XY1 

001 20*20 = 400 

 

XZ1 

010 20*5 = 100 

 

z 

x 
y 

z 

x 
y 
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YZ1 

100 20*5 = 100 

 

Table 3.2: Renamed samples no anodized 

3.2.1. Macrostructure analysis 

 

Figure 3.1: Micrography of XY1 sample  

In Figure 3.1, it is possible to observe the typical top structure made by the 

laser beam. Dark spots evidence the presence of porosity that can be created 

by the SLM process. Because of SLM process is not a homogeneous process, 

some particles might not be melted by the laser, so during the cleaning 

process, those ones detached from the sample and created some empty spaces.   

According to Brandl [3], the presence of porosity detriments mechanical 

properties and fracture behaviour. By the way, the size of pores can be 

z 

x 
y 

z 

x y 



 

  

 

79 

 

controlled layer by layer during the SLM process, checking all process parts. 

For instance, in order to increase density is possible to act on scan speed and 

higher laser power. 

 

Figure 3.2: Micrography XZ1 sample  

 

In Figures 3.2 and 3.3, it is clear the ‘fish scale’ structure was obtained in the 

parallel plane of building direction after polishing and the cross-section of the 

specimens.  

But in order to investigate the microstructure better using scanning electron 

microscopy, XZ1 etched with Keller’s reagent: 

z 

x 

y 



 

  

 

80 

 

 

Figure 3.3: XZ1 after Keller’ etching – overlapping detail (in 

green) 

In XZ (and also YZ) plane possible observe overlapped melt pools due to 

the subsequent layers  (Figure 3.3). 

 

Black areas in Figures 3.1, 3.2 and 3.3 are porosities. This phenomenon is 

expected because of the additive manufacturing process. 
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Figure 3.4: YZ1 sample  

It is possible to reduce the number of tests, approximating YZx and XZx. This 

is due, for instance, to the same area of Al-scales of the two faces. 

 

Areas of every scale are calculated with Icy software and with ImageJ.  

 

Name Mean scale area [µm2] 

XZx 4855±0.6 

YZx 4836±0.6 

Table 3.4: Scale areas of Al pool in laterals (XZ1 and YZ1) 
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3.2.2. Microstructure analysis 

Higher magnification images were obtained using SEM. 

Proceeding with the analysis of lateral XZ1, it is possible to observe the three 

zones: the finer one, the ‘heat effected’ one (HAZ) and the coarse quite visible 

also at just 10 µm (Figure 3.5): 

 

a) b) 

Figure 3.5: a) Melting pool borders and b) HAZ of XZ1  

The centre of the melt pool harbours fine Al cells. The structure is coarser 

toward the melt pool borders. So next, MPBs Si-network is broken up and 

created the so-called HAZ. The creation of HAZ happens when the material 

is affected by the heating generated by the laser passing and the creation of 

the adjacent melt pool. 

The Energy Dispersive Spectroscopy (EDS) also bolsters that the visible 

matrix is in Si (Figure 3.6). 
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a) b) 

 

c) d) 

Figure 3.6: Surface parallel to the growth direction (XZ1) a) 

after EDS mapping: Si in purple matrix b). 

c) and d) reveal a uniform distribution of Al and Mg 

SEM and  Energy Dispersive Spectroscopy (EDS) also confirmed the 

structure of the top surface (Figure 3.7): 
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a) b) 

 

c) d) 

Figure 3.7:  Surface perpendicular to the growth direction 

(XY1) a) and after EDS: Si in purple network b) 

c) and d) reveal a uniform distribution of Al and Mg 

 

Higher magnifications (also using a scale of 1nm) prove, with ImageJ, that 

lateral samples are identical in terms of Al-grain area (XZ1 and YZ1 with 

4850±0.6 µm2), different from XY1 at 63000±1000 µm2. This also indicates 
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Si 

Al 
Mg 
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a finer distribution of Si in the XY direction, but irrelevant enough because 

of the dimension.  

Qualitative and quantitative analysis verified what was found in the literature 

[12]: the presence of a homogeneous amount of Al and a continuous and finer 

network of Si-particles for the longitudinal section (Figure 3.7) and fibrous 

for the traversal one (Figure 3.6). 

 

Thanks to the etching, the structure of side faces was quickly visible just using 

not higher magnifications in optical [22](Figure 1.11). 

 

Using the same alloy and going back to a traditional casting process, the light 

optical microscope (LOM) reveal the same magnificent structure change 

(Figure 3.8 vs Figure 3.10). 

 

 

Figure 3.8: Optical image of a region in the surface of the cast 

alloy AlSi10Mg [35] 
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Figure 3.9: Optical image of the surface parallel (XY) to the 

building platform of SLM AlSi10Mg 

For cast alloys, needles of silicon are visible at lower magnification (Figure 

3.8). This is due to the hypoeutectic composition, which leads to the 

formation of primary α–Al dendrites followed by the solidification of eutectic 

α–Al + Si. 

 

Higher magnifications in the scanning electron microscope (Figure 3.10) 

show better silicon needles in a casting process (for instance, in the direction 

perpendicular building direction). Silicon is quite big and without any 

creation of a network, as is visible in the SLM process. [5] 
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a) b) 

Figure 3.10:  AlSi10Mg in XY plane a) cast b) in AM-SLM at 

the same magnification. In white, the Si phase [35] 

 

The tracks created with selective laser melting (SLM) process are visible in 

Figure 3.1 and Figure 3.2, but silicon is not so visible. For the same scale of 

10 μm silicon needles much more enchanted in the cast process (Figure 

3.10a) compare to the same alloy but made in SLM (Figure 3.10b). 

 

Last but not least, at higher magnification and with the help of SEM, the cast 

alloy can be observed in the large Si needles, while the silicon phase in SLM 

is much more dispersed and finer within the matrix and forms a 3-D network 

that encloses the α–Al cellular cells (visible in both directions: Figure 3.1 and 

3.2). 

 

As mentioned before, the presence of porosity is an issue that can be 

controlled with process parameters; but parameters are also relevant for 

observations at higher magnifications. The ultra-rapid solidification (106–

108K/s) allows for an excellent cellular microstructure. [36] 
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Due to the supercooling rate, silicon precipitates and forms an ultrafine 

network structure; moreover, in cast process, silicon lamellar. 

Parameters mentioned before, affecting the cooling rate and diffusion rate, 

also affect the solute concentration of Si into the Al. 
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4. Anodized samples results 
 

4.1. Anodization 

 

The treatment conducted as explained in the $2 on the two faces in thirteen 

samples renamed in order to simplify the study (Table 4.1). 

 

 

Name Miller’ index Surface [mm2] 
 

(X)Ya1 

001 20*20 = 400 

 

(X)Ya2 

(X)Ya3 

(X)Ya4 

(X)Ya5 

(X)Ya6 

(X)Ya7 

(X)Ya8 

(X)Ya9 

(X)Za1 

010 20*5 = 100 

 

(X)Za2 

(X)Za3 

(X)Za4 

Table 4.1:  Renamed anodized samples 
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After a few seconds of immersion into the H2SO4  bath, the current density of 

both sides stabilized over the time (Figure 4.1); this indicates that in the first 

stage of the anodization, there is the creation of the oxide layer; after this 

‘barrier’ the porous grow with a stable current (Figure 1.17) 

 

Figure 4.1: Time - Current density 

In Figure 4.1, it is possible to see how the current density at the first stage is 

higher in (X)Za samples than in (X)Ya ones, and here there is the initial oxide 

barrier layer formation. The negative slope indicates pores formation, and 

then after 30 minutes, the situation switches, and the result is a steady growth 

of anodic aluminium oxide. 

At the end of the anodizing process, a check of anodize thickness was 

conducted with ‘Eddy current method’. 
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Figure 4.2: Thickness [μm] of the anodized coating measured 

with Eddy current method 

 

The Figure 4.2 shows an average thickness that is a bit different between the 

samples. A variation of ±1 μm between the two oriented samples, is observed. 

The reason is that the structure macrostructure saw in chapter 3.2.1. 

The melt pool border (MPB) has a cooling rate lower than bulk material in 

melt pool (MP), and so a coarser structure. In the direction parallel to the 

building platform, the oxide layer has much more probability of encountering 

the Si than in the direction perpendicular to the building platform because the 

bulk material has a more homogenous Si network; this also means that the 

oxide front is slowed by that (Table 4.2). Thus the required electric field 

strength is higher in XY samples also because Si is a semiconductor and 

might be partially anodized at a lower rate. On the other hand, XZ-YZ 

samples have, in general, a lower electrical field strength for anodizing 
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because of the presence of more MPBs par surface than XY-oriented ones. 

[12]  

Because of the operative conditions of all samples are identical, the variation 

in layer thickness can be attributed to sample preparation during polish. 

Different additive manufacturing layers can be involved, so the layer 

thickness can vary between samples  with the same orientation. 

  

Compared to an anodized sample made by casting the same alloy, oxide layer 

growth has a slower rate.[12] 

 

SLM XY SLM XZ Cast alloy 

0.108±0.02 0.12±0.01 0.37±0.03 

Table 4.2: Oxide growth rate during anodizing of specimens (in 

H2SO4 electrolyte) in μm/min [12] 

 

Due to the Si network created in AM samples, the oxide front during the 

anodization is obstructed, so the growth rate is more or less four times slower. 

On the other hand, the thickness is homogeneous, even if it is thinner. 

 

The oxide layer is not clear just watching on top view, so a cross-section will 

be executed in order to check the thickness measured and to observe the 

fibrous structure typical of this process. 
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Samples were cut in cross-sections as follows and mounted in resin (to help 

visualize the oxide layer Figure 4.3) and analyzed with the LOM (Figure 4.4 

Figure 4.5). 

 

Figure 4.3: Cross section of samples Ya4 and Za4 polished into 

resin 

 

Figure 4.4: Cross section of (X)Ya4 after anodizing and some values of oxide 
thickness 
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Figure 4.5: Cross section of (X)Za4 after anodizing and some values of 
oxide thickness 

 

Figure 4.6: Thickness [μm] of anodized coating with cross-

section method 
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In Figure 4.4, it is possible to observe a cross-section of the (X)Ya41 sample; 

in Figure 4.5,  it is possible to observe the (X)Za41 section. For each sample, 

ten areas have been analyzed to obtain Figure 4.6 and confirm results found 

with Eddy currents about the difference of the oxide layer thickness in the 

same sample and between the two specimen sides. 

Small triangles are the results of a Berkovich indention that will be 

commented on later. 

 

After just 20 mins of anodizing, the same alloy, made with cast process, in 

cross-section, showing a thicker layer than samples made by additive 

manufacturing. It is also quite clear the presence of Si-needles interrupted the 

growth of the anodic oxide layer, while in the area of second-phase particles 

free is quite homogeneous. [1]. 

The growth of the anodic layer has uniform thickness and minimum defects 

thanks to the presence of a fine Al cell (like in samples made by additive 

manufacturing). [37] 

Figure 4.7: AlSi10Mg made by casting cross section, after 20 min of anodizing[35] 
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Sectioned samples also confirm the presence of elements discovered after 

anodizing with SEM in the top view:  

                    

Figure 4.8:  Base material (in blue), the oxide layer on lateral. 

EDS mapping of a cross section of perpendicular section. 

Figure 4.8 confirms the presence of the intact base Al material (prevalent Al, 

indicated with blue colour) and the formation of the oxide layer, with, of 

course, the huge presence of oxygen.  

  
a)  b) 
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c) d) 

Figure 4.9: EDS mapping highlighting the presence of O, Al, Si 

and Fe in the oxide layer of Ya4 sample 

 

Figure 4.9 confirms the presence of O (much more in the oxide layer, as 

expected), silicon is still well distributed, as also the small amount of Fe (so 

it confirms also that no FeO was created during the anodizing process). 

Sometimes the presence of porosity can modify the composition of the base 

material during anodizing, so as Figure 4.10 shows, some oxide is created 

outside the common oxide layer. 

 

Figure 4.10: EDS mapping, cross section of perpendicular 

surface (Ya4 sample), highlight a crack 
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a)  b) 
 

c) d) 

Figure 4.11: EDXS on a cross-section closer to the presence of 

a crack 

Porosities usually are located inside MPs or were also detected along the 

boundary of consecutive layers or along the interference adjacent between 

scan tracks. At the interference between the already solidified substrate and 

melting pool, gas porosities nucleated at the melting front can easily escape 

from MPs [38] but [39] the pores, due to the gas entrapments, remain in the 

inner part of MP or at its side because they don’t have enough time to escape 

prior being entrapped to the solidification front itself.  

 

Figure 4.11 a) and b) showed the formation of the AlO inside the material, 

also responsible for the surface crack.   

 

Roughness samples after anodizing and before corrosion are so analysed.  

Trials indicate an average of  0.38±0.2µm of roughness.  

O Al 

Si Fe 
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4.2. Hardness and wear test 

 

Berkovich hardness test is conducted on the oxide layer using a Micro 

Materials NanoTest Vantage equipped with Berkovich indenters in different 

points of the cross-section samples with a significant distance in between (so 

it was possible to avoid different phenomena such as creeping): 

 

 

 

 

Figure 4.12: Berkovick imprints on oxide layer (Ya42) 

 

 

 

Figure 4.13: Berkovick imprints on oxide layer (Za41) 
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Figure 4.14:  Berkovick results in y41-y42 and z41 and z42 

So Figure 4.14 showed no differences in hardness distribution regardless of 

building direction. 

According to the work of Krystian Zyguła[40], HV1 in SLM and cast is 107 

and 67.  

 

Figure 4.15: Hardness in GPa of a) SLM anodized b) SLM c) 

cast AlSi10Mg 
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Comparing SLM anodized, SLM and casting for the same AlSi10Mg is 

possible to observe that oxide hardness is 4 times greater than a no-anodized 

sample made with the same procedure. SLM process also has 60% higher 

hardness than cast material. 

The difference between a cast material and the SLM alloy is due to the finer 

microstructure created during rapid solidification after laser melting. 

 

The wear rate of anodized samples in XY direction is 0.98x10-5±0.02x10-5 

mm3/(N mm).  

 

Figure 4.16  showed not a smooth track, which is due to possible adhesive 

wear.  

 For higher magnifications, cracks close to the track are noticed as the 

response of the wear mechanism [41] (Figure 4.17) 

Figure 4.16: BSED wear track with adhesion phenomena and 

some lateral surface cracks 
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A faster removal material is the result of the presence of porosities which 

increase contact stress due to the lower loading area, and also, they increase 

the possibility of oxide delamination and crack propagation due to the 

obstacle of the compact growth of the oxide layer [42].  

 

Figure 4.17: Lateral cracks due the wear test, close to the spin 

ball track 
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During trials, only the oxide layer wore out. With higher magnification with 

BDES, the substrate slightly glimpses (Figure 4.18).  

 

Figure 4.18: Glimpsed substrate after wear test  
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4.3. Corrosion tests 

 

Samples are immersed in the corrosive solution for 24 hours (9 cycles of 3 

hours each): 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 

za1 23/04 
14:02:22 

23/04 
17:09:36 

23/04 
20:15:45 

23/04 
23:23:38 

24/04 
02:30:10 

24/04 
05:41:50 

24/04 
08:53:39 

24/04 
11:59:37 

24/04 
14:13:32 

ya1 24/04 
14:55:54 

24/04 
18:02:48 

24/04 
21:09:13 

25/04 
00:16:50 

25/04 
03:24:27 

25/04 
06:32:05 

25/04 
09:38:55 

25/04 
12:46:33 

25/04 
16:00:10 

za2 26/04 
11:29:20 

26/04 
14:36:22 

26/04 
17:42:15 

26/04 
20:48:16 

27/04 
23:54:16 

27/04 
03:00:22 

27/04 
06:06:23 

27/04 
09:15:01 

27/04 
12:21:18 

za3 27/04 
13:18:38 

27/04 
16:26:25 

27/04 
19:33:24 

27/04 
22:40:53 

28/04 
01:47:05 

28/04 
04:53:23 

28/04 
07:59:58 

28/04 
11:05:55 

28/04 
14:11:54 

ya2 01/05 
11:13:38 

01/05 
14:26:16 

01/05 
17:33:38 

01/05 
20:40:34 

01/05 
23:47:08 

02/05 
02:53:23 

02/05 
05:59:29 

02/05 
09:05:19 

02/05 
12:11:13 

ya3 02/05 
13:07:32 

02/05 
16:14:26 

02/05 
19:27:21 

02/05 
22:34:58 

03/05 
01:41:32 

03/05 
04:48:20 

03/05 
07:54:29 

03/05 
11:00:44 

03/05 
14:10:12 

Table 4.3: Corrosion time cycle 

Using ZSimple software, the best fitting (considering χ2≈10-4, as suggested in 

the literature) is the Re(Co(Ro(CiRp))). 

 

Re(Co(Ro(CiRp))) 
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During immersion time phase angle increase and the total impedance modulus 

(|Z|) decrease (Figure 4.19) 

 

a) 

b) 

Figure 4.19: Magnitude and phase of a)  Ya and b) Za; in blue 

the phase; in green-yellow, the modulus 
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During this time, the decreasing value of the resistance Rp (Figure 4.20) 

indicates the destruction of the oxide layer and the consequent corrosion 

attack.  

 

 

 

Figure 4.20: Evolution of the Rp of Ya and Za samples during 

the immersion time  

 

 

To obtain more information about microstructure during corrosion and 

anodizing was applied a STEM analysis, for example, in Ya1 with a scale of 

100 µm (Figure 4.21). The scenario seems quite similar to a no-anodized 

sample (Figure 3.1), but paying more attention is possible to notice the 

presence of some cracks in the surface. 
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Figure 4.21: SEM of a parallel direction after EIS 

 
a) b) 

 

 

c)  

Figure 4.22: Detail of Ya1 a) and EDS of it b) c) 

EDS for Figure 4.22 gave results confirming the presence of the oxide (the 

O) with his voids and cracks. 
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Some spots of pure Al are still present. But Si remains uniform.  (Figure 4.22 c)) 

 

Using the same colours legend, Ya2 detects a spot with pure Si (Figure 4.23 b)): 

a) b) 

Figure 4.23: EDXAS mapping of the pitting corrosion on the 

Ya2 sample 

In Figure 4.23 corrosion attack penetrated the oxide layer and generated a 

corrosion pitting. 

Same ongoings for Za1 as visible in Figure 4.24: 

 

Figure 4.24: Perpendicular side (Za1) after EIS 

z 

x 

y 



 

  

 

111 

 

Figure 4.24 shows a typical structure of SLM in 010 Miller’ index, but also, 

in this case, is quite visible a defect. 

a) b) 

Figure 4.25:  Detail of Za1 after EIS a) and the element 

composition b) 

In Figure 4.25 b) is quite evident the presence of the oxide layer and in a) also 

cracks are pretty detectable. 

On both sides, it is possible still observe the porosity (dark spots) and the 

presence of pure particles due to the SLM process (can justify the presence of 

pure Al or Si); the existence of a high concentration of O can also be the result 

of previous oxidation (during the melting work of laser beam). 

During anodizing, the oxide growth is homogenously and relatively compact 

(visible also demonstrated in the measures conducted before and cross-

section above); with a scanning transmission electron microscope, some 

cracks are pretty detectable. This is due to the creation of Si-O (oxygen 

presence in the images before is indicated with green colour) during the 

anodizing process that reacts slower than Al oxide. Silicon particles can also 

act as a shield to the Al above, and the presence of those Si particles can create 

volume expansions and create cracks and voids (justifying also Figure 4.23 

and 4.24). 

With the cross-section, it is also possible to observe the cracks and voids 

(before analysed just in top view) in a lateral section (Figure 4.26). 
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Figure 4.26: Cross section after anodization and corrosion 

attack 

The Figure 4.26 shows the presence of a crack in the oxide layer. With SEM, 

it is also quite clear to observe the O element. By the way, no traces of NaCl 

are available because of the proper cleaning of the samples after the corrosion 

process. 
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5. Conclusions 
 

 

This work investigated the behaviour of the treatment of the anodizing 

process of AlSi10Mg alloy produced by selective laser melting. 

The main results can be summarized as follow: 

 

o The 3D-printed Al-alloy has an easily recognizable structure. The initial 

characterization by optical microscopy is possible to observe laser 

tracks. An elongated shape on the surface parallels the building 

platform and a semicircular shape on the perpendicular surface. 

 

o The microstructure of melt pool borders is coarser (coarser Si network, 

eutectic phase and large Al cells) because of the lower cooling rate 

compared to the cooling rate at the centre of the melt pools.  

 

o After anodizing, a tinner oxide layer was detected in the surfaces 

parallel to the building platform due to the homogenous microstructure 

of the pools; here, the oxide front has a higher probability of 

encountering Si and thus, the oxide layer front is more obstructed in this 

microstructure.  

Due to the impurities, cracks and voids are visible during the oxide 

formation. The same alloy but casted has a thicker and less homogenous 

oxide layer than the additive because of not a proper spread of Si 

concentration. 

 

o The oxide layer improves the hardness of the substrate by around four 

times more. It is higher in components of AM compared to the 
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conventional cast because of the change of microstructure due to the 

higher solidification rate. 

 

o The wear rate calculated on the oxide layer generated on the surfaces 

parallel to the building direction is lightly above 10-5 mm3/(N mm).  

Also, for alloys produced by AM is possible to observe classical wear 

mechanisms, such as adhesive phenomena and cracks close to the wear 

track. 

 

o The equivalent circuit that fitter better the corrosive condition is the 

Re(Co(Ro(CiRp))). During this time, it is possible to observe a decrease 

in the resistance (Rp) which indicates the destruction of anodic pores. 

Images also show corrosion pittings in correspondence with cracks and 

voids. 
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Appendix 
 

 

SLM XY SLM XZ Cast alloy 

0.108±0.02 0.12±0.01 0.37±0.03 
Table 4.2: Oxide growth rate during anodizing of specimens (in H2SO4 

electrolyte) in μm/min [12] 
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