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Chapter 1: Introduction

Surface treatment of Al-Si casting alloys has become a critical post-processing step, as
many components cannot be directly utilized in their as-cast condition. The necessity for such
treatments is determined by component function, operating environment, and desired service
life. Beyond their well-known low density and recyclability advantages, Al-Si casting alloys
are widely used to produce mechanical parts such as pistons and cylinder heads. In particular,
Al-Si—Cu alloys are extensively utilized in high-pressure die casting (HPDC) due to the
advantageous influence of silicon in improving castability. Consequently, various surface
technologies, including anodizing and plasma electrolytic oxidation (PEO), have been
employed to enhance the surface properties, corrosion resistance, and wear resistance of cast

Al-Si alloys.

Traditional anodizing, hard anodizing, and plasma electrolytic oxidation (PEO) have
attracted significant attention among the available surface treatments. Aluminum anodizing is
an electrochemical technique in which an applied current promotes the formation of an
aluminum oxide layer on the aluminum surface. This oxide layer develops through the reaction
between the aluminum anode and the electrolyte, leading to the progressive consumption of
the aluminum substrate. Consequently, the growth of the anodic layer is strongly influenced by
the microstructural characteristics of the substrate [1,2]. During the anodizing process,
aluminum is the primary component that undergoes oxidation. Generally, all aluminum alloys
can be treated to form a surface oxide layer through anodizing. The process efficiency is
significantly affected by the presence of alloying elements, with higher concentrations often
hindering oxide growth. Notably, cast aluminum alloys typically pose greater challenges to

anodization than wrought alloys [2—4].

The mechanism of oxide formation in hard anodizing (HA) remains fundamentally the same
as in conventional anodizing. The distinction lies in the processing parameters: HA typically
employs higher current densities, elevated acid concentrations, and lower electrolyte

temperatures. These conditions facilitate the development of a thicker and harder anodic layer

[2].

PEO or micro arc oxidation (MAOQO) is an effective wear resistance improvement
technique [5,6] which is derived from conventional anodizing but enhanced by spark discharge

events when the applied voltage exceeds the critical value of the insulator oxide film. It can
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generate thicker ceramic coatings with excellent properties, such as high hardness, good wear
and corrosion properties, and excellent bonding strength with the substrate [7-9]. The process
has significantly improved surface oxidation treatment of Mg, Al, and Ti alloys, replacing
traditional acid-based anodizing processes and/or conversion treatments containing hexavalent
chrome and other environmentally hazardous substances in critical service applications of high

added value [9].

1.1. Knowledge gap

Despite the progress made in anodizing and Plasma Electrolytic Oxidation (PEO)
techniques, several critical questions remain regarding HPDC alloys. First, the initial surface
microstructure may be altered by machining and finishing processes after casting, or by
inherent microstructural variations across different component regions arising from
solidification rates. Therefore, a systematic investigation of these microstructural variations, in
conjunction with anodizing parameters, is required. Second, although the wear resistance of
anodized layers and PEO coatings has been studied, there is still limited understanding of how
the initial surface condition of the HPDC alloys affects the wear behavior of hard anodized

layers and PEO coatings.

In the present work, PEO was carried out in silicate-based electrolytes, one of which
contained strontium aluminate particles. Under PEO conditions, strontium aluminate particles
are reactively incorporated into the PEO coating, forming a new phase of strontium silicate,
producing a composite ceramic coating (PEOp). Thus far, no studies have systematically
examined the behavior of undoped strontium aluminate particles suspended in the electrolyte

during PEO, nor their impact on the coating structure and properties.

This dissertation addresses these knowledge gaps through a comparative study on
AlSi112Cul(Fe) alloy surfaces in both as-diecast and ground conditions. The investigation
focuses on evaluating coating growth, microstructural integrity, wear behavior, and corrosion

behavior for the following cases:

(1) Anodized samples (traditional anodizing) — examining the anodic layer properties
and wear behavior, including the contribution of the anodic layer and the underlying
substrate.

(1)  Hard anodized layers — assessing the properties of the anodic layer and its wear

performance.
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(ii1))  PEO coatings — characterizing the coating properties and wear behavior.
(iv)  PEOp composite coatings — analyzing the mechanisms of composite layer formation
and their associated wear behavior.

(v) Examine the corrosion behaviour of the PEO and PEOp coatings.
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Chapter 2: Literature review

2.1. Aluminum cast alloys

Aluminum (Al) alloys are widely used across diverse industrial sectors owing to their low
density, combined with favorable mechanical, corrosion-resistant, thermal, and electrical
properties. Although their absolute strength is comparatively modest, their strength-to-weight

ratio exceeds that of most conventional metals [10].

The automotive industry is the leading user of aluminum castings. The demand for
aluminum parts in vehicles keeps growing, mainly replacing traditional iron castings. Although
more expensive than ferrous alternatives, aluminum castings remain highly desirable due to the
persistent industry requirement for vehicle lightweighting and enhanced fuel efficiency. This
demand has driven the shift from ferrous to aluminum parts. In vehicles, aluminum castings
are widely used in engine blocks, cylinder heads, pistons, rocker covers, intake manifolds,
differential housings, steering systems, structural brackets, wheels, and many other

components [11].

The properties of aluminum alloys can be customized by adding different elements, which
affect the alloy's behavior through various mechanisms impacting its microstructure and
performance. In cast aluminum alloys, the alloying elements can be divided into three
categories depending on the purpose of presenting the elements in the alloy: basic elements,

secondary additions, and impurities [12].

The basic elements are responsible for enhancing castability and the overall mechanical and
physical behavior of the alloy, so that these elements are present in higher amounts among the
three main categories. Silicon is the most significant element in improving fluidity during
casting and the strength of the alloy [13,14]. The presence of magnesium enhances the strength
of the alloy through precipitation hardening and corrosion resistance. However, Mg promotes
Fe-rich intermetallic formation that may cause alloy embrittlement [15]. Increasing the
hardness and tensile strength of the cast Al alloy can be achieved by adding a certain amount
of copper [16—18], while zinc is commonly applied in high-strength series to regulate strength

and castability [19].

Secondary elements are usually added in smaller amounts; their role is to refine the

microstructure, such as titanium and boron [12,20], modify eutectic morphologies when
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strontium is added to the alloy [21], and neutralize the effects of undesirable phases. For
instance, Manganese and chromium neutralize Fe-rich intermetallic compounds that would
embrittle the alloy [22-25]. Rare earth elements such as lanthanum, cerium, and yttrium have
been reported to improve thermal stability, high-temperature strength, and corrosion resistance

[26].

Impurities are difficult to control during alloy production, especially when recycled
feedstock is used. Iron (Fe), lead (Pb), antimony (Sb), and tin (Sn) are of particular concern in
industry, as they often degrade the physical, mechanical, and service performance of aluminum

alloys in various applications [27-29].

2.1.1. AI-Si system

Cast Al-Si alloys are widely used to produce mechanical components such as pistons and
cylinder heads [30]. The dominant AI-Si foundry alloys typically contain between 5 and 25
wt.% Si, along with additions of elements such as Mg, Ni, and Cu. The Al-Si binary system
exhibits a eutectic reaction at approximately 12.2 wt% Si and 577 °C with limited solubility of
silicon in aluminum, as depicted in Figure 1. Compositions containing less than 12.2 wt% Si
are hypoeutectic, characterized by primary a-Al phase and eutectic. Hypereutectic Al-Si alloys
contain above 12.2 wt% Si, and the microstructure of these alloys is characterized by primary
Si and eutectic (Figure 2) [31,32]. The secondary phase, rich in Mg, Fe, Ni, and Cu, is present

in Al-Si alloys as hypo- or hypereutectic depending on the chemical composition.

2.2. HPDC Al-Si alloys

The Al alloys mainly used in HPDC are Al-Si, Al-Si—Cu and AI-Mg-Si casting alloys, and

the respective secondary alloys are actually attractive in the transport industry [33].

High-pressure die casting, often called die casting, involves injecting molten alloy into a
mold under high pressure. The mold has precise dimensions constructed using two die halves,
one fixed and the other movable [11,34]. HPDC process is the most widely used method for
aluminum alloys because it offers fast production and the possibility for full automation.
Castings produced by HPDC usually show excellent dimensional accuracy and high-quality
surface finishes. Additionally, the technique allows the creation of thin-walled parts, while
minimizing or even eliminating the need for post-casting machining, Since intricate features
such as recesses, grooves, and holes can be incorporated directly during the molding

process [11].
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Figure 1. Binary Al-Si phase diagram [32]

Figure 2. Optical micrographs of (a) hypoeutectic Al-7 wt.% Si alloy, and (b) hypereutectic Al-16 wt.% Si
alloy [31].

HPDC has two main types: hot chamber and cold chamber. Hot chamber machines are
normally used to cast alloys with relatively low melting points, such as zinc and magnesium
alloys [34,35]. The molten metal is stored in an integrated furnace and injected into the die
cavity through a gooseneck mechanism using a hydraulically driven plunger. This allows for
fast cycle times and efficient production (Figure 3a). However, the direct contact between the
pumping system and the molten metal restricts the process to low-temperature alloys, since
higher melting point materials would damage the components. In contrast, cold chamber
machines are designed to process alloys with higher melting points that cannot be cast in hot
chamber machines because they would damage the pumping system, mostly aluminium alloy
castings. The molten metal is prepared in a separate furnace and ladled into the shot chamber
before being injected into the die under higher pressures, typically ranging from 2000 to
20,000 psi (Figure 3b). The extra handling step lowers the production rate compared to hot
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chamber systems; the cold chamber method is essential for manufacturing components from

alloys that cannot be processed in hot chamber machines because of thermal limits [34].

2.2.1. Influence of HPDC process on microstructure

The HPDC Al-Si alloy consists of three stages [35,36]:

(I) Low shot (slow shot): In this stage, the plunger slowly pushes the molten alloy from the
shot sleeve toward the die cavity, ensuring the gate fills smoothly without turbulence. During

this stage, externally solidification crystals (ESCs) begin to form [37].

(I) Fast shot: the plunger speed rapidly increases when the molten alloy reaches the gate. This
ensures the cavity is filled with molten alloy before reaching the critical degree of

solidification.

(IIT) Intensification pressure: extra pressure is applied at this stage to improve the mechanical

properties and surface finish.

The microstructure of the HPDC alloys is affected by processing parameters [37,38], casting
composition, and geometric complexity of the casting [39—41]. The typical microstructure of
HPDC Al alloys changes from the surface into the central region [42,43] where skin formation
in HPDC castings is controlled by the interplay of melt impingement, heat transfer, and applied
pressure [43]. Jiao et al. [37] demonstrate the microstructure changes of HPDC AlSi10MnMg
alloy as illustrated in Figure 4. At the surface region, the structure is dominated by massive fine
(a-Al) grains, accompanied by a few small globular ESCs. Moving toward about 625 from
the surface, the fraction and size of ESCs increase. In the central region, larger dendritic ESCs

become dominant, forming an ESC-rich zone.
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Figure 3. Graphical illustration of high-pressure die casting methods. (a) hot-chamber, and (b) cold
chamber [44].

Figure 4. SEM results of HPDC AlSi10MnMg (a) surface, (b) middle (625 um away from surface),
(c) center [37].

2.3. Surface treatments of HPDC Al-Si alloys

The relatively low hardness and inadequate corrosion and abrasion resistance properties
impose significant limitations on the durability of Al-Si alloy products [45,46]. Consequently,
various surface technologies, including anodizing [47], laser remelting [48], plasma
electrolytic oxidation (PEO) [49], and cathode plasma electrolytic deposition [50] have been

employed to address these concerns.

2.3.1. Anodizing

The anodization of pure aluminum in aqueous solutions involves the migration of AI**

cations and either O?* or OH" anions [2,51,52]. At the interface between aluminum and oxide,

aluminum oxidation occurs, generating Al**

cations. Simultaneously, at the oxide—solution
interface, O* or OH" species form through the removal of H" from H>O [2]. The progression of
the anodizing process, resulting in the formation of a porous oxide layer, can be succinctly

outlined as follows:

13+

1. Initially, aluminum cations (Al”") are generated from the aluminum substrate acting as the

anode.
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2. In the presence of a strong electric field, aluminum cations migrate toward the cathode, while
anions in the aqueous solution (such as O*, OH", and electrolyte anions) move in the opposite

13"

direction. At the metal/oxide and oxide/electrolyte interfaces, the Al°" cations react with the

anions, forming aluminum oxide (AO3). 2AI** + 30%* = AL,Os (at the metal/oxide interface)

3. Simultaneously, at the oxide/electrolyte interface, the aluminum oxide has the potential to
dissolve within the electrolyte, resulting in the creation of a porous layer. The following

equation governs this chemical dissolution process: Al,Os + 6H" = 2A1** + 3H,0

Consequently, a meticulously organized hexagonal cellular structure, characterized by self-
assembly, is formed. Each cell in this structure is enclosed at its base and has a central pore
extending from the base to the apex. The oxide structure can be divided into two distinct
regions: the barrier layer at the base and the porous layer (Figure 5). The size of the hexagonal
cells and the internal pores, depends on various anodizing parameters such as the electrolyte
type, current density, and anodizing time [53]. The careful selection of anodizing parameters
dramatically influences the performance of an anodized component. The alloy's initial
microstructure also plays a significant role in this performance. Additionally, any pre- and

post-anodizing treatments can have a notable impact [2].

< O Pores
) 0 O K

PorousLayer
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Oxide Layer

Aluminum Substrate
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Figure 5. Ideal porous anodic oxide structure for pure aluminum [4].
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Anodizing processes are categorized by their properties, making them suitable for various

applications.

1. Chromic Acid Anodizing (Type I Anodizing): Also known as "chromic anodizing" or
"anodizing in chromic acid," this process involves electrochemically converting aluminum in
a chromic acid solution. It forms a protective oxide layer on the aluminum surface, providing

corrosion protection, improved wear resistance, and a better appearance.

2. Sulfuric Acid Anodizing (Type II Anodizing): Also called "Technical Anodizing". This
process involves the electrochemical conversion of aluminum in sulfuric acid. It forms a
protective oxide layer, providing corrosion resistance, enhanced wear resistance, and improved

aesthetics.

3. Hard Anodizing (Type III Anodizing): It is usually performed using sulfuric acid
electrolytes, though other electrolytes like phosphoric acid, oxalic acid, or acid mixtures can
also be employed. It creates a thicker, harder, and more durable protective oxide layer on the

surface [2].

In developing Al-Si alloys, the suitability of the surface for anodization is often overlooked.
The primary focus is on creating cast alloys that meet mechanical requirements like strength
and fatigue while considering factors such as castability and structural integrity. Alloys are
engineered to improve fluidity, minimize gas entrapment during melting, and make the casting
process smoother upon solidification [54]. The mechanical properties depend heavily on
casting quality, so the alloy formulation and processing methods are adjusted to reduce
porosity. The mechanical properties of aluminum castings, such as strength, hardness, wear
resistance, and fatigue resistance, are primarily achieved through two metallurgical
mechanisms: solid-solution hardening and precipitation hardening. The evolution of
microstructure, influenced by alloy composition, cooling rates, and tempering procedures,
plays a crucial role in achieving these properties [2]. The microstructure of castings not only
determines the component quality but also significantly impacts the quality of the resulting
anodic oxide layer. Due to their higher alloy content, castings often have more complex
surfaces and less free aluminum than wrought alloys. This difference results in a wider range
of surface chemical potentials, creating challenges for the anodization process. The response
to anodization is influenced by the composition, casting technique, and casting quality.
Therefore, achieving a casting with a uniform microstructure and fine particle size becomes

crucial when aiming for a specific anodized finish for a particular application [55-57].

10
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2.3.1.1. Effect of the alloy second-phase particles

The anodization process of as-cast products can be affected by the structure and phases
present in the substrate. Eutectic Si and intermetallic compounds, such as Mg>Si, f-AlsFeSi,
o—Al(Fe, Mn, Cr)Si, and Al,Cu phases, prove detrimental to the anodization process
[33,58,59]. Also, some phases might decrease the hardness and thickness of the anodic layer
[33,58]. The primary components of the as-cast microstructure in Al-Si alloys consist of
primary a-Al, eutectic Si, coarse primary Si, and other harmful intermetallic phases such as
needle-like f-AlsFeSi. Furthermore, these alloys display uncontrolled and unevenly distributed
porosities [60,61].

The interdendritic regions and grain boundaries may contain intermetallic compounds,
depending on the alloy’s chemical composition and the speed at which it solidifies [62]. The
introduction of alloying elements into solid solution generally does not noticeably impact the
anodizing behavior of Al alloys. Nonetheless, the creation of precipitates or intermetallic
particles within the a-Al matrix or at grain boundaries may undermine the integrity of the oxide
layer [63]. Intermetallic phases with redox standard potentials more positive (nobler) than the
a-Al matrix exhibit slower oxidation rates and remain unanodized, appearing as residual
inclusions within the oxide layer. In contrast, intermetallic compounds that are more active
(with more negative potentials relative to a-Al) tend to dissolve entirely during anodization,

forming extra porosities within the oxide layer [2].

2.3.1.1.1. Silicon particles

During the anodization process, eutectic silicon particles may lead to the formation of

several defects within the anodic layer, such as the following:

1. Formation of oxygen gas-filled voids: When the anodic oxide front reaches the silicon phase,
oxidation of Si occurs through the formation of SiO». Because silicon is a semiconductor and
Si10; is an insulator, electron transport at the Si/SiO» interface becomes limited. This restriction
in charge transfer can lead to local accumulation of oxygen species and the formation of oxygen

gas-filled voids adjacent to Si particles [64—66], as shown in Figure 6.

2. Formation of un-anodized regions: Un-anodized regions form when the oxide layer does not
completely surround the Si phase, potentially due to its morphology or reduced particle
spacing. As a result, the eutectic silicon phase functions as a barrier, protecting the nearby Al

matrix from the oxide layer and thereby preserving it in an un-anodized state. Residual metallic

11
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Al phases are primarily observed under or among large, interconnected Si eutectic particles

[65,66].

3. Influence on film cracking and intrinsic stress: Silicon particles can impede the volumetric
expansion of the oxidizing matrix, causing the development of internal stress in localized areas

and cracks forming within the film [65,67].

Un-Anodized Aluminum

/ Al-Substrate /AnodicLayer /
—

Cathodic behavior
of

Copper-Rich intermetallic particles Anodic behavior
of

Copper-Rich intermetallic particles

Cu-O bond

Figure 6. Sketch showing the emergence of major defects, denoted by arrows, during forming the anodic layer
for Al-Si alloy [4].

Aluminum in the eutectic phase is reported to exhibit primarily the same crystallographic
characteristics as the primary a-Al dendrites found in unmodified alloys [68]. Heterogeneous
nucleation is the primary method for grain refinement, where grains nucleate on foreign nuclei
sites and grow slowly within the melt. Effective grain refiners, such as TiAl; and TiB2, must
have lattice structures that are perfectly coherent with the aluminum matrix to be effective.
Conversely, particles with poor lattice matching have minimal impact on enhancing grain
nucleation, leading to an unrefined grain structure [69]. Additives in the alloy can improve its
ability to form a passive oxide layer, as demonstrated in a recent study by

Shan-Liang Xu et al. [70].

Zhu et al. [65] investigated how the morphology of unmodified and Sr-modified eutectic
silicon particles influences the anodizing behavior of Al-Si alloys. They analyzed different
silicon content levels, ranging from 2.4 to 5.5 wt%. Silicon particles in polygonal flake shapes

were observed in the untreated alloys, creating a connected, branched network. The anodic

12
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oxide front expanded between the silicon particles during the anodizing process. However, due
to the limited space between the particles, a significant portion of the aluminum matrix
remained unanodized. Additionally, substantial localized intrinsic stresses were induced by the
volumetric expansion of Al>O3, leading to the formation of cracks and cavities [64,71], as

depicted in Figure 7.

Zhu et al. [3] studied the resistance of corrosion between the aluminum matrix and eutectic
silicon particles. They subjected anodized AlSi7Mg0.4 samples to a corrosion test by
immersing them in a 3 wt% NaCl solution for 72 h. The interaction between the aluminum and
silicon phases formed a micro-galvanic cell, causing the anodic layer to corrode and form
corrosion pits at the Al-Si interface. An increase in the defect content within the oxide layer

was associated with a more intense galvanic corrosion underneath the oxide surface [72,73].

Un-anodised Al

8

WY Cavities

Figure 7. EDS elemental map of the anodized layer in Al-Si cast alloy [65].
2.3.1.1.2. Tron-rich intermetallic particles

Iron is frequently present in AI-Si alloys due to the recycling and casting processes. The
presence of Fe is beneficial in preventing die soldering during high-pressure die casting
(HPDC). However, Fe is an undesirable alloying element because it forms Fe-rich
intermetallics like plate-like B-Al5SFeSi particles, reducing ductility and corrosion resistance
[61,74]. Based on the chemical composition of iron-rich intermetallic compounds, they can
undergo partial or complete oxidation during the anodizing process [75]. Furthermore, they can
be partially incorporated into the anodic layer, creating a wavy boundary with the unanodized
aluminum substrate [76]. Specifically, the All>(FeMn);Si and Al¢Fe phases impede the
progress of the anodic layer growth due to their higher oxidation energy [77]. While AlsFe

particles oxidized at the same rate as the aluminum matrix and could not be entrapped in the
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oxide layer [76,78]. During anodizing, the partial or complete dissolution of iron-rich
intermetallics creates voids and imperfections within the oxide layer [79,80]. Iron-rich
intermetallic compounds form a galvanic cell with the adjacent Al-Si eutectic, thereby

increasing and exacerbating pitting corrosion beneath the oxide layer [3].

2.3.1.1.3. Copper-rich intermetallic particles

Copper forms an intermetallic phase with aluminum, precipitating during solidification as
either blocky Al>Cu or alternating lamellae of a-Al + Al,Cu [81]. In the presence of iron during
solidification, other copper-containing phases can form, such as f-AlsFeSi [82]. The ALCu
phase may appear as blocky forms or finely scattered a-Al and Al,Cu particles within the
interdendritic areas. The anodizing behavior of copper-rich compounds is influenced by their
chemical composition [83]. Fratila-Apachitei et al. [76] studied the anodizing response of the
Al>Cu phase in an AlSi10Cu3 alloy. This phase was observed as large globular compounds or
irregular particles ranging from 3 to 20 um. As the anodic front approached a particle rich in
copper, the current distribution favored the copper phase because its oxidation energy was
lower than that of the surrounding aluminum matrix. Consequently, this led to the development
of a preferred path for oxide growth within the particle, which persisted until complete
oxidation of the copper-rich compound occurred [76]. Additionally, the Cu-O bond exhibits
semiconducting properties, resulting in the generation of gaseous oxygen during the oxidation
reaction [64,84]. Film cracking may occur when the gas pressure is sufficiently high [64,85].
Another copper-rich phase that exhibits anodic behavior relative to the Al matrix is the S-phase
(ALCuMg) [86]. In contrast, intermetallic phases like Al;CuxFe exhibit cathodic behavior,
accelerating the oxidation of the adjacent aluminum matrix. Additionally, these compounds
facilitate oxygen reduction reactions, leading to the dissolution of the neighboring aluminum
phase, which is a phenomenon referred to as “trenching” [87,88]. The various behaviors of

copper-rich intermetallic particles are depicted in Figure 6.
2.3.1.2. Influence of processing prior to the anodizing process

2.3.1.2.1. Casting technique

The formation of the oxide layer depends on the casting method used. Labisz et al. [89]
compared the anodizing of Al-Si -based alloys produced by pressure die casting and sand
casting. They found that the anodized layer is thicker for sand-cast materials than for pressure-

die-cast materials. Ridder et al. [71] examined anodized aluminum surfaces produced by four
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manufacturing methods—extrusion, permanent mold casting, sand casting, and high-pressure
die casting (HPDC). The aluminum foundry alloys used were AlSi7Mg for sand and permanent
mold casting, AlSi1Mg for extrusion, and AlSi9Cu3 for high-pressure die casting, chosen for
their typicality for their respective production processes. The research indicated that the
uniformity of the oxide layer on the extruded sample could be attributed to the alloy’s low
silicon content and the specific fabrication method. In contrast, materials produced through
casting processes exhibited oxide layers of non-uniform thickness on their surfaces. The HPDC
sample showed the lowest average thickness and the highest variation due to the rapid cooling

associated with the HPDC process. This is illustrated in Figure 8.

Aluminium oxide Aluminium oxide
Aluminium alloy 50 um Aluminium alloy 50 pm
c Resin

Aluminium oxide Aluminium oxide =~ *

Aluminium alloy 50 um Aluminium alloy 50 um

Figure 8. Optical micrographs of cross-section of anodized layer of the (a) permanent mold cast, (b) sand cast,
(c) extruded, and (d) high-pressure die-cast surfaces [71].

2.3.1.2.2. Mechanical operation

The industry widely uses surface machining operations to shape products and achieve the
required dimensions. The impact of machining on the anodizing process has been examined in
various research studies involving hypoeutectic Al-Si alloys cast through rheocasting and
die-casting methods, due to the alloy’s heterogeneous microstructure and potential defects

[90,91].

One advantage of the milling process was its ability to remove the oxide skin that naturally
forms during high-pressure die casting (HPDC) at relatively high temperatures. When die
castings are removed from the die at around 300 °C, a thicker surface oxide skin develops

compared to the one that forms naturally at room temperature [92]. This oxide skin has a
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passivation effect that adversely impacts the thickness of the anodic oxide layer [92]. Before
anodizing, chemical treatments are used to eliminate surface impurities of the casting,
including oil, grime, and the oxide layer. However, alkaline cleaners might also strip away the

aluminum phase from the surface, exposing the underlying intermetallic compounds [93].

Caliari et al. [90] demonstrated that milling operation before anodizing die-cast Al-Si alloys
improves oxide growth. The machining step removes surface segregations and exposes areas
with lower eutectic content and larger Si particles. An Al alloy substrate without elemental

segregations generally shows thicker anodic oxide layers [65,92,94].
2.3.2. Plasma electrolytic oxidation (PEQO)

2.3.2.1. PEO equipment setup

Figure 9 shows a typical arrangement of the PEO equipment. An electrolyser and a high-power
electrical source make up the apparatus. The cathode (counter electrode) of the electrolyser is
typically constructed of stainless steel. A cooling system is connected to the electrolyser to
preserve the electrolyte temperature at the desired level. The stainless steel container is
enclosed in a grounded case and set on an insulating base. For safety, the grounded case is
joined to a ventilation setup. For PEO, a variety of power sources, including direct current
(DC), pulsed DC, and alternating current (AC) sources, can be employed [6,95-100]. Samples,
which act as the anode, are connected to the current supply and immersed in the electrolyte to
produce coatings. After activating the electrolyte mixing and cooling system as well as the gas
exhaust system, the current is applied to the workpiece in accordance with the treatment regime

set [9].
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Figure 9. Typical arrangement of the equipment used for PEO technique[9].
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2.3.2.2. PEO coating formation mechanism

The general mechanisms that occur during a PEO process are: (a) formation of an oxide layer
on the interface between the metal and electrolyte, (b) increase in potential difference across
two sides of the dielectric oxide layer, and (c) dielectric oxide layer breakdown [101]. Figure

10 shows the evolution of the coating layer.

The micro-discharge coating formation process can be broadly categorized into three steps:
First, when the breakdown voltage is reached, a large number of dispersed discharge channels
are produced because of micro-regional instability. Anionic components such as PO4* and
SiOs? enter the channels via electrophoresis when subjected to a strong electric field force. At
the same time, the alloying elements in the substrate melt or diffuse into the channels due to
high temperature and high pressure. Second, the oxide products solidify as the proximity
electrolyte rapidly cools, thus increasing the coating thickness in the local area near the
discharge channels. The reaction products deposit on the channel walls as the discharge
channels cool, leading to their closure. Finally, the gases produced are forced to escape from
the discharge channels, maintaining the residual blind holes with 'volcano' shapes (Figure 11).
As the oxidation process continues, the above process is repeated in the relatively weak regions
of the entire coating surface, promoting an overall uniform coating thickness. Figure 12

describes the events that take place during a single discharge [9].

al h | Coating

hy i

l

hy: sample thickness before PEO a : outward growth thickness
h,: sample thickness after PEO b : part growing toward substrate
h : thickness of the PEO coating

Figure 10. PEO coating formation on a 1060 Al substrate [102].

Under the rapid cooling effect of the cold proximity substrate, the generated melting oxide
products near the coating—substrate interface solidify to form a fresh nanocrystalline layer with
small, uniform nanograins. The nanograins in this layer are subject to gradual growth under the
metallurgical process caused by repeated discharge. Nie et al.[ 103] also showed that the coating
close to the interface exhibits a nanoscale polycrystalline microstructure with an amorphous

+ nanocrystalline inner layer (1.5 pum thick) and a nanocrystalline intermediate layer
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(50-60 nm) in the coating formed on the Al alloy. Therefore, it is believed that forming a very
thin nanocrystalline layer is a universal characteristic of the PEO process, regardless of the
substrate species. The nanocrystalline layer is continuously formed by 'consuming' the
substrate and moves toward it; this is also regarded as the primary internal growth

mechanism [9].

4 um

Figure 11. SEM image obtained after PEO process on a titanium sample in the presence of K4P,0O7 electrolyte

shows "volcano" shaped discharge channels [104].

(d) (e) U]

Figure 12. A description of the events that occur during a single discharge.: (a) break down at beginning, (b)
formation of plasma channel through coating, (c) beginning of bubble growth and generation of oxide, (d)
enlargement of bubble and heating of adjacent region, (¢) decrease of bubble area due to cooling, and (f) last stage
signifying quenching and removal of liquefied oxide from discharge channel [105].

2.3.2.3. Parameters affecting the PEO process

Various parameters influence the coating’s quality and its microstructure during the PEO

process. These parameters are divided into intrinsic (e.g., electrolyte composition and substrate

18



Surface Conversion Treatment on HPDC Al-Si Alloy Emel Razzouk

material) and extrinsic (e.g., process time, voltage, and current type, i.e., AC or DC). In addition
to the parameters mentioned above, other factors influence the coating, such as gas bubbles

formed and the development of soft plasma discharges at the later stages of the process [9,106].

2.3.2.3.1. Electrical conditions

A condition that significantly affects the PEO coating properties is the type of power supply.
The different modes of electric current cause different morphologies of the PEO coating, rate

of coating growth, and magnitude of porosity [107].

The power source plays a decisive role in achieving the high-quality PEO coating desired
for industrial use. The development of energy sources has clearly improved PEO technology.
Various sources for energy supply are used, such as DC, DC-Pulsed, AC and bipolar pulsed
sources. The use of continuous current (DC) was limited before 1970, as its laboratory
applications were confined to preparing thin layers on simple parts due to difficulties in
controlling the PEO process and adjusting the surface discharge. Following that, continuous
pulse and alternating current were developed, enabling rapid development of PEO technology.
DC-pulsed allows control of the discharge period via the work cycle, enabling more effective
energy consumption. A higher current density is needed at the higher applied voltage (usually
800 V) due to polarization resulting from the formation of the double layer, which limits
industrial use. Therefore, using an alternating current (AC) can overcome the polarization of

the electrode and the ability to control the discharge period [9].

For aluminum anodizing in alkaline solutions, many processes of oxide formation,
dissolution, and gas evolution may take place [108]. As shown in Figure 13, PEO coatings have
been created using a variety of current modes. There are three distinct periods when various

reactions might happen, depending on the current mode being used:

1- The period when there is no current pulse (toff). The following chemical reactions can etch
the aluminum substrate and release the aluminate ions AIO>™ and AI(OH)4™ into the electrolyte,

Figure 13¢ [109,110];

2Al +2H>0 + 20H™ — 2A102 (aq) + 3Ha ......(1)

Al+40H — AI(OH)s (gel) oveveeiiiiiiiiiins ()

Chemical dissolution can cause the alumina coating's thickness to decrease [110];

ALO; + 20H" + 3H,0 — 2AI(OH)4™ (gel) — 2AI(OH)3| +20H ........ 3)
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Aluminum hydroxide can be redissolved, and aluminum oxidation might also take place. [111].
Al(OH)3 + OH — AI(OH)4 (aq) ...... 4)
2Al1+ 3H,0 — ADLO3 + 3Hat ....... (%)

2- The anodic on time (ton") period. During this period (Figure 13¢), the anode is the site of the
electrochemical oxygen evolution and metal oxidation processes (Equations 6 and 7). Due to
the high electric field during the process, oxygen anions (O%*) move toward the anode, where
they combine with the substrate to generate metal oxide. This could then result in either surface
dissolution or the production of an anodic oxide layer, depending on the substrate, electrolyte

composition, and chemical activity [6,112,113].
2H0 —» O +4H +4e ... (6)
2APT +30% — ALO; ...... (7)

3- The period of cathodic action on time (ton). Cations are attracted to the negatively charged
substrate at this period (Figure 13d), anions are repelled, and metal deposition could occur.

Hydrogen evolution can also happen in electrolytes, which are neutral or alkaline [99,103].
AP +3e —Al...... (8)

2H,0 +2¢" — Ha + 20H ......(9)

(a) (b)

Outputpower
Output power

Output power
Outputpower

Figure 13. Various types of current modes used in PEO: (a) direct current (DC);
(b) alternating current (AC); (c) unipolar pulsed current; (d) bipolar pulsed current /99].
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Zhang et al [114] investigated the influence of current density on the coating thickness,
growth rate and growth mechanism. Three current density was applied to study the PEO
coating: 2.2 A/dm?, 4.4 A/dm? 8.8 A/dm’. With increasing current density, the coating
thickness increases, but the rate of growth is not linear. High current density PEO coatings have
a thicker outer layer with more defects (large pores, cavities, and cracks) and a more curved
Coating/Substrate (C/S) interface. All PEO coating layers have an approximately 1 um-thick
compact inner layer with many half-spherical objects measuring 0.5-1.0pum at the coating inner
surface. The higher current density makes it easier to cause type B “in-depth” discharges more
than type A “surface” and type C “sub-surface” discharges. Stronger discharges (type B
discharges) were produced by the high current density, resulting in a large amount of molten
alumina being ejected from the C/S interface into the coating surface and rapidly solidified and
re-crystallized by the electrolyte. Figure 14 shows the three types of plasma discharge that

occur during the PEO process over the treated surface.

| !
// Electrolyte (Na;SiO3; + KOH) g
’ A e |
\ e &
| =] -

o> S R
| \ 1
\ e

Oxide laypr

Aluminum substrate

Figure 14. Schematic diagram of the discharge characteristics during the PEO of an aluminum substrate[115].

The use of the pulsed DC current mode enables control of the discharge duration and pulse
form, allowing for more effective use of available power by minimizing energy consumption
caused by interval discharge [9,116]. In comparison to other current modes, bipolar pulsed
mode has been shown to produce denser PEO coatings on aluminum and magnesium with
fewer defects and a more uniform coating thickness [117,118]. Due to the enhanced
characteristics of the coatings, the pulsed bipolar current mode has recently attracted significant

attention.
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2.3.2.3.2. Alloy composition

Alloy composition is the decisive factor in forming the oxide layer. Forming an oxide layer
is difficult when the alloy contains high levels of Si or Cu, especially during traditional
anodizing. This problem could be overcome by using plasma electrolytic oxidation. Silicon and
copper are the main elements that cause irregular features in the PEO coating. Many researchers
have investigated different Al-Si alloys to understand the behavior of the various alloys under

the PEO process [9].

The presence of silicon, especially primary silicon grains, negatively affects the PEO
process and the thickness of the PEO coating; the PEO coating thickness decreases with
increasing Si content in the alloy. Also, selecting the power mode plays a vital role in the PEO
coating's characteristics and converts SiO2 and Al2O3 into Al-Si -O compounds, making the
coating morphology more uniform. Pulsed bipolar voltage mode demonstrated better energy
efficiency and PEO coating uniformity. The size of eutectic Si particles influences the PEO
process and the properties of the coating layer. [119]. investigated the role of Si content in the

PEO process of Al-Si alloys.

The method used to produce Al-Si alloy affects its microstructure, which plays an important
role in the PEO process and the PEO coating. Si phase refinement through Sr modification in
eutectic Al-Si alloys. It improves the efficiency of the PEO process, leading to thicker, more
uniform coatings with better mechanical and anticorrosion properties [120]. The additively
manufactured (AM) Al10SilMg alloy exhibited a more uniform coating morphology,
thickness, and interface than the cast alloy; this behaviour is attributed primarily to the finer
and more homogeneous Si distribution. However, the PEO coatings formed on A110Si1Mg cast

alloy exhibit higher hardness and elastic modulus, resulting in slightly lower wear rates [49].

2.3.2.3.3. Electrolyte composition and additives

The selection of the electrolyte composition significantly influences the nature of the
discharges and the resulting coating. The specific compositions used are sometimes considered
commercially sensitive, but in general, PEO electrolytes are alkaline, commonly containing

species such as KOH and Na»Si03, with pH values ranging up to about 13 [121].

To meet the prerequisite for dielectric breakdown, additives to promote strong metal
passivation (such as silicates, aluminates and phosphates) are widely used as basic constituents

of the electrolytes. It has been found through experiments and research that simple alkaline
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solutions are not suitable for commercial use due to the low growth rate of the coating and
large energy consumption layer, so it is preferable to use complex electrolyte solutions for

research and commercial uses.

Adding suspended particles to PEO electrolytes has become a successful approach to
improve oxide coatings on lightweight metals such as aluminum [122], magnesium [123], and
titanium [124]. A large number of papers use PEO to create composite ceramic coatings on
lightweight alloys [122—129], enhancing their resistance to wear and corrosion. Previous
studies show that the coatings become more compact, with particles tending to locate in cavities
and cracks [128—130]. Shokouhfar and Allahkaram [131] confirmed that agglomeration in
micro-pores and electrophoretic effects are the most common mechanisms for incorporating
nanoparticles into PEO coatings. Other studies have shown that particle size is a key factor in
determining particle distribution throughout the PEO coatings, where smaller nanoparticles
distribute more easily in the early stages, whereas larger particles remain near the outer

surface [132].

O'Hara et al. [133] investigated the incorporation of suspended particles of Al,O3 (30 um
and 100 nm) and MgO (7 um) into PEO coatings on Al and Ti substrates. The results indicate
that the large Al>Oj3 particles (30 um) were not incorporated, while MgO (7 pm) increased the
mass gain of coatings, and Al2O3 nanoparticles had the best incorporation. Additionally, the
XRD results revealed that MgO particles remain stable in the Al coating, whereas on the Ti
substrate, the PEO coating contains a new phase of Mg>TiOs. Furthermore, Al,O3 particles
react with Ti to form Al>TiOs. Lu et al. [134] demonstrated the effects of particle size on their
reaction with Mg substrate to form new phases, whereby SiO> nanoparticles (12 nm) were
reactively incorporated, consuming MgO and forming new glassy silicate-phosphate phases,
while micro-sized SiO; particles (1-5 pm) were inertly incorporated into the PEO coating.
Nadimi et al. [129] investigated the effect of incorporating SiO> nanoparticles into the PEO
coatings on 7075 Al alloy. The study explored how varying SiO» concentrations affect the
morphology, adhesion, corrosion, and wear resistance of PEO coatings. Lopez-Martinez et al.
[128] investigated how adding a-Al>Oj3 particles to PEO processing of additively manufactured

Al10SiMg alloy improved wear behavior and reduced energy consumption.

An important factor when using PEO is its substantially higher voltage and current density
requirements compared to hard anodizing, which consequently increases energy consumption,

as several studies have indicated [49,128]. Utilizing an anodic oxide layer as a precursor and
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employing appropriate current and frequency settings can help reduce energy consumption
[4,118,135]. Lopez-Martinez et al. [128] quantified PEO energy consumption, reporting that
particle incorporation alone reduced the energy consumption of PEO coatings by ~8%
compared with conventional PEO, while combining particle addition with a hard-anodized

precursor layer achieved savings of up to ~60%.

The introduction of strontium aluminate particles into PEO coatings has mainly been studied
to add long-lasting luminescence along with their aesthetic function. Strontium aluminate
doped with Eu** and Dy?** can be integrated into PEO coatings using two main strategies. First,
by an ex-situ pore-filling technique, commercial SrAl.O4:Eu?",Dy** powders are infiltrated into
the porous oxide layer formed by PEO, as reported by Auzins et al [136]. Second, by an in-situ
synthesis approach, Sr, Eu, and Dy precursors are added directly into the electrolyte during the
PEO process, leading to the formation of SrAl:Os:Eu**,Dy*" phases that are distributed
throughout the oxide layer, as demonstrated by Bite et al [137]. Nevertheless, thus far, no
studies have systematically examined the behavior of undoped strontium aluminate particles
suspended in the electrolyte during PEO, nor their impact on the coating structure and

properties.
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Chapter 3: Materials and Methods

3.1. Materials

The investigation was conducted on a die-cast AlSil2Cul(Fe) alloy. The chemical
composition of the experimental alloy measured by optical emission spectrometry is shown in
Table 1. The samples were prepared from die-cast products. Two surfaces were examined to
analyze the substrate properties: as-diecast and ground surfaces. The grinding process utilized

silicon carbide (SiC) abrasive paper of grit size 80, targeting 1 mm material removal.

Table 1. Chemical composition of the experimental alloy (wt.%).

Si Fe Cu Mn Mg Zn Cr Ni Ti Al

11.6 0.738 0.818 0.247 0.104 0.308 0.0255 0.0323 0.0436 bal.

3.2. Surface treatment

3.2.1. Sample preparation

The surface preparation process includes the following steps: The samples were immersed
in a moderately alkaline degreasing solution containing phosphates, borates, and potassium
hydroxide, free of silicon compounds (the concentration of dissolved components is 5.4%;
pH=8.7), using an ultrasonic cleaning device for 10 min at 65 + 2 °C. The samples were then
rinsed with distilled water. The subsequent pickling process involved immersing the samples
in a pickling solution containing 181.4 g-L! sulfuric acid, 8.1 g-L"! dissolved aluminum, and
7 g-L'! hydrogen peroxide for 15 seconds (degreasing and pickling solution developed by
Heiche Hungary Surface Technology Kft.). Finally, the samples were rinsed with distilled

water.

A shielded copper wire (diameter of 1.5 mm) was used to achieve an electrical connection
to the samples. A commercial resin (Lacquer 45, MacDermid plc.) was utilized to isolate the
sample area, which measured 2.76 cm? (for hard anodizing and PEO). Figure 15 reveals this
process. Thickness measurements were conducted using an eddy-current meter (ISOSCOPE
FMP10 Fisher) equipped with an FTA3.3H probe, with the average derived from 10

measurements.
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Figure 15. Preparing the sample surface for PEO treatment.

3.2.2. Traditional anodizing

Samples were anodized for 60 min under potentiostatic and galvanostatic conditions. For
potentiostatic anodization, voltage levels of 20 and 35 V were applied using a controlled
15-minute ramp to reach steady-state voltage. In galvanostatic anodizing, the maximum current
density during the SSC phase was 1.6 A-dm™.

Anodic layers were formed in an electrolyte solution containing 181.1 g-L ! sulfuric acid,
10.6 g-L! aluminum, and 7.1 g-L! oxalic acid. The current was supplied by a DC power supply
unit (QPX600 Dual 600 Watt). The electrolyte was continuously agitated throughout the
process and kept at 18 £ 1 °C.

3.2.3. Hard anodizing

Hard anodizing layers (HA) were developed using a Delta Elektronika DC power supply,
maintaining a constant current density of 25 mA-cm™ within a 1 L double-walled glass cell.
A pure aluminum cylindrical plate represented the cathode with a diameter of 9.5 cm. The
electrolyte comprises a mixture of sulfuric acid (183 g-L™!, PanReac Applichem, 95-98%, CAS:
7664-93-9) and oxalic acid (7 g-L ! of oxalic acid dihydrate (COOH).-2H-0O, CAS: 6153-56-6).
Throughout the process, the mixture was subjected to constant stirring at 300 rpm, and the
temperature was controlled at 0 °C using a Huber mini-chiller Plus in conjunction with Huber
SynOil fluid (M10.120.08). The treatment duration was adjusted to 10800 s to ensure sufficient
oxide thickness, allowing for meaningful comparisons with PEO coatings. Following the hard
anodizing treatment, samples were rinsed with deionized water and dried with 2-isopropanol
and hot air. Hard anodizing treatment was applied to two different initial surfaces: as-diecast

(HA-C) and ground (HA-QG).
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3.2.4. Plasma electrolytic oxidation

The PEO treatment was performed in AC mode, applying a square waveform with a positive
peak of +490 V and a negative peak of -110 V (50% duty cycle), utilizing a 2 kW AC power
supply (EAC-S2000, ET Systems Electronic). The signals for root-mean-square (RMS) voltage
and current were recorded. Table 2 presents the parameters and electrolytes employed in the
PEO treatment, which included two types of electrolytes: one containing strontium aluminate
particles (CAS: 12004-37-4) and the other without particles. The treatment was conducted at
400 Hz. The temperature was consistently maintained at 20 °C through the use of a closed-
circuit cooling system, WK 120 LAUDA, along with a double-walled cell that has a capacity
of 2 L. The counter electrode was a cylindrical mesh made of stainless steel (AISI 316L,
@ =15 cm). Figure 16 shows the various components of the PEO apparatus. Following the
PEO treatment, the samples were rinsed with deionized water and dried using 2-isopropanol
and hot air. For the PEO coatings produced without particle addition, the PEO duration was
fixed at 1400 s to ensure adequate coating thickness for wear resistance comparison, in addition

to corrosion resistance test. 1 73 summarizes the details of the samples.

Using the HORIBA Laser Scattering Particle Size Distribution Analyzer LA-950, it was
determined that the strontium aluminate particles exhibit a median diameter (D50) of 1.62 um,
a mean particle size of 2.40 um, and a D90 value of 5.56 um. The particle sizes range from

approximately 0.1 pm to around 10 pm.
Voltage-time and current density-time curves were integrated according to equation (1) to
calculate the specific apparent energy consumption during the PEO process.

E= <%) [Ws-m™2. um™1] (11)

Where: V is the rms voltage, i is the rms current density, t is the time of PEO process, and S

is the oxide layer thickness.

Table 2. Electrical and chemical conditions for PEO treatments.

Electrolyte composition

10.5 g-L"' Na,O(Si02)x.xH20, >27% Si0,, d = 1.39 g-em (CAS: 13729).

PEO (without particles)
2.8 g'L"'KOH (CAS: 1310-58-3)

10.5 g-L NayO(Si02)x.xH20, >27% SiOs, d = 1.39 g-em™ (CAS: 13729).

PEOp (with particles)
2.8 g'L"'KOH (CAS: 1310-58-3)
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10 g-L"! strontium aluminate particles; Zeta potential ~ -16.4 mV

Electrical parameters

Current density [mA-cm™] 500 mA-cm?
Frequency [Hz] 400
Voltage (V-+HV-) [V] +490/-110

Time [s]

~700 s after the current drop

Slopes [s]

initial and final slopes, each 60 s

Power Supply

Cooling System

Figure 16. Components of the PEO apparatus.

Table 3. Description of test samples: surface condition, treatment type.

Surface condition before the

Sample Surface treatment type
surface treatment
PEO-C As-Cast PEO
PEO-G Ground (1 mm) PEO
PEO (the electrolyte contains
PEOp-C As-Cast ) ) )
strontium aluminate particles)
PEO (the electrolyte contains
PEOp-G Ground (1 mm)

strontium aluminate particles)
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3.3. Surface characteristics

3.3.1. Surface roughness and microstructure

The three-dimensional surface topography of the coatings was analyzed utilizing an optical
profilometer equipped with a x10 lens (InfiniteFocusSL, Burker, Alicona). The topographic
data were analyzed utilizing the IF-Measure Suite software to extract key roughness
parameters, including S., which represents the average height deviation of each point from the
arithmetic mean of the surface, and Sio,, defined as the average of the five highest peaks and
the five deepest valley depths. Plane view and cross-sectional micrographs of the coatings were
analyzed using scanning electron microscopy with a JEOL JSM 6400 instrument equipped with
Oxford Link energy dispersive X-ray microanalysis hardware with a resolution of 133 eV, and
(Thermo Fisher Helios G4 PFIB SEM, Thermo Fisher, Waltham, MA, USA). High-resolution
images of the microstructures were captured and processed using Imagel, allowing the
identification of various phases and features. The phase fraction was determined by identifying

the distinct phases and measuring their respective areas.

3.3.2. Microhardness

Microhardness was measured in the cross-section of the oxide film and the underlying
substrate using the AKASHI MVK-E3 Vickers micro-hardness tester, applying a load of 25 g

for 20 s. The values presented are the averages of five measurements.

3.3.3. X-ray diffraction

Phase composition was examined by X-ray diffraction using a Philips X’Pert-MPD
diffractometer (Cu Ka = 1.54056 A) within a 20 scanning range of 10°-90° (step size 0.04°;
2 s per step). The diffraction patterns were processed with the Panalytical X Pert HighScore
Plus software and the PDF5+ database to identify crystalline phases, and the crystallinity

percentage was determined by peak integration tools within the software.

3.4. Wear test

Two dry wear tests were conducted: a unidirectional sliding wear test for traditional

anodizing and a reciprocating sliding wear test for hard anodizing and PEO.
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3.4.1. Unidirectional sliding wear test

Wear tests were carried out using a rotating ball-on-disc configuration at room temperature
and dry conditions (Figure 17). The counter body was a 6 mm diameter alumina ball
(99.8% purity, grade G16, hardness of 2100 HV, and roughness Ra of 0.025 um). An applied
load of 2 N was used, with a sliding distance of 400 m and a sliding speed of 0.1 m/s. The wear
rate was calculated using the formula V / (L x N), where V is the wear volume, L is the sliding
distance, and N is the applied load. The wear volume was determined by averaging the wear

area along the perimeter of the circular wear track. It involved capturing profiles of 12 wear

marks and calculating the average worn area.

Figure 17. Unidirectional sliding ball-on-disc wear test.

The three-dimensional surface topography of the examined regions was meticulously
reconstructed using a Leica DM6 M microscope equipped with the Leica Map DCM?9 software,
and the average surface roughness Sa was accurately measured.

SEM was used to characterize the worn surfaces of the tested samples to investigate the

different wear mechanisms.

3.4.2. Reciprocating sliding wear test

The tribological properties of AISi12Cul(Fe) alloy, hard anodized layers, PEO coatings, and
PEOp coatings were evaluated under dry conditions using an MT/60/NI ball-on-disc tester
(Microtest) at room temperature (~295 K) and ~35% relative humidity (Figure 18). Tests were
performed in ball-on-flat linear reciprocating mode. The tested surfaces served as the plates.
The counter body was a 6-mm diameter alumina sphere with 99.8% purity, grade G28, a

hardness of 2100 HV, and a roughness (Ra) of 0.05 um. The choice of alumina as the counter
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body was intended to ensure that the wear test focuses on the material being tested rather than
the counter material. The sliding speed during testing was 0.08 m/s over a sliding distance of
7 m with a stroke length of 10 mm. The 7 m distance was selected to maintain contact between
the hard alumina ball and the coating, creating severe yet controlled conditions suitable for
distinguishing the coatings' wear resistance. The experiments were performed under the normal
load of 10 N. Three wear tests were performed for each specimen. The three-dimensional
surface topography of the examined regions was reconstructed using an optical profilometer
equipped with a x10 lens (InfiniteFocusSL, Burker, Alicona). All profiles were first normalized
to the same initial height to calculate the wear track volume. This processing was performed
using the IF-Measure Suite software. The cumulative integral of profile height with respect to
depth was then approximated by trapezoidal numerical integration. The resulting values were
multiplied by the corresponding track length to obtain the wear track volume (mm?). Finally,
the calculated volumes were divided by the applied load to determine the total volume loss.
Our investigation examined the worn surfaces of various samples using the SEM microscope

(Thermo Fisher Helios G4 PFIB SEM, Thermo Fisher, Waltham, MA, USA).

Figure 18. Reciprocating sliding ball-on-disc wear test.

3.5. Electrochemical corrosion experiments

In order to evaluate and compare the corrosion behavior of the uncoated Al-Si alloy and the
different PEO coatings, electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PDP) tests were performed using a Gamry Interface 1010E

Potentiostat/Galzanostat/ZRA (Gamry Instruments, Warminster, PA, USA), and four
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specimens per condition were used. For these corrosion tests, an electrochemical cell of three
electrodes was employed, where the reference electrode used was a commercial Ag/AgCl. The
counter electrode was a graphite rod, and the working electrodes were the PEO-coated samples
studied in the present work, with an exposed surface area of 1 cm? Figure 19 shows the
electrochemical cell used for electrochemical corrosion tests. Corrosion tests were conducted
in a 3.5 wt.% NaCl solution, and tests were performed at ambient temperature and aerated

conditions.

3.5.1. Electrochemical impedance spectroscopy (EIS)

EIS tests were performed after 1, 24, 72 h and 7 days, in order to evaluate the influence of
time on the impedance. The range of frequency sweeping was between 10° and 0.01 Hz with
10 points/decade, and the amplitude of the sinusoidal potential signal was 10 mV with respect

to the open circuit potential (OCP).

3.5.2. Potentiodynamic polarization (PDP)

PDP tests were carried out after 1 h and 7 days , once the system was stabilized, in a potential
range from -0.25 V to +0.3 V (OCP vs Ag/AgCl) at a sweep rate of 0.3 mV/s. Tafel analysis

was performed to obtain the potential and corrosion currents.
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Figure 19. Electrochemical Cell Setup for EIS and PDP Corrosion Testing.
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Chapter 4: Traditional anodizing- The behavior of
anodized HPDC AlSi12Cul(Fe)

4.1. Charge density

Charge density was calculated by integrating the area under the current curve in the voltage-

current-time plot (Figure 20), then dividing by the sample's surface area, as shown in Table 4.
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Figure 20. Voltage-current density profile of as-diecast samples as a function of anodization time at a steady-
state (a) voltage of 35 V and (b) current of 1.6 A-dm™.

Table 4. Experimental parameters used during the anodizing process (SSV: steady-state voltage; SSC: steady-
state current).

Surface Nominal current Charge density
Anodizing process

condition density(max (A-dm2) (C-cm?)

As-diecast 0.7 28.0
SSV (20V)

Ground 0.9 37.0

As-diecast 1.6 48.1
SSV (35V)

Ground 2.8 73.8

As-diecast 1.6 89.8
SSC

Ground 1.6 89.8

4.2, Substrate Microstructure

The as-diecast AlSi12Cul(Fe) alloy exhibited a heterogeneous microstructure with a

distinct phase distribution (Figure 21). The matrix consisted primarily of rosette-like a-Al
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grains interspersed with the eutectic Al-Si network. Because of their limited solubility in a-Al
and relatively high concentrations, Fe and Cu were mainly present as secondary intermetallic
compounds scattered throughout the microstructure, while Zn and Mg, owing to their higher
solubility and lower levels, were dissolved in the a-Al matrix. Quantitative analysis of the
surface revealed ~34 + 1% a-Al, 61.9 = 1.2% Al-Si eutectic, and 4.2 + 1.2% intermetallics.

The a-Al grains in this region were fine and equiaxed.

After 1 mm of the surface was removed, significant microstructural variations were
observed. The fraction of a-Al increased to 54.0 + 0.8%, while the eutectic component declined
to 40.2 + 0.6%, and the intermetallics rose slightly to 5.4 + 0.5%. This shift reflects exposure
to a more ductile matrix beneath the surface. In addition, the a-Al grains appeared coarser,
consistent with regions that solidified under slower cooling conditions, as reduced cooling rates

are known to promote grain coarsening.
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Figure 21. Typical SEM micrographs of diecast AlSi12Cul(Fe) alloy. The images refer to (a) as-diecast and
(b) Imm ground substrates.

4.3. Surface roughness

The grinding process, which removed 1 mm of material from the surface, resulted in
significant variations in surface topography. The as-diecast surface of the alloy exhibited
relatively low roughness (Sa 0.926 £ 0.094 um). This measurement reflected the minimal

topographical variations present on the diecast surface (Figure 22a). In contrast, the ground
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sample surface showed higher roughness (Sa 1.60 £+ 0.38 um). This increase in roughness was
directly attributed to abrasive action during the grinding process, particularly from the use of
SiC paper for surface preparation. The grinding process produced distinctive parallel grooves
characteristic of the grinding marks, visible in Figure 22b.

After anodizing, the as-diecast surface showed a moderate increase in roughness
(Sa1.33+£0.63 um). The anodized layer showed a strong correlation with the surface
characteristics of the as-diecast alloy, as demonstrated in Figure 22c. After anodizing, the
ground surface exhibited a higher level of roughness (Sa 1.96 + 0.22 pum) (Figure 22d). In
general, increased roughness significantly affects the wear performance of the material[138].

A more textured surface may increase friction and lead to more debris formation during wear.

Figure 22. 3D surface topography of (a,c) as-diecast and (b,d) ground surfaces. The surface morphology is
shown (a,b) before and (c,d) after anodizing. The scale is different between (a,b) and (c,d).

4.4. Microstructure of the anodic layer

The substrate's initial microstructure significantly influenced the anodic layer's
microstructure and morphology. Figure 23 illustrates the different anodic layers formed under
the applied modes and voltages; although the morphology of the anodic layer remained largely
consistent, some variations could be attributed to microstructural differences between the

as-diecast and ground substrates.
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Figure 23. Microstructure of the anodized layers obtained with SSV of (a,b) 20 V and (c,d) 35 V, and with
(e,f) SSC. (a,c,e) are as-diecast and (b,d,f) ground substrates.

The anodic layers showed standard features, which included anodized o-Al grains,
embedded silicon particles, anodized Al-Si eutectic, and cavities. Notably, the size of the
cavities in the anodized ground surface (Figure 23b.d.f) was greater than that in the anodized
as-diecast surface (Figure 23a,c,d). In addition, cavities are primarily observed in the eutectic
Al-Si regions. Although the number of voids remained almost constant in the different
anodized as-diecast substrates, the percentage of cavities increased significantly on the
anodized ground surfaces (Table 5). Among the different anodizing conditions investigated, the

SSC mode resulted in the highest level of cavities in the anodic layer.
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The converted a-Al grains appeared as uniform regions, while the eutectic areas with a high
silicon concentration showed heterogeneous characteristics and reduced thickness compared to
the converted a-Al zones.

Furthermore, the galvanostatic or potentiostatic anodizing modes yielded different anodic

layer thicknesses, which appeared to be primarily correlated with the applied charge density.

Table 5. Area fraction of cavities within the anodic layer of as-diecast and ground surfaces processed with
different anodizing conditions.

Anodizing condition Cavity (%)
Anodized as-diecast substrate Anodized ground substrate
SSV (20 V) 05+0.2 1.1+£0.1
SSV (35V) 0.3+0.2 34+0.6
SSC 0.4+0.1 49+1.5

Table 6 shows the microhardness of the anodic layer obtained under different anodizing
conditions, compared with that achieved under the same testing conditions on the initial alloy
substrate. The anodic layer exhibited a higher hardness than that of the AISi12Cul(Fe) alloy
substrate. Furthermore, the anodic layer hardness appeared to be correlated with the initial
surface condition prior to anodizing, with the as-diecast substrate showing higher
microhardness. The initial surface and the anodizing parameters affected the structure of the

anodic layer, and thus, the hardness of the anodic layer.

Table 6. Vickers microhardness of the alloy substrate and the anodic layers.

Anodizing As-diecast Ground

condition surface surface
Initial substrate - 132+7 123 +£7
SSV (20 V) 426 £ 73 326 + 68
Anodic layer SSV (35V) 415 £ 65 320+ 74
SSC 423 + 81 308 £ 62

4.5. Anodic layer thickness

Figure 24 shows how the thickness of the anodic layer was affected by both the anodization
process parameters and the initial surface characteristics. Samples processed at steady-state

current density showed the highest oxide layer thicknesses. This was in conjunction with
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samples anodized at a steady-state voltage, and the thinnest layers were observed at 20 V.
A distinct trend emerged: grinding removed material, resulting in thicker anodizing layers. The
maximum thickness 45+ 8.3 um was achieved in ground samples treated with current-
controlled anodization. Higher standard deviation values in anodized ground substrates aligned
with experimental observations, reflecting the scalloped morphology of the anodic layers.

In contrast, the limited thickness of the oxide layer formed on the as-diecast substrate was
related to the presence of surface eutectic segregation, which negatively interacted with the
growth of the anodic layer.

Figure 25 shows the thickness of the anodic layer as a function of the applied charge density.
Both as-diecast and ground surfaces display an increasing trend, but the ground surfaces

respond more strongly, leading to a thicker anodic layer.
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Figure 24. Variation of the thickness of the anodized layer in the different experimental configurations.
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Figure 25. Anodic layer thickness of as-diecast and ground AlSi12Cul(Fe) alloy substrates as a function of the
charge density.

4.6. Wear rate

The analysis of the wear rate provided valuable insight into the complex relationship
between the anodic layer's microstructure and the resulting material properties. This
relationship revealed significant trends influenced by key factors, including the anodized layer
and the substrate's initial surface condition. In a comprehensive examination of the anodic layer
structure across all studied cases, notable differences in performance were identified between
anodized samples originating from as-diecast surfaces and those processed from ground
surfaces. Specifically, the wear rates in these two groups showed distinct patterns (Figure 26).
The anodized samples from as-diecast surfaces showed a relatively consistent wear rate;
however, the anodized ground samples produced under steady-state voltage showed a lower
wear rate than those produced under steady-state current. For all SSV and SSC, the wear rate

increases as the initial surface state changes from as-diecast to ground.
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Figure 26. Variation of the wear rate on the as-diecast and ground AISi12Cul(Fe) alloy substrates processed
with different anodizing modes as a function of the different conditions.

4.7. Discussion

The tests performed on anodized AlSi12Cul(Fe) alloy samples revealed that several key
factors affected wear behavior. These included the microstructure of the substrate, surface
roughness, and the integrity and thickness of the anodic layer. To comprehensively explain the
wear behavior of the anodized AlSi112Cul(Fe) die-casting alloy, the relationships among the
variables were analyzed and are discussed. Understanding the interaction among all variations
is crucial to optimizing the alloy’s performance and enhancing its durability in practical

applications.

4.7.1. Effect of surface roughness

When studying a somewhat similar system, Scampone and Timelli [138] reported that the
surface roughness of the anodized specimens affects the wear rate, a phenomenon also observed
in the present work. To establish further correlations among the above-mentioned influencing
parameters, the surface roughness Sa and the wear rate of anodized AlSi12Cul(Fe) alloy
samples prepared under different anodizing conditions are presented in Figure 27 as a function
of anodized layer thickness. As shown in Figure 27, the ground surfaces after anodizing have
higher surface roughness than the as-diecast surfaces. This increase in surface roughness

correlates with an increase in wear rate; in all cases, SSV and SSC exhibit the same trend in
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surface roughness and wear rate, but the slope varies with anodic layer thickness, especially
when the anodizing process is performed under steady-state current conditions. Although the
anodized ground surfaces under SSC have surface roughness similar to or slightly lower than
that under SSV, the thickness of the anodic layer increases by up to 300%, in addition to an
increase in wear rate. These findings suggest that surface roughness contributes to a higher
wear rate. The effects of surface roughness on wear rate are also strongly correlated with the

anodic layer microstructure.
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Figure 27. Correlation between the thickness of the anodic layer, the roughness of the surface area roughness
(Sa), and wear rate of anodized samples.

4.7.2. Effect of substrate and anodic layer microstructure

The studied AIS112Cul(Fe) diecasting alloy consisted of three main structural features: a-Al
phase, Al-Si eutectic and intermetallic compounds. The size and distribution of these
components affect the growth of the anodic layer, as mentioned in many previous studies
[58,59,139]. Silicon segregation within the substrate can create areas where the properties vary
significantly [58,59]. This segregation typically appears in a surface region of up to
approximately 1 mm thick, with a pronounced Al-Si eutectic concentration [140]. The
concentration gradient can alter the electrochemical behavior of the surface, thereby affecting

the uniformity and quality of the growing anodic oxide layer [33,140]. Unanodized Al regions
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may appear within the anodic layer in areas where aluminum is surrounded by oxidation-
resistant Si particles [65,66]. This phenomenon results in a nonuniform anodic layer with
variations in thickness.

The existence of the anodic SiO: film and these gas-filled voids contributes to creating
regions that are characterized by high electrical resistance. This elevated resistance effectively
serves as a barrier to the continued growth of the anodic layer, which slows the anodization
process as the film thickens within the a-Al regions. This variation in anodizing rates results in
more cavities and defects in the anodic layer of the ground surface.

In contrast, the anodic layers formed on the diecast surfaces exhibit fewer and smaller
cavities. The fine microstructural features and the even distribution of the eutectic phase on the
as-diecast surfaces facilitate more uniform oxide-layer growth. Collectively, these factors
undermine the integrity and protective qualities of the anodic layer. On anodized ground
surfaces, both steady-state voltage and current modes result in increased anodic layer thickness
and a higher percentage of cavities (Table 5) compared to the as-diecast condition. This trend
indicates a correlation in which a thicker anodic layer corresponds to increased cavity
formation, contributing to elevated wear rates. Aluminum oxide has various grades and
allotropic forms, each with distinct physical properties [141]. The hardness of pure alumina
ranges from approximately 560 to 2200 HV [142]. However, aluminum oxide produced by
anodizing often exhibits lower hardness than pure aluminum oxide. Bononi et al. [143]
recorded a hardness value of 370 HV for the anodic oxide layer formed on a hard anodized
Al-Cu—-Li wrought alloy. Additionally, Bozza et al. [ 144] reported that the hardness of the oxide
layer, when produced under hard anodizing of AA 7075-T6 using pulse current anodizing,
reached up to 420 HV. Makhlouf et al. [145] reported that silicon particles have a hardness of
1200 + 120 HV, which is higher than that of anodized aluminum oxide. As a result, the eutectic
silicon particles embedded in the anodic layer are expected to act as reinforcing elements,
significantly influencing the wear behavior. The wear test setup used in this study was designed
to wear down the anodic oxide layer and the underlying substrate. The anodized as-diecast
surfaces showed high microhardness, reaching 426 + 73 HV; however, the underlying substrate
had lower hardness at 132 + 7 HV. On the contrary, although the anodic layers on the ground
surfaces were thicker, their hardness decreased significantly due to increased porosity, as
indicated in Table 5 and Table 6. Figure 28 shows that some anodic layer’s characteristics,
specifically its hardness, directly affect the wear rate, whereas anodic layer thickness does not.

The relationship between anodizing parameters and wear rate for this kind of inhomogeneous
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alloy is primarily governed by the anodic layer characteristics; a thicker and more cavitated

layer leads to a higher wear rate.
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Figure 28. Correlation between cavities, wear rate, and thickness of the anodic layer for the anodized samples.

4.7.3. Wear behavior of the anodized sample

During the initial sliding stages, the anodized surfaces undergo abrasive wear accompanied
by brittle fracture, leading to elevated friction coefficients, as illustrated in Figure 29. The
surface roughness of the anodized layers significantly influences this early wear behavior;
specifically, rougher surfaces tend to cause earlier localized oxide failures and breakdown.
When the alumina ball completely removes the oxide layer, the friction coefficient drops,
making the anodized as-diecast surfaces more stable in both SSV and SSC. This behavior is
attributed to the microstructure of the substrate, as illustrated in Figure 29. The friction
coefficient of the anodized ground surfaces reached higher values than the anodized as-diecast
surfaces. This behavior was due to the greater volume loss (Figure 26), which led to an increase
in the contact area between the ball and the counter body, as depicted in Figure 30. It shows
the wear depth profile for anodized as-diecast and ground samples. The differences in the width
and depth of the worn scar between anodized as-diecast and ground surfaces are statistically
significant under SSV and SSC conditions (student’s t-test, p < 0.05), as shown in Figure 31.

The severity of wear increased due to a three-body abrasion mechanism. This is due to the
entrapment of debris between the counter body and the worn surface. Observations presented

in Figure 32 confirm the existence of ploughing marks and plastic deformation on the exposed

43



Surface Conversion Treatment on HPDC Al-Si Alloy Emel Razzouk

substrate after complete removal of the anodic layer, particularly evident on anodized ground
surfaces (Figure 32b,d). In contrast, the as-diecast samples (Figure 32a,c) displayed minimal
debris accumulation, a result of the effective distribution of Si particles within the eutectic
network, which improves their wear resistance and stabilizes the friction coefficient after
anodic layer removal, as shown in Figure 29 for anodized as-diecast samples anodized under

steady-state voltage or current modes.
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Figure 29. Friction coefficient as a function of distance for the anodized samples under (a) steady state voltage
20 V (b) steady state voltage 35 V and (c) steady state current 1.6 A-dm™.
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Figure 30. The wear depth profiles for (a,c) anodized as-diecast surfaces (b,d) anodized ground surfaces.
The anodizing process is under (a,b) steady state voltage 35 V (c,d) steady state current 1.6 A-dm™.
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SSV and SSC.
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Figure 32. Typical surface appearance of wear tracks on (a,c) anodized as-diecast surfaces (b,d) anodized
ground surfaces. The anodizing process is under (a,b) steady state voltage 35 V (c,d) steady state current 1.6
A-dm2,

4.8. Summary

This study presents new results from extensive wear experimental studies conducted on
anodized surfaces prepared under both as-diecast and ground conditions of the Al-Si alloy
substrate. In addition, another key objective was to provide new insights into the correlation
among the anodic layer, its thickness, the alloy substrate microstructure, and their collective
influence on the observed wear resistance. The anodizing was conducted on HPDC
AlSi12Cul(Fe) alloy under both potentiostatic (20 and 35 V) and galvanostatic (1.6 A-dm™?)
conditions using electrolyte solution containing 181.1 g-L! sulfuric acid, 10.6 g-L! aluminum,
and 7.1 g-L! oxalic acid. The findings demonstrate that the applied electrical charge density is
the primary factor influencing the growth and final thickness of the anodic oxide layer. In order
to highlight the heterogeneous microstructure of this kind of alloy and the alteration associated
with the machining process in the produced anodic layer and its properties, Imm of material
was removed prior to anodizing process. Removal of up to 1 mm exposes a subsurface region
with a microstructure, marked by an increased volume fraction of the a-Al matrix and a reduced

eutectic Al-Si content. This alteration facilitates enhanced oxide growth and results in thicker

46



Surface Conversion Treatment on HPDC Al-Si Alloy Emel Razzouk

anodic layers. However, thicker oxide layers formed on anodized ground surfaces exhibit a
higher density of cavities and defects than those on anodized as-diecast surfaces; these defects
negatively impact tribological performance. The greater defect density in the anodic layer
corresponds to lower microhardness values in anodized ground samples, while anodized as-
diecast samples, despite having thinner anodic layers, display a more uniform oxide structure
and higher hardness. The effect of surface roughness on wear resistance is comparatively
minor, indicating that the intrinsic properties of the anodic layer, such as thickness uniformity,
defect density, and substrate characteristics, are more influential in determining wear behavior
of the anodized samples. Analysis of wear mechanisms shows that material degradation begins
with brittle fracture and localized abrasive interactions at defect sites within the anodic layer
and gradually transitions to a three-body abrasion mechanism as wear debris accumulates and

becomes involved in the sliding contact.
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Chapter S: Enhancing wear resistance through plasma

electrolytic oxidation

5.1. Electrical response

Figure 33 illustrates the electrical response of the PEO coatings produced under different
conditions, including the initial surface state (as-diecast, ground) and the electrolyte
composition. The current density-time response is illustrated in Figure 33a.b, and the voltage-
time response is illustrated in Figure 33c,d. The initial stage in the voltage-time response for
the PEO and PEOp coatings is similar to many previous studies [9,146,147], where there is a
rapid voltage increase until the corresponding breakdown voltage (~70s), which is higher for

PEO than PEOp.

After breakdown, PEOp coatings took longer to reach a stable voltage, likely due to
interfacial resistance or localized charge trapping caused by the strontium aluminate particles.
The voltage stabilizes when the process enters the soft sparking regime, which is marked by a

current drop as shown in Figure 33a.b.

During the PEO process, three distinct types of micro discharges contribute to coating
growth: (1) Type-A “surface” discharges, which occur at or near the surface pores of the
coating; (2) Type-B “in-depth” discharges, the most intense, originate at the coating/substrate
interface; and (3) Type-C “sub-surface” discharges, which take place deeper than type-A within
the micropores of the coating [102,114,115]. The balance among these discharge types is a
critical determinant of coating quality, influenced by both the electrical parameters applied and
the electrolyte composition [9,115]. The particles in the electrolyte affect the time required to
reach the soft sparking regime [128,148]. When using a suspension containing strontium
aluminate, it is noticeable that the PEO coating reaches the current drop point earlier than the
PEOp coating for the two initial surface states. The transition to the soft-sparking regime
typically occurs rapidly once Type B discharges evolve into smaller, more uniformly
distributed events. In contrast, when particles are suspended in the electrolyte (PEOp), their
interaction with the plasma and molten oxide prolongs the activity of Type B discharges.
Particle entrapment and the associated local modification of dielectric properties help sustain
energetic discharge channels for a longer duration, thereby delaying the onset of the

soft-sparking regime compared with particle-free PEO.
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Figure 33. Current density-time response (a,b) and voltage-time response (c,d) for PEO coatings produced on
as-diecast surfaces (a,c) and ground surfaces (b,d).

The microdischarges forming the PEO coating occur during the anodic half-cycle. The
cathodic half is characterized by shifting the current density to negative values (Figure 34).
Cathodic discharges have been reported to produce local microdischarges, but less extensively
than anodic microdischarges [149,150]. From the instantaneous current density recorded at
500s and 1000 s for the PEO and PEOp processes, we can confirm the transition to the soft-

sparking regime by observing the decrease in current density. However, around 500 s, both
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systems are in the microdischarge or hard-sparking regime (before reaching soft-sparking
regime), but the instantaneous current density-voltage loops differ (polarization curve). The
instantaneous current density recorded during the anodic half (points 0 — 4, Figure 1) at around
500 s for PEOp is higher than that of the PEO process; the instantaneous current density reaches
2900 mA -cm™ for PEOp coatings and 2100 mA-cm™ for PEO coatings.

Strontium silicate exhibits lower thermal conductivity than alumina. Reduced heat
dispersion can generate localized hot spots, leading to more energetic, concentrated discharges.
Such thermal accumulation favors the formation of intense type-B discharges and may result
in a more defective inner layer, except at the surface, where the strontium silicate phase remains

molten after the discharge extinguishes, helping to seal the pores.

Around 1000 s, the instantaneous current density for PEO reaches 1100 mA-cm™ and
200 mA-cm? for PEOp. This is also evidenced by the lower RMS current density for PEOp
after 1000s. This behavior reflects the highly insulating particle-reinforced outer layer
containing strontium silicate, which effectively blocks intense discharge channels, and the most

dominant channels are type A and type C.

The specific energy consumption during the PEO process varies with electrolyte
composition [118], substrate [148,151], and electrical parameters [135]. Figure 35 compares
the specific energy consumption for PEO coatings and HA layers, considering the initial surface
condition (as-diecast, ground) and electrolyte composition. PEO coatings exhibit higher
specific energy consumption than PEOp. For the as-diecast surface, specific energy
consumption decreased from ~ 6.9 kWh-m™ to ~5.5 kWh-m™, corresponding to energy savings
of ~ 20%. For the ground surface, specific energy consumption decreased from ~ 7 kWh-m™
to ~5.4 kWh-m™, corresponding to energy savings of ~ 23%. The reduction in specific energy
consumption is attributed to improved coating growth efficiency when using suspension
electrolyte. Delaying soft sparking promotes the formation of a thicker coating and greater
particle incorporation. As expected, the HA has the lowest specific energy consumption. The
change in specific energy consumption between HA-C and HA-G samples is not statistically

significant.
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Figure 34. RMS and instantaneous voltage and current density for PEO and PEOp coatings.
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Figure 35. Specific energy consumption for hard anodizing and plasma electrolytic oxidation surface
treatments.

5.2. Oxide layer thickness

HA shows the influence of the surface condition. In contrast, PEO and PEOp maintain a

relatively consistent thickness regardless of the initial surface state, as shown in Figure 36.

The specific type of substrate significantly influences the anodizing process. Silicon
segregation within the substrate can generate areas where the properties of the anodic layer
vary considerably [140]. This segregation usually appears in a surface region up to
approximately 1 mm thick, with a high concentration of Al-Si eutectic [94]. Changes in
microstructure can lead to differences in the electrochemical behavior of the surface, which
then impacts the uniformity and quality of the growing anodic oxide layer [33,140].
Non-anodized Al regions may be present within the anodic layer, where oxidation-resistant Si
particles surround aluminum [64—-66]. This phenomenon results in a non-uniform anodic layer
with variable thickness. In the PEO process, dielectric breakdown tends to occur on the Si0>
film rather than the Al>O3, because the resistance of Al>O3 is four orders of magnitude higher
than that of SiO; [152]. Therefore, when the PEO process has enough time for SiO; to reach
the resistance level of Al,O3, microdischarges also occur on the Al,Os layer [151]. At this point,
the effect of SiO2 on coating growth diminishes, as indicated in Table 7, where the average
coating growth (um-min') for PEO is similar regardless of whether the initial surface is
as-diecast or ground. The same pattern is observed for PEOp coatings, although the coating

growth rate is further enhanced in PEOp. HA-G shows about a 36% higher average coating
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growth rate than HA-C (Table 7), emphasizing the significant role of eutectic silicon in
controlling oxide growth. During hard anodizing, when the advancing oxidation front reaches
a eutectic Si region, it forms only a thin SiO: layer on the eutectic Si surface. Since further
oxidation of Si requires significantly more energy than oxidizing the surrounding Al matrix,
the oxide front bypasses the eutectic Si and continues through the adjacent aluminum [65,76].
Because oxide growth in HA occurs by consuming Al, a surface with more interconnected a-Al

regions offers more anodizable material, thereby boosting the growth rate.

Table 7. Average oxide layer thickness, treatment time, and coating growth rate for PEO and hard anodizing

samples.
Average thickness Treatment time Average coating
Sample
(pum) (s) growth rate (um-min™)
PEO-C 50+5 1400 2.10
PEO-G 52+4 1400 2.20
PEOp-C 74 +4 1346 3.20
PEOp-G 76 +4 1490 3.10
HA-C 102+3 10800 0.55
HA-G 135+6 10800 0.75
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Figure 36. Oxide layer thickness variations for the studied surface treatments.
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5.3. Surface roughness

Table & reveals the roughness variation for the studied surfaces, starting from the original
surfaces (as-diecast and ground) and after applying various surface treatments (HA, PEO, and
PEOp). We can observe that after HA, the as-cast surface becomes rougher, while the roughness
of the anodized ground surface remains relatively unchanged compared to its condition before
hard anodizing. The surface roughness for as-cast and ground surfaces increases after PEO.
The increase in Sa values results from the melting and rapid solidification of the coating
material in the discharge channels. The as-diecast sample has the lowest value of both S. and
S102. PEO coatings (PEO-C, PEO-G, PEOp-C, and PEOp-C) have the highest S1¢, values. The
distinct grooves from the grinding operation are visible on the ground surface (Figure 37b).
These grooves remain noticeable even after hard anodizing (HA) (Figure 37d), despite the
anodic layer being about 135 pum thick; these results reflect the nature of anodic layer growth,
mainly inwardly, consuming the substrate. In contrast, after the PEO process, the grinding

groove features disappeared (Figure 37f.h).

Table 8. Surface roughness parameters (S, and Sio,) for the studied surfaces.

Sample Sa (um) S10z (um)
As-diecast 0.8+£0.2 10.8+0.2
Ground 3.7£0.5 32.0+2.1
PEO-C 54+0.4 46.1+1.6
PEO-G 58+0.5 533+4.7
PEOp-C 3.6+0.2 43.5+42
PEOp-G 3.7+£0.2 4144238
HA-C 1.7+£0.1 17.0+£0.5
HA-G 33+0.2 31.0+£4.0
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Figure 37. 3D surface topography maps of (a) as-diecast, (b) ground surfaces, and the treated samples (c)
HA-C, (d) HA-G, (e) PEO-C 1400s, (f) PEO-G 1400s, (g) PEOp-C, (h) PEOp-G.
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5.4. XRD and SEM analysis

XRD patterns for PEO and PEOp coatings (Figure 38) show peaks corresponding to Al and
Si, indicating that the X-ray beam reached the substrate. Distinct Al peaks were observed in
both HA, PEO and PEOp samples, whereas Si peaks were evident only in the PEO coating.
The absence of Si in the PEOp samples may be attributed to overlapping oxide peaks or weak
intensity. Several peaks corresponding to SiO> were clearly identified in the PEO coatings, as
illustrated in Figure 38. PEO and PEOp samples also showed the presence of y-Al,O3; and
amorphous phases, as indicated by the characteristic bump between 20° and 35° (20). It is well
established that the formation of a-Al,Os requires specific conditions: (I) crystalline anodic
oxide regions provide optimal temperature distribution and appropriately sized y grains,
allowing these grains to remain relatively free from impurities; and (II) sufficient time for
mobility at the a/y grain boundaries [153]. However, under PEO at high frequency (400 Hz),
v-Al>03 is the dominant aluminum oxide phase [135,153].

In the PEO coatings, an additional phase corresponding to Als.95S11.0509.52 was detected.
Als.95S11.0509 52 phase is best described as a non-stoichiometric or Al-rich mullite. It retains the
same orthorhombic crystal framework as stoichiometric mullite (3A1205-2S102) [154,155], but
with an increased Al/Si ratio (~ 4.7). In contrast, PEOp coatings do not contain Al-rich mullite;

instead, we find strontium silicate rather than strontium aluminate.

To explain this observation, the ternary oxide system Al20s-Si02-SrO must be considered
[156]. In this PEOp treatment, the electrolyte used is a suspension silicate type, and the
strontium aluminate particles in the micro-arc plasma region will decompose under
high-energy microdischarges that can raise the instantaneous plasma core pressure and
temperature to 10> MPa and 10* K, respectively [6]. In this case, SrAl:O4 will undergo thermal
decomposition, and due to the process in the silicate electrolyte, SrO will rapidly react with the

silicate, as illustrated in the reactions:
2SrAl,O4 = 2SrO + 2A1,03 (12)
2SrO + Si02 = S12Si04 (13)
After combining Egs. (12) and (13), the overall reaction is:

2SrAl>O4 + S102 = S12S104 + 2A1,03 (14)
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It should be noted that SrAl,Os4 is unstable at elevated temperatures, as confirmed by its
liquidus temperatures, which indicate melting occurs at approximately 1500-1600 °C [156].
Meanwhile, the circumferential area of the microdischarges can reach temperatures over
3000 °C. This explains the formation of Sr2SiO4 because it is the thermodynamically stable
phase when SrO reacts with SiO; at high PEO temperatures.

It is important to realize that the chemical reactions during the PEO process in the
soft-sparking region are very complex and do not follow the equilibrium phase diagram.
However, ternary oxide system Al20s-Si02-SrO still offers valuable insights into the phases
likely to form under these conditions. To further validate the hypothesis, the thermodynamic
stability of the reaction products was evaluated using Gibbs free energy (AG) values at 1000
°C [157]. The formation of strontium aluminate (SrO-Al;03) from SrO and AlO3 shows a
negative value of AGioooec = -59.8 kJ, indicating that the reaction is thermodynamically
possible under high-temperature conditions. However, when SrO is exposed to SiO> present in
the silicate-based electrolyte, more favorable reactions occur. The formation of SrSiO3 has a
AGioooec = -132.2 kJ, while the formation of Sr2SiO4, the main phase identified by XRD in the
current study, exhibits an even more negative value of AGioooec = -221.9 kJ. Additionally,
Sr3Si0s formation, although not detected by XRD, is thermodynamically the most stable
(AGiooo°c = -274.7 kJ), but it may require a higher concentration of SrO. The latter data clearly
indicate that under the extreme local temperatures generated during PEO, strontium

preferentially reacts with silicate species rather than alumina.
SrO + Al,O3 — SrO-AlbO3  AGioooec = -59.8 kJ (15)
SrO + Si02 — SrSi103 - AGiooeec = -132.2 kJ (16)
2810 + Si02 — S12Si04  AGioooec = -221.9 kJ (17)
3SrO + Si02 — Sr3S10s5  AGioooec =-274.7 kJ (18)

Figure 39 presents the backscattered SEM images of the samples' top surface, highlighting
the differences between the as-diecast and ground states before and after hard anodizing and
PEO treatments. The as-diecast surface exhibits irregular morphology that is preserved after
HA (Figure 39a.c). Grinding introduces distinct grooves on the surface, thereby increasing the
roughness of the surface, as previously discussed in Section 5.3. These grooves remain visible

after HA (Figure 39b.d).
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Figure 38. X-ray diffraction (XRD) patterns of (a) PEO and (b) PEOp coatings.

The typical surface morphology associated with plasma electrolytic oxidation is observed
when PEO coatings are produced in particle-free electrolytes. The morphology reflects the
dynamic nature of the PEO process, where electrical discharges induce localized melting
followed by rapid solidification of the created oxide. The surface morphology of the PEO
coating reveals a mixture of pancake-like structure surrounded by a sponge-like morphology
[158,159] (Figure 39e.f). The features that look like pancakes appear flattened, round shapes
similar to tiny "craters" or discs. These are formed by micro-arc discharges that eject molten
material, which then solidifies rapidly on the surface. The large pores in the middle of the
pancake indicated that there were intense discharges, and these pores might extend deeply into
the thickness of the coating. These intense discharges have been referred to as B-type
discharges [114,115,160] . The sponge-like structure incorporates elements from the electrolyte
(e.g., Si, Na, K). This region develops through repeated discharges that partially melt and
vaporize the oxide material, resulting in voids and fine-scale porosity [159]. It indicates less
intense thermal exposure compared to pancake zones. The previously mentioned features of
PEO coating vary when a suspension electrolyte solution is used, as shown in Figure 39g.h,
due to incorporating the particles into the porous layer. Strontium silicate has a lower melting

point than alumina, which facilitates localized melting during the discharge events and allows
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the molten oxide to flow and fill pores and surface defects after discharge extinction, thereby
contributing to reduced surface roughness in PEOp coatings as previously observed in

Section 5.3.

Figure 40a,b shows the cross-section micrographs of the anodic layer formed on as-diecast
and ground surfaces. The anodic layers exhibit typical features, including anodized a-Al grains,
anodized Al-Si eutectic, and cavities. Notably, the cavity size in the anodized ground surface
(Figure 40Figure 40b) is larger than in the anodized as-diecast surface (Figure 40a). Cavities are
preferentially located within the eutectic Al1-Si regions [66]. Additionally, cracks are present
in both anodized as-diecast and ground surfaces, but these cracks are more pronounced and
intense in the anodized ground surfaces. Furthermore, the cavity percentage in the anodic layer
increases by approximately 260% when the initial surface is ground. The fine microstructural
features and the uniform distribution of the eutectic phase on the as-diecast surfaces promote
more consistent oxide layer growth with finer cavities, which are crucial for the integrity and

protective qualities of the anodic layer.

The cross-section micrographs reveal that the PEO coatings are characterized by forming
two distinguishable layers: porous and dense (Figure 40). Additionally, a thin barrier layer is
formed near the coating/substrate interface due to the inner growth of the coating. This barrier
layer is usually thin, amorphous and difficult to distinguish at the present magnification. PEO
coatings formed on as-cast and ground surfaces have the same features. The differences
between (PEOp-C, PEOp-G) and (PEO-C, PEO-G) coatings indicate that using suspension
electrolytes in the PEO process significantly alters the surface morphology of the coatings.
Specifically, incorporating particles into the outer porous layer results in a smoother surface
texture. This effect is attributed to strontium's enhanced integration within the porous structure,
primarily accumulating in the pores and cavities. Compared to PEO coatings made with
particle-free electrolytes, this configuration is beneficial as it helps to minimize surface cracks

and cavities in the outer layer.

Table 9 presents EDS results of the HA layers, PEO and PEOp coatings. The major elements
in the hard anodized layer are oxygen, aluminum, and silicon, which come from the substrate,
and sulfur incorporated from the electrolyte. Figure 40a,b shows the EDS analysis location in
different regions for the HA-C and HA-G samples. The results indicate a higher silicon content
in the converted Al-Si eutectic regions, while the converted a-Al regions exhibit a lower silicon

content.
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Figure 39. Scanning electron microscopy top-view images of the (a,b) base alloy, (c,d) HA, (e,f) PEO,
and (g,h) PEOp. When the initial surface is (a,c,e,g) as-diecast and (b,d,f,h) ground.
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Figure 40. SEM cross-section images of the studied coatings: (a,b) HA, (c,d) PEO, and (e,f) PEOp when the
initial surface is (a,c,e) as-diecast and (b,d,f) ground. Numbers indicate the locations of EDS analysis shown in

Table 9.
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Table 9. EDS analysis (at.%) of HA, PEO and PEOp coatings. Spectrum locations are depicted on the
micrographs shown in Figure 40.

Sample Location o Al Si Fe S Na K Sr Other
PEO-C 1 64.6 16.3 17.6 0.1 - 0.4 1.0
2 63.7 13.6 18.2 - - 1.0 33
3 62.8 34.1 2.8 0.1 - - 0.1
PEO-G 1 64.2 18.6 15.7 - - - 1.5
2 62.2 29.2 5.9 0.4 - 0.4 1.8
3 62.7 22.7 13.4 - - - 1.1
PEOp-C 1 61.2 10.1 11.8 - - 29 3.1 10.9
2 64.1 19.8 10.7 0.1 - 0.8 1.7 23 W o0.4
3 65.1 25.9 7.8 - - 1.1
PEOp-G 1 63.5 16.7 10.5 - - 2.8 3.7 2.8
2 62.3 9.5 11.4 - - 3.1 3.5 10.1
3 64.7 235 10.5 - - - 1.2
HA-C 1 56.4 28.9 9.8 - 49 - -
2 54.3 38.4 1.1 - 6.2 - -
HA-G 1 53.4 29.4 12.1 - 5.1 - -
2 54.5 38.5 1.1 - 5.9 - -

For the PEO coatings, the major elements are oxygen, aluminum, and silicon. Additionally,
sodium (Na), and potassium (K) are incorporated from the electrolyte, while silicon also
derives from the substrate. The PEOp coatings display the same elemental composition as PEO
but with the addition of strontium (Sr) in the porous outer layer. EDS line analysis of PEOp-C
confirms the presence of Sr in the outer porous zone (Figure 41). Furthermore, the EDS map
of the PEOp-G cross-section reveals a non-uniform distribution of Sr within the porous layer
(Figure 42). The results also show a decreasing aluminum concentration from the substrate
toward the porous surface, while Na and K display heterogeneous distributions, being mainly

concentrated in the porous outer layer.

The reactive incorporation of micro-strontium aluminate particles (0.1-10 pm) can happen
due to driving the small-size particles into the discharge channels by the strong electric field
and being in the area near the microdischarges (Figure 43). For this reason, strontium

distribution within the coating is inherently non-uniform, as it depends on the particle’s ability
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to infiltrate discharge channels, availability in the region near the surface, and the type of these
channels. The measured zeta potential of the particles (~—16.4 mV) indicates moderate surface
charge, which suggests limited electrostatic stabilization of the suspension. Although this value
alone does not allow us to determine the actual dispersion state during processing, it implies
electrophoretic motion for the particles towards the specimen and incorporation in the coating
during PEO. Smaller particles may enter Type-B channels during the anodic pulse (1.25 ms);
however, they are typically still in the outer layer due to their size and short pulse duration.
Conversely, the likelihood of strontium aluminate presence is higher in Type-A and Type-C
channels, as these are closer to the electrolyte interface. The latter distribution pattern is
supported by EDS line analysis (Figure 41), EDS mapping (Figure 42), and SEM cross-

sectional image (Figure 40).

EDS Line\ Mounting resin

Substrate

S0 pm

"N : e

Figure 41. The cross-sectional micrograph with a typical SEM—EDS analysis result of PEOp-C.
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Figure 42. Elemental mapping of PEOp-G coating cross-section.
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Figure 43. Schematic of the incorporation of strontium aluminate into anodic pulses during the PEO

process.

5.5. Microhardness

Measuring the microhardness in the substrate cross-section underlying the oxide layer (PEO
coatings and HA) indicates that the microhardness of the treated as-cast surface is 111 + 20
HVo.025. In contrast, the ground surface measures 82 + 32 HVo.2s. These differences are
attributed to variations in the microstructure of the AISi12Cul(Fe) alloy and the changes

between the high-silicon eutectic region and the a-Al.
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The HA as-cast surface exhibits higher microhardness (392 + 130 HVy.025) than the HA
ground surface (291 + 124 HVy.25). The high standard deviation results from cavities and

defects in the HA layers.

Rogov et al. [46] studied how SiO: influences the microhardness of PEO coatings on SLM
Al-12Si alloy. They conducted the PEO process using 50 Hz alternating current (AC) at
voltages up to 400 V in a silicate-based electrolyte. The findings indicated that eutectic Si
oxidized to SiO> during PEO, while the Al matrix mainly formed y-Al,O3; and a-AlOs.
Moreover, mixed aluminosilicate phases like mullite also developed. The presence of
amorphous silica (SiO2) resulted in lower hardness in the coatings compared to regions rich in
AlLOs. In another study, Slonova et al. [161] performed PEO treatment on a hypereutectic
AK21 alloy (containing 20- 22 wt.% Si) using a silicate-based electrolyte and pulsed bipolar
current at 600—750 V. The resulting coatings contained amorphous SiO2, a-Al>03, y-Al2O3, and
mullite. Notably, the identified amorphous SiO> phase was key in reducing the coating's

microhardness.

Figure 44 shows the cross-sectional microhardness profile of the PEO coatings.
Measurements were taken along the coating, starting 20 um from the substrate/coating (S/C)
interface and continuing further into the coating in 20 um steps. The microhardness decreases
from the substrate/coating interface to the coating/electrolyte interface, where the coating
structure changes from dense to porous. This is the typical behavior of PEO coatings [162,163].
The higher microhardness values recorded for the PEOp coatings compared to PEO coatings
are attributed to the positive effects of Sr2Si04 presence in the coating, especially in the porous
outer layer, as indicated by the EDS analysis, where the Sr element was detected in this layer.
Microhardness increases for two reasons: (I) The reaction between SiO; and Sr species during
plasma discharges produces crystalline Sr2SiO4 with an orthorhombic structure, as mentioned
in section 3.5, which consumes amorphous SiO> that negatively impacts PEO microhardness;
and (II) Sr2Si04 fills cavities in the porous layer, enhancing coating densification and reducing
crack initiation sites. Among all the coatings, PEOp-G exhibits the highest hardness. This
results from the favorable initial microstructure of the ground surface, which provides more
a-Al for oxide formation, and from the improved incorporation and distribution of Sr2SiO4,

making the coating denser and enhancing its load-bearing capacity.
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Figure 44. Microhardness profiles across PEO and PEOp coatings.
5.6. Wear test

Figure 45 shows the calculated wear rates of the tested samples. These results demonstrate
the benefits of surface treatment in improving the tribological properties of casting products.
The wear resistance of treated samples increased significantly compared to the initial as-diecast
and ground surfaces of the base alloy. In the as-diecast state, the wear rate decreased by ~31%
after hard anodizing, 34% after PEO, and 51% after PEOp. Due to high variability in the wear
rate of the as-diecast base alloy, these results are not considered statistically significant except
for PEOp. Similar trends were observed for ground surfaces, where reductions were ~ 34%
after HA, 66% after PEO, and 72% after PEOp, which is statistically significant for HA and
extremely statistically significant for PEO and PEOp. These findings indicate that the most
pronounced improvement from PEOp occurs when the initial surface is in a ground state. This
emphasizes the positive effects of the ceramic coating composite with strontium silicate, which

improves the microstructure and enhances properties such as microhardness.

When comparing the as-diecast surface with the ground surface as the initial surface before
the HA, PEO, and PEOp treatments. The ground sample and HA-G exhibit higher wear rates,
increased by ~ 65% and 59%, respectively. In contrast, PEO-G and PEOp-G show lower wear
rates, decreasing by ~ 15% and 4%, respectively, although there is no statistical significance

between the changes in the wear rates of PEOp-C and PEOp-G.

Due to the inhomogeneous microstructure of the cast alloy, whether the initial surface is in

as-diecast or ground state, the wear rate data showed some variation, which is normal in
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tribological testing. However, PEO and PEOp reduced this variation, and the ceramic coating
composite containing strontium silicate demonstrates a more consistent and stable wear rate,

which is directly linked to the wear mechanism.

12
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Figure 45. Variation of the wear rate on the as-diecast and ground AlSi12Cul(Fe) alloy substrates processed
with HA, PEO, and PEOp coatings.

Figure 46 shows the surface morphology of the worn tracks. In addition to a high wear rate
observed for the casting alloy in different initial surface states (as-diecast and ground), the base
alloy undergoes severe wear mechanisms dominated by abrasive ploughing and adhesive
transfer. Figure 46a,b shows the characteristic features of severe wear on the as-diecast and
ground surfaces, where deep grooves are evident due to the use of a hard alumina ball. The
presence of wear debris further promotes the development of three-body abrasive wear as well.
Under the sliding speed and applied load, adhesive wear also occurs, leading to material
transfer from the weaker surface of the base alloy (in both as-diecast and ground states) onto
the harder alumina ball. Evidence of this transfer and adhesive interaction can be observed in

the worn track morphology.

The initial microstructure of the cast alloy strongly influences the wear depth, as illustrated
in Figure 47. The ground surface exhibits a higher wear depth compared to the as-diecast
surface, which is attributed to its lower hardness. Material accumulation removed during the
wear test 1s visible along the sides of the wear track (Figure 46a,b) and in the wear track profile

(Figure 47).

67



Surface Conversion Treatment on HPDC Al-Si Alloy Emel Razzouk

The combination of three-body abrasive and adhesive wear leads to an unstable friction
coefficient, as shown in Figure 48. Initially, the friction coefficient is relatively low but
gradually increases. This increase in the friction coefficient is related to several factors,
including changes on the contacted surfaces of both the base alloy and the alumina ball caused
by material transfer, as well as the larger contact area between the alumina ball and the tested

surface due to greater wear volume loss.

In the case of hard anodized samples, Figure 46¢,d reveals the worn surface of the anodic
layers where the wear is controlled by abrasive combined with brittle fracture of the anodic
layer. During sliding, the oxide layer fragments are compressed under the applied load and
subsequently removed as wear debris from the wear track. This behavior is attributed to the
inherent porosity and microcracks of the anodic layer, which promote the spallation of the
oxide layer. Wear became more severe for HA-G samples due to several reasons: (I) The
increased number of cavities and cracks in the HA-G layer, where the cavities are more than
three times greater than those in HA-C, as detailed before. (II) The higher hardness of HA-C
than HA-G. Figure 47 shows a broader and deeper wear profile for HA-G compared to HA-C.
The as-diecast surface contains a higher Si content than the ground surface, leading to
embedded Si in the anodic layer. This Si enrichment increases the hardness of the oxide layer,

resulting in a higher friction coefficient for HA-C than HA-G, as illustrated in Figure 48.

The hard anodizing process improves the initial surface's wear resistance by lowering the
wear rate, as illustrated in Figure 45. However, the HA-G samples exhibit similar wear
resistance to the as-diecast surfaces, despite the latter having lower hardness. This could be due
to microstructural differences and the wear mechanism, where high cavities and cracks
accelerate material loss. The HA-G shows a consistent wear depth, while the wear track on the

as-diecast surface is irregular, featuring deep, wide grooves and uneven scars.

Surface morphology of the worn tracks of PEO-C and PEO-G coatings reveals the formation
ofatribolayer (Figure 46¢,f). The composition of the tribolayer varies depending on the counter
material. The concept of forming a tribolayer can rely on oxidative wear in dry conditions,
where the applied load and sliding promote re-oxidation and incorporation of counterbody
fragments into the tribolayer [128,164]. As previously noted, an alumina ball was selected as

the counter body to ensure consistency in assessing the wear behavior of the tested materials.

The average thickness of PEO-C coating is 50 = 5 um and the wear depth profile reaches
~45 um (Figure 47). EDS analysis of the tribolayer formed on the PEO-C wear scar indicates
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a reduction in Si and Na elements predominantly concentrated in the porous outer layer of the
coating. The wear rate of PEO-C coating is similar to HA-C as depicted in Figure 45, with both
exhibiting a similar wear profile (Figure 47). However, the formation of the tribolayer
contributes to lowering the friction coefficient of PEO-C, despite its relatively high surface

roughness, as shown in Figure 48.

PEO-G coating shows similar tribolayer formation but superior wear resistance to PEO-C.
This improvement is attributed to its higher hardness, resulting in a shallower wear depth
(Figure 47). Consequently, PEO-G exhibits a lower wear rate and a reduced friction coefficient
relative to PEO-C (Figure 48). Unlike PEO-C, PEO-G also outperforms HA-G, due to its higher

hardness and fewer structural defects.

The most enhanced performance is observed in PEOp coatings, which incorporate strontium
silicate to form a composite ceramic coating. The tribological enhancement arises from
reducing the surface roughness and increasing the coating growth. The wear track morphology
of PEOp-C and PEOp-G (Figure 46g.h) shows a more uniform and stable tribolayer. As
illustrated in Figure 45, PEOp coatings exhibit the lowest wear rates. The wear depth is also
reduced, reaching ~33 um for PEOp-C, while the alumina counter ball remains within the
porous outer layer after testing. EDS line analysis (Figure 41) confirmed the presence of
strontium within this region to a depth up to ~42 pm from the surface, while EDS analysis of
the worn surface (Figure 46g) further demonstrates the presence of strontium within tribolayer
and delaminated regions. For PEOp-G, the wear depth remains limited to the outer porous
layer, without reaching the underlying dense layer (Figure 46h). The friction coefficient of

PEOp-C is slightly lower than that of PEOp-G (Figure 48).
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Figure 46. Surface morphology of the worn tracks of (a,b) base alloy, (c,d) HA, (e,f) PEO, and (G,H) PEOp.
When the initial surface is (a,c,e,g) as-diecast and (b,d,f,h) ground.
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Figure 48. Friction coefficient vs. sliding distance for PEO treated, HA treated and untreated samples.
5.7. Summary

This study systematically investigates the effect of suspended strontium aluminate particles
in a silicate-based electrolyte during the PEO process on an AlSi12Cul(Fe) diecast alloy.
Particular attention is given to the in-situ formation of Sr2S104 phases and how they influence
coating growth efficiency, energy consumption, and wear resistance. For comparison, hard
anodizing (HA) layers were also produced under controlled conditions. Finally, the role of the
initial surface microstructure (as-diecast and ground) is considered to clarify how the substrate
condition interacts with HA, PEO, and PEOp processing in determining the final coating

performance. The findings demonstrate that strontium aluminate particles are reactively
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incorporated into the PEO coating, forming a new phase of strontium silicate and creating a
composite ceramic coating (PEOp). The oxide layer growth shows a strong dependence on the
initial surface conditions for HA, whereas PEO and PEOp coatings are unaffected by whether
the substrate was as-diecast or ground. The higher coating growth rate for PEOp (~3.20)
compared to PEO (~2.20) results in thicker PEOp coatings, which help reduce the specific
energy consumption of the PEOp process by approximately 20% for as-diecast substrates and
about 23% for ground substrates. XRD analysis confirms that conventional PEO coatings
mainly consist of y-Al203, SiO2, and Al-rich mullite phases, while PEOp coatings additionally
contain Sr2Si0s phase. The presence of strontium silicate arises from the thermal
decomposition of SrAl>O4 particles during micro-discharges, followed by the reaction of the
resulting SrO with silicate species from the electrolyte. The formation of Sr2SiO4 phases
reduces the amorphous SiO» content within the coating, leading to a more crystalline structure
that enhances microhardness. This effect is especially notable in PEOp coatings on ground
substrates, which exhibit the highest microhardness values among all tested conditions.
Scanning electron microscopy shows that the hard anodized layer formed on ground surfaces
contains a higher density of cavities and defects compared to that on as-diecast surfaces.
Coupled with the lower microhardness of HA-G, this microstructural feature results in inferior

wear resistance compared to HA-C.

Wear testing consistently reveals that PEOp coatings demonstrate the most favorable wear
behavior, including the lowest wear rates compared to the base alloy, HA, and PEO, regardless
of whether the initial surface was as-diecast or ground. These improvements in wear rate are
statistically significant in all cases. Comparing PEO and PEOp coatings, the reduction in wear
rate when strontium silicate is present in the porous outer layer is highly statistically significant,
attributed to the development of a stable and protective tribolayer during sliding. Collectively,
these results suggest that particle-assisted plasma electrolytic oxidation is an effective strategy
for enhancing energy efficiency, coating microstructure—particularly the outer porous layer—

and tribological performance.
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Chapter 6: Corrosion performance of PEO coatings

6.1. Electrochemical testing of PEO coatings

Generally, Plasma electrolytic oxidation (PEO) surface treatment contributes to enhancing
the corrosion resistance of metallic substrates. However, this enhancement may vary depending
on the microstructural features of the PEO coatings. The PEO coating has microstructural
imperfections, including micropores, microcracks, and discharge-induced channels, which can
reduce coating integrity [ 106]. These defects serve as preferential pathways for aggressive ionic
species to pass through the coating to the underlying substrate, which diminishes the long-term

protective performance of the coating system.

Open-circuit potential (OCP) measurements are widely used as an initial electrochemical
parameter to assess the corrosion tendency of materials exposed to specific corrosive
environments. OCP represents the equilibrium potential of the tested material, such as a
PEO-coated specimen, relative to a reference electrode under conditions where no external
current or polarization is imposed on the electrochemical system [165]. Although OCP
measurements provide valuable qualitative information, they are insufficient on their own to

demonstrate the corrosion mechanisms and corrosion kinetics [166,167].

Despite this limitation, OCP evaluation remains essential to indicate the relative corrosion
susceptibility of PEO-coated samples, with more negative potentials generally indicating a
higher tendency toward corrosion. OCP measurements establish a stable reference point for
subsequent electrochemical analyses, particularly potentiodynamic polarization (PDP) and
electrochemical impedance spectroscopy (EIS), which are among the most frequently applied
techniques for investigating the corrosion behavior of PEO coatings [106,168,169].
Consequently, this chapter focuses on the results obtained from PDP and EIS measurements,
supplemented by post-corrosion microstructural observations of the samples following a 7-day

immersion period during the PDP corrosion testing.

6.2. Electrochemical impedance response

In this method, a low-amplitude perturbation potential (approximately 10 mV) is applied to
the PEO-coated electrode over a broad frequency range, and the current response is recorded.
The results can be represented using either Nyquist or Bode formats. Bode plots illustrate the
variation of impedance magnitude and phase angle with frequency. The impedance data

obtained from both representations can be analysed by fitting them to a suitable equivalent

73



Surface Conversion Treatment on HPDC Al-Si Alloy Emel Razzouk

electrical circuit, enabling the determination of time-dependent characteristics of the PEO
coating, including capacitance and the resistive contributions of the porous and barrier layers.
In this experiment, results include Bode and Nyquist plots, along with an equivalent circuit, to

determine the corrosion behaviour of the different PEO samples at different immersion times.

EIS experiments were performed on PEO and PEOp samples with two initial surface
conditions: as-diecast and ground. Figure 49 illustrates the results obtained from EIS as a Bode
plot (impedance and phase angle as a function of applied frequency). From the Bode impedance
plot (Figure 49a), we can record the impedance at 0.01 Hz, |Zo.01|, which provides a good
indication of how PEO-coated samples respond after up to 7 days of immersion. Figure 49a
reveals that the |Zoo1| decreases by increasing the immersion time for all studied cases;
however, the PEO samples have a relatively stable |Zo.o1| after 72 h, whereas the PEOp samples
have lower |Zo.o1| after 7 immersion days. PEOp-G has the higher |Zo.o1| until 72h; after that,
the higher |Zo.01] is for PEO coatings. Figure 50 reveals the changes in |Zo.01| by immersion
time. PEO coatings have a lower thickness compared to PEOp coatings. Using suspension
electrolyte increases coating thickness by up to ~ 46%. However, the lower |Zo.01| for PEOp

coatings can be attributed to the cavities that exist in the inner layer.

Figure 51 illustrates the cavity fraction in the coating area of PEO and PEOp coatings
formed on as-diecast and ground surfaces. The analysis shows that PEO-C and PEO-G coatings
exhibit a higher cavity fraction in the outer region compared to their counterparts produced
using suspension electrolyte (PEOp-C and PEOp-G). This difference is attributed to the
reactive incorporation of strontium aluminate particles within the outer region of PEOp
coatings, which partially fill discharge channels and reduce surface porosity. In contrast, the
inner region of the PEOp coatings has more elongated pores that provide pathways to the
barrier layer. This pore morphology is considered detrimental to corrosion protection, such
elongated and interconnected defects can facilitate electrolyte penetration toward the Al-Si

substrate, reducing the barrier properties.

For PEOp-C, the impedance decreases by approximately 88% between 1 h and 168 h of
immersion, and by ~79% for PEOp-G. The differences in |Z|o.01 between PEOp-G and PEOp-C
after 168 h of immersion are not quite statistically significant. In contrast, the PEO coatings
exhibit a ~ 69% decrease in |Z|o.o1 after 24 h, followed by relative stabilization after 168 h of

immersion.
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The results of the EIS quantitative analysis (Table 10) are fitted using the “ZSimpWin”
software. EIS data were interpreted using an equivalent circuit consisting of the solution
resistance (Rs) in series with three parallel resistance—constant phase element (RICPE) pairs,
representing the electrochemical responses of the outer porous layer (RoulCPEou), inner layer
(RinlCPEin), and metal/electrolyte interface (Rc(|CPEa1), Figure 52 reveals the equivalent circuit
used to fit the impedance data obtained from the tested specimens. Although the impedance
spectra appear relatively simple, quantitative fitting with ZView shows that the three-element
equivalent circuit yields lower Chi-Squared and Sum of Squares errors than a simpler
two-element model. This indicates that multiple electrochemical processes contribute to the
impedance response, even though their time constants are not visibly separated in the spectra.
In PEO coatings, the porous outer layer, the compact inner layer, and the metal/coating
interface often produce overlapping time constants that cannot always be distinguished
visually. Because the aim of this work is to determine the resistance of each layer individually,
the multilayer circuit yields physically meaningful, more accurate results. For this reason, the
three-element circuit is retained as it best represents the known multilayer structure of PEO

coatings and provides superior fit quality.

For both systems PEO and PEOp, the outer layer exhibits a markedly lower impedance than
the inner layer (Table 10), reflecting its higher porosity and weaker barrier properties. In
contrast, the inner layer exhibits substantially higher impedance values and serves as the
primary protective layer of the coating. A comparison between the two coatings shows that the
inner layer of the PEO coatings displays a higher impedance than that of the PEOp coatings.
The observed difference can be attributed to microstructural characteristics arising from the
higher current density shown in Figure 34. This phenomenon leads to more intense discharge

before the transition into the soft-sparking regime.

The PEO coatings exhibit significantly higher Rc: than the PEOp coatings, indicating that
electron-transfer processes associated with corrosion are more strongly hindered.
Consequently, the higher R values observed for the PEO coatings suggests that they provide

superior protection against corrosion compared with the PEOp coatings.
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Figure 49. Bode diagrams at 1 h, 24 h, 72 h, and 7 d in 3.5 wt.% NaCl.
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Figure 50. Impedance at 0.01 Hz for PEO and PEOp coatings in various immersion times.
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Figure 51. Cavity fraction and circularity of pores in PEO and PEOp coatings.
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Table 10. Fitting results of the equivalent electrical parameters for PEO and PEOp systems.
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Figure 52. Schematic diagram of the electrochemical equivalent circuit to fit the EIS results.
6.3. Polarization behavior

The potentiodynamic polarization results obtained using the Tafel extrapolation method are
summarized in Table 11, which shows the corrosion potentials (Ecorr), polarization resistances
(Rp), and corrosion current densities (icorr) for samples after 1 hour and 7 days of immersion in
3.5 wt.% NaCl solution. Figure 53 displays the polarization curves for the PEO coatings on
AlSi12Cul(Fe) alloy after 1 hour of immersion. All coatings had corrosion potentials near
—0.60 V vs. Ag/AgCl, indicating similar thermodynamic tendencies toward corrosion, but their
polarization behaviors differed. The PEOp-C samples showed a significantly lower corrosion
current density (Table 11). Both PEOp-C and PEOp-G coatings exhibited reduced icor and
higher R, compared to PEO coatings. Incorporating strontium silicate particles in the outer

porous layer improved short-term (1h) barrier properties during the first hour of immersion.

Figure 54 demonstrates the polarization curves after 7 days of immersion. Compared to the
1h results, all coatings exhibited a shift in Ecor to more negative values, indicating increased
surface activation with time exposure. The PEOp coatings showed the most significant changes
in corrosion current density (Table 11), along with decreasing polarization resistance. Relative
to 1 h, Rp increased by ~ 36% for PEO-C and ~ 171% for PEO-G, likely due to pore blocking
by corrosion products. In contrast, the PEOp coatings lost protective performance over time;
Rp decreased by ~ 90% for PEOp-C and ~ 82% for PEOp-G between 1 hour and 7 days. This

decrease is closely linked to the microstructural characteristics of the PEOp coatings, as
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confirmed by EIS measurements. From Tafel analysis, the PEO coatings exhibit more stable
behavior (Figure 55), with PEO-C showing the lowest corrosion current density among all

samples after 7 days of immersion, making it the best long-term corrosion resistance.

Table 11. Potentiodynamic polarization data extrapolated from the Tafel analysis of the results shown in Figure
53 and Figure 54.

Immersion time Sample Ecorr (V vs Ag/AgCl) icorr (MA.cm2) R (kQ.cm?)
PEO-C -0.594 £ 0.011 0.029 +£0.017 497+ 76
PEO-G -0.622 + 0.009 0.053 £0.028 133 +42
1h
PEOp-C -0.620 £ 0.011 0.009 £ 0.006 1290 + 708
PEOp-G -0.613 £ 0.025 0.026 +0.005 708 + 340
PEO-C -0.714 £ 0.035 0.042 £0.014 675 £ 186
PEO-G -0.773 £0.022 0.068 +0.007 361 + 66
7 days
PEOp-C -0.754 £ 0.067 0.169 +0.138 123 £49
PEOp-G -0.724 £ 0.031 0.126 £ 0.116 130 £42
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Figure 53. Potentiodynamic polarization curves carried out in a corrosive 3.5 wt.% NaCl solution after 1 h.
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Figure 55. Corrosion Current Density of PEO and PEOp Coatings After (a) 1 h and (b) 7 d of Exposure.

Figure 56 illustrates cross-sections of the coated samples after the PDP corrosion test,
performed after 7 days of immersion in 3.5 wt.% NaCl. In a NaCl solution, chloride ions
penetrate through defects or channels that remain open and reach the coating/substrate
interface, where interfacial corrosion is initiated; subsequently, a localized corrosion cell
develops beneath the coating. EDS reveals a higher concentration of Cl in the corrosion cell

regions, as illustrated in Figure 56 for the PEO and PEOp coated samples. When the chloride
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ions reach the coating/substrate interface, the corrosion can progress more depending on the

microstructure of the substrate in those regions.

Silicon plays a critical role in how cast AI-Si alloys resist corrosion, with its impact driven
more by the shape and continuity of the Si phase than by its amount [170,171]. In NaCl
environments, microcracks and pores in the PEO coating allow electrolyte to seep through,
reaching the interface between the coating and the underlying substrate. When this interface
contains silicon particles or a continuous silicon network in contact with the a-Al matrix, a
galvanic cell forms. This happens because a-Al has a much lower electrochemical potential
than silicon. In this setup, the a-Al acts as the anode and corrodes, while the silicon serves as
the cathode and remains protected. This process leads to the formation of corrosion products
such as AI(OH);, Al(OH)>Cl, AIOHCI», and AICl;. Consequently, localized corrosion tends to
develop at the a-Al around Si particles [172,173].

Figure 56d illustrates the EDS line analysis; the higher Cl content is observed between
points 1 and 2, where the corrosion is clearly visible. At the same time, the region between
points 1 and 2 has lower silicon content than the region after point 2. Generally, we can notice
that the corrosion cells formed in the underlying substrate contain a higher amount of Cl and a
lower amount of Si. The cross-sectional schema of the PEO coatings during the corrosion

process is illustrated in Figure 57.

Figure 58 shows the EDS map for the cross-section of the PEOp-G coating. The elemental
distributions reveal a localized enrichment of CI within the localized corrosion cell, following
the preferential pathway. This localized corrosion cell is located in the region containing

cavities and propagates into the substrate, predominantly within areas enriched in a-Al.
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Figure 56. SEM cross-section images of the studied coatings after PDP corrosion test: (a,b,c) PEO and (d,e,f,g)
PEOp when the initial surface is (a,b,d,f) as-diecast and (c,e,g) ground.
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Figure 57. Schematic cross-section illustrates the PEO coating during corrosion and the formation of a localized
corrosion cell.
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Figure 58. EDS maps showing localized corrosion in the cross-section of PEOp-G coating.

6.4. Summary

This study thoroughly examined the corrosion resistance of PEO and PEOp coatings formed

on die-cast AlS112Cul(Fe) alloy. The main results can be summarized as follows:

* PEOp coatings have better corrosion performance after 1h immersion in 3.5 wt.% NaCl
solution and have lower corrosion current density than PEO coatings.

= EIS results indicated that the Resistance of the outer layer (Rou) of the PEOp coatings has
a higher value than the corresponding PEO coatings for as-diecast and ground surfaces.
These results indicate that the presence of Sr2Si04 in the outer layer does not degrade its
resistance.

= Presence of suspended strontium aluminate particles in the electrolyte seems to be affect
on the process of forming the coating. While the formation of SrSiO4 enhances wear
performance and outer layer integrity, defects and cavities in the inner layer increase. This
is witnessed from the cross-section and EIS results, especially the Ri, resistance.

= After 72h immersion, the |Zo.01| for PEOp coatings sharply decreases due to penetration

of the NaCl solution into the cracks and channels that remain open, as indicated by Rin
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results. In contrast, PEO coatings maintain a relatively stable |Zo.01| value after 24h, 72h,
and 7 days.

* Increasing the corrosion current density of PEOp reveals the important effects of inner
layer integrity in protecting the substrate, also raises an open question for trying to

enhance the PEO process to combine a good outer and inner layer integrity.

7. General summary

This dissertation systematically investigated the influence of surface conversion treatments
on the microstructure, wear behavior, and corrosion performance of a high-pressure die-cast
AlSil12Cul(Fe) alloy. Special emphasis was placed on understanding how the initial surface
condition (as-diecast versus ground) and process parameters affect coating growth, defect
formation, and functional performance. Traditional anodizing, hard anodizing, plasma
electrolytic oxidation (PEO), and particle-assisted PEO (PEOp) were comparatively assessed

to establish structure—property—performance relationships.

The results demonstrate that the heterogeneous microstructure inherent to HPDC aluminum
alloys plays a decisive role in oxide layer formation. In traditional anodizing, surface grinding
alters the near-surface microstructure by increasing the a-Al fraction and reducing the eutectic
Al-Si content, thereby promoting thicker anodic layers. However, this enhanced growth is
accompanied by a higher density of cavities and defects, particularly within eutectic regions,
leading to reduced microhardness and inferior wear resistance. Consequently, anodic layer
integrity rather than thickness alone governs tribological performance. Anodized as-diecast
surfaces, despite forming thinner layers, exhibit more uniform oxide structures with fewer

defects and superior wear behavior.

Plasma electrolytic oxidation overcomes several limitations associated with conventional
anodizing of cast Al-Si alloys. PEO coatings exhibit a characteristic multilayer structure
comprising a dense inner layer and a porous outer layer, with coating growth largely
independent of the initial surface condition. Compared with hard anodizing, PEO produces
coatings with improved wear resistance due to higher hardness and the formation of a stable
tribolayer during sliding. Nevertheless, intrinsic porosity and discharge-induced defects remain

critical factors influencing long-term performance.
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The incorporation of strontium aluminate particles into the PEO electrolyte leads to the
in-situ formation of strontium silicate—reinforced composite coatings (PEOp). This
modification significantly enhances growth efficiency, reduces specific energy consumption,
and improves wear performance. The PEOp coatings display higher microhardness and the
lowest wear rates among all studied surface treatments, regardless of the initial substrate
condition. These improvements are attributed to partial pore filling, reduced amorphous SiO2

content, and the development of a stable tribolayer during sliding.

Electrochemical analyses reveal that corrosion protection is primarily governed by the
integrity of the inner layer. While PEOp coatings exhibit thicker oxide layers, their inner layers
contain more elongated and interconnected defects, leading to lower impedance values and
reduced long-term corrosion resistance compared with particle-free PEO coatings. In contrast,
conventional PEO coatings provide superior corrosion protection due to a more resistive inner
layer, despite having thinner overall coatings. These findings highlight a trade-oft between

enhanced wear resistance and corrosion performance when particle-assisted PEO is applied.

Overall, this work demonstrates that optimizing surface treatments for HPDC Al-Si alloys
requires a balanced consideration of microstructure and defect distribution. Particle-assisted
PEO emerges as a promising route for applications where wear resistance and energy efficiency
are critical, whereas conventional PEO offers superior corrosion protection. The outcomes of
this dissertation provide clear guidelines for tailoring oxide coatings on cast aluminum alloys

for demanding engineering applications.
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8. Claims

Claim 1. The initial surface microstructure of the HPDC AlSi12Cul(Fe) alloy affects the

growth of the anodic layer and its tribological performance.

Removal of 1 mm of material by grinding alters the surface microstructure (Figure C1.1),
resulting in a significantly thicker anodic layer in both traditional and hard anodizing. The
anodic layer formed through traditional anodizing is about 3 times thicker than that on the
anodized as-diecast surface. In contrast, for hard anodizing, the anodic layer is roughly 1.3
times thicker than that on the anodized as-diecast surface (Figure C1.2). This difference mainly
results from the higher silicon content at the as-diecast surface, which hinders oxide layer
growth. Additionally, the hard-anodized ground surface exhibits a 36% increase in average
coating thickness compared to the hard-anodized as-cast surface, while traditional anodizing
shows an impressive 200% increase. However, the wear resistance of the anodic oxide layer is
greatly affected by its microstructure and overall integrity. The anodized as-diecast surfaces
have lower cavities and higher hardness, which enhances the wear resistance of the anodic

layer.

Figure C1.1. Typical SEM micrographs of diecast AISi12Cul(Fe) alloy. The images refer to (a) as-diecast and
(b) Imm ground substrates.
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Figure C1.2. Variation of the thickness of the anodized layers.

Claim 2. The initial surface microstructure of the HPDC AlSi12Cul(Fe) alloy does not
significantly affect the growth of the PEO coating; however, it does impact its tribological

performance.

The average PEO coating growth rate (um-min™') developed under high frequency (400 Hz)
in the silicate-based electrolyte (7.5 ml NaxO(Si02)x.xH20, >27% SiO;, and 2.8 g-1" ! KOH) is
~2.1 um'min’!, regardless of the initial surface microstructure. PEO treatment mitigated the
negative effects of silicon on oxide growth, producing coatings of similar thickness on both
as-diecast and ground surfaces. This is because the energy supplied by the PEO process was
sufficient to oxidize Si eutectic particles. However, the ground surface has a higher fraction of
a-Al than the as-diecast surface, which promotes the formation of a PEO coating with higher

microhardness and improved overall wear resistance due to the formation of hard y-Al>Os.

Claim 3. Strontium aluminate particles suspended in the silicate-based electrolyte are
reactively incorporated into the PEO coating developed on the HPDC AlSi12Cul(Fe)
alloy.

During the PEO process, SrAl,O4 particles thermally decompose under high-energy micro-
arcs with the formation also of Sr2Si04, as proved by the XRD analysis (Figure C3.1).
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Claim 4. The formation of Sr2SiO4 modifies the growth mechanism of PEOp coating

developed on the HPDC AlSi12Cul(Fe) alloy.

The formation of PEOp coating occurs through concurrent inner and outer growth. During

the hard-sparking regime and prior to the transition into the soft-sparking regime, the formation

of strontium silicate within the oxide layer contributes to the development of intense

discharges, resulting in a greater number of defects in the inner layer than in PEO coatings

produced without particles. As the process progresses into the soft sparking regime, the highly

insulating, particle-incorporated outer layer containing strontium silicate reduces the

instantaneous current density. It results in a random distribution of them in the outer porous

layer, as confirmed by EDS line analysis depicted in Figure C4.1, which shows strontium

predominantly within the outer porous layer.
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Figure C4.1. The cross-sectional micrograph with a typical SEM—EDS analysis result of PEOp-C.

Claim 5. The reactive incorporation of strontium aluminate particles improves the wear

resistance of PEOp coating developed on the HPDC AlSi12Cul(Fe) alloy.

The reactive incorporation of SrAl>Og4 particles and in-situ formation of Sr2Si04 within the
outer porous layer significantly enhances the tribological performance of the PEOp. As shown
in Figure C5.1a, the conventional PEO coatings have a greater wear scar depth than the PEOp
coating. The greater wear scar depth reflects deeper penetration of the counterbody into the
PEO coating, whereas wear in the PEOp coatings is confined to the outer porous layer.
Consequently, the PEOp coatings exhibited the lowest wear rates. The decrease in wear rate
shown in Figure C5.1b is statistically very significant. The optimized PEOp coatings exhibit
excellent wear resistance regardless of whether the substrate surface is as-cast or ground. The
difference in wear rate between PEOp-C and PEOp-G coatings is not statistically significant,

unlike PEO-C and PEO-G coatings (Figure C5.1).
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Figure C5.1. PEO and PEOp coatings properties, (a) thickness and wear scar depth and (b) wear rate.

Claim 6. The corrosion resistance of PEO-coated samples of the HPDC AlSi12Cul(Fe)

alloy is governed primarily by the integrity of the outer porous and inner layers of the

PEO coating.

4.a. Based on the EIS measurements and the equivalent circuit, I established that the outer
porous layer does not control the long-term corrosion resistance. At low frequency (10 Hz),
the polarization pathway occurs through the resistors, and both the electric double layer (EDL)
and coating capacitances effectively behave as open circuits. Therefore, the impedance
magnitude at low frequency |Zo.01| can be considered an indicator of the overall resistance to
ionic transport through the coating. From the obtained fitting results and the equivalent circuit,
Rout, Rin, and Rt are in series, so one can estimate the contributions of the inner and outer layers
to the overall corrosion resistance. As shown in Figure C6.1, the highly porous outer layer does
not significantly increase the impedance at low frequency, even when particles are incorporated
into the outer layer, and its porosity is partially reduced; no improvement in the overall coating

resistance is observed after 7 days of immersion.
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Figure C6.1. Impedance magnitude at 0.01 Hz |Zo01|and outer layer resistance (Rou) for PEO and PEOp

coatings at different immersion times in 3.5 wt.% NaCl.

4.b. The inner layer is the critical barrier layer that controls the overall corrosion resistance
by restricting transport and limiting electrolyte penetration. Its protective performance is
changing with immersion time and depends strongly on its microstructural integrity. Figure
(6.2 indicates that the inner layer resistance is initially higher for the particle-modified
coatings (PEOp) after 1 h of immersion. However, after 7 days of immersion, electrolyte

ingress into the inner layer reduces Rin for PEOp coatings, whereas PEO coatings exhibit

relatively stable performance.
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Figure C6.2. Impedance magnitude at 0.01 Hz |Zo:|and inner layer resistance (Ri,) for PEO and PEOp

coatings at different immersion times in 3.5 wt.% NaCl.
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Claim 7. SrAL2O4 particles-assisted PEO coatings (PEOp) on HPDC AlSi12Cul(Fe) alloy

have better short-term (1h) corrosion resistance than PEO coatings (without particles).

The formation of Sr2Si04 within the outer porous layer partially seals pores and discharge
channels, thereby diminishing electrolyte penetration into the inner layer and increasing
polarization resistance relative to PEO by as much as 160% when the initial surface is
as-diecast, and 430% when ground. However, after 7 days of immersion, chloride ions
penetrate microcracks and reach the coating/substrate interface, promoting localized corrosion
(Figure C7.1) and a statistically significant reduction in polarization resistance for PEOp

coatings.

Figure C7.1. Cross-sectional SEM image of a localized corrosion cell formed at the coating/substrate interface

of the PEOp-G sample after 7 days of immersion and subsequent PDP test.

In contrast, PEO coatings exhibit enhanced polarization resistance because the corrosion
products seal the pores and cracks, which are smaller than those found in PEOp coatings. This
difference is statistically very significant for PEO-G and not statistically significant for PEO-C
(Figure C7.2).

94



Surface Conversion Treatment on HPDC Al-Si Alloy

Emel Razzouk

1.8

R, [k$2-em?]

| [J=e]
[BNIPEOP 1h

As-Diecast Ground

R_[kS:-cm?]

P

0.8

0.6

0.4

0.24

As-Diecast

7d

Ground

Figure C7.2. Polarization resistance Rp of PEO and PEOp Coatings After 1 h and 7 d of Exposure.
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