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ABSTRACT 

Aluminum-based alloys are extensively used as sacrificial anodes in marine cathodic protection 

systems owing to their high electrochemical activity, favorable current efficiency and low 

density. Among these, Al-Mg alloys are particularly attractive because of their robust resistance 

to passivation in chloride-rich seawater. Despite their broad utilization, the combined effect of 

silicon additions and thermal processing on the microstructural evolution, mechanical response 

and electrochemical performance of Al–Mg alloys remains inadequately understood. In this 

work, the synergistic effects of silicon content (1.5–6 wt.%) and T6 heat treatment on the 

properties of Al-6.5Mg-xSi alloys were systematically investigated. 

Microstructural characterization using optical microscopy as well as scanning electron 

microscopy and X-ray diffraction revealed that increasing silicon content significantly alters the 

morphology and distribution of the Mg₂Si phase. With higher silicon additions, the Mg₂Si phase 

evolves from coarse, flake-like particles into a finer, interconnected Chinese-script eutectic 

structure. These microstructural modifications contribute to a progressive increase in hardness 

through the formation of strengthening intermetallic phases. 

Electrochemical characterization was performed in a 3.5 wt.% NaCl environment to assess the 

stability of the investigated alloys. Long-term corrosion rates were determined via weight loss 

measurements and corrosion kinetics were analyzed using potentiodynamic polarization 

techniques. Anode performance was assessed in accordance with the DNV-RP-B401 standard.  

The results indicate that silicon additions enhance depassivation behavior and shift the operating 

potential toward more electronegative values, which is desirable for sacrificial anode 

applications. However, silicon contents exceeding 1.5 wt.% were found to increase corrosion 

susceptibility due to intensified micro-galvanic interactions between the α-Al matrix and 

intermetallic phases. The application of T6 heat treatment effectively mitigates this drawback by 

dissolving coarse as-cast constituents and promoting the precipitation of fine, uniformly 

distributed Mg₂Si particles. This treatment also alters the corrosion mode from localized pitting 

to more uniform dissolution, a critical requirement for stable and predictable anode consumption. 
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The present investigation demonstrates that a balanced combination of silicon content and heat 

treatment is critical for achieving stable electrochemical behavior and prolonged service life in 

Al-Mg-Si sacrificial anodes. These insights contribute to a deeper understanding of composition-

microstructure-corrosion relationships relevant to marine cathodic protection systems. 
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INTRODUCTION 

CHAPTER 1                                         

INTRODUCTION 

1.1 Overview 

This chapter explores the concept of corrosion, its financial implications and various prevention 

techniques, including cathodic protection and the use of sacrificial anodes. A specific focus is 

placed on aluminum as a sacrificial anode, with a detailed discussion on its passivation and 

depassivation through processes such as heat treatment, and alloying. The chapter also outlines the 

motivation, objectives, and scope of the research, ending with an overview of the thesis structure. 

1.2 Background 

Corrosion is a naturally occurring process in which a refined metal undergoes chemical or 

electrochemical interactions with its environment, leading to gradual material degradation and 

transformation into more stable compounds such as oxides, hydroxides, or salts.[1] 

Electrochemical corrosion specifically refers to metal oxidation caused by oxidizing agents such 

as oxygen, hydrogen ions, or hydroxide ions, resulting in the formation of metal oxides or salts.[2] 

Localized and uniform corrosion occurs due to diffusion-controlled reactions, primarily affecting 

exposed surfaces. While passivation and chromate conversion coatings are widely used techniques 

to reduce surface reactivity and enhance corrosion resistance [3], some corrosion mechanisms 

remain complex and unpredictable in their onset and progression. 

Figure 1.1 illustrates schematic diagram of basic corrosion cell. In a corrosion cell, a localized 

anodic region forms on the metal surface, where oxidation occurs, releasing electrons into the 

metallic structure.[4] These electrons travel to a corresponding cathodic site, where they participate 

in the reduction of oxygen, facilitated by hydrogen ions (H⁺) present in the environment.  
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Figure 1.1 Basic corrosion Cell. 

During corrosion process below reaction occurs[2]; 

 Anodic Reaction (Oxidation at the Anode) 

At the anode, the metal undergoes oxidation, losing electrons and forming metal ions: 

              M→ Mn+ + ne−                                 Equation 1 

 Cathodic Reaction (Reduction at the Cathode) 

The released electrons travel to the cathode, where they participate in the reduction of oxygen, 

facilitated by hydrogen ions 

              In acidic conditions (low pH): 

O2 + 4H+ + 4e− → 2H2O                      Equation 2 

             In neutral or alkaline conditions: 

O2 + 2H2O + 4e−→ 4OH−                  Equation 3 

 Electron Flow 

Electrons (e−) move from the anode (where oxidation occurs) through the metallic path to the 

cathode (where reduction occurs). This movement of electrons drives the electrochemical 

reactions. 

 Electrolyte (Moisture/Atmospheric Conditions) 

The presence of moisture (H₂O) and dissolved gases like carbon dioxide (CO₂) leads to the 

formation of carbonic acid: 

CO2 + H2O → H2CO3                         Equation 4 
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Understanding different corrosion mechanisms is crucial for reducing maintenance costs, 

extending the lifespan of metallic structures, and ensuring operational safety in engineering 

applications. Figure 1.2 illustrates the various forms of corrosion, which often overlap in real-

world scenarios, include [1]: 

 

Figure 1.2 Illustrates the various forms of corrosion. 

1.3 Economic Impact of Corrosion and Prevention Strategies 

Corrosion remains a significant economic challenge worldwide, causing financial losses across 

industries. Estimates suggest that globally, corrosion-related expenses account for nearly 3.4% of 

the world’s GDP, totaling approximately $2.5 trillion annually. In India, corrosion-related losses 

are estimated to be around 2-3% of the national GDP each year, amounting to roughly ₹2 lakh 
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crore.[5] Implementing effective corrosion prevention measures could help reduce these losses by 

15-35% annually. 

1.3.1 Pipeline Transportation & Corrosion Control 

Pipelines, both offshore and underground, serve as an essential mode of transportation for 

hydrocarbons and other materials. Engineers India Limited (EIL) recommends their use due to 

efficiency and cost-effectiveness. According to the Ministry of Petroleum and Natural Gas, India 

has approximately 15,000 km of operational pipelines, with corrosion responsible for 22% of 

pipeline failures. Cathodic protection is the primary method used to mitigate pipeline corrosion, 

extending their lifespan and reducing maintenance costs. 

1.3.2 Corrosion Costs in the United States 

Corrosion has also been a topic of extensive research in the United States. A 2002 study by the 

Federal Highway Administration estimated that corrosion costs represented 3.1% of the U.S. GDP, 

amounting to approximately $276 billion per year. Over time, inflation and aging infrastructure 

have likely increased these costs[6]. 

In this research, the U.S. economy was segmented into five main categories comprising 26 

individual sectors. Corrosion-related expenses were estimated for each sector, and when 

aggregated, the annual cost for the industries analyzed amounted to $137.9 billion. Figure 1.3 

displays how these expenses are distributed among the five categories. Since the study did not 

cover every industry, the overall economic impact of corrosion on the U.S. economy is expected 

to be higher than $137.9 billion. [6] 

 

Figure 1.3 Annual Corrosion Cost Breakdown by Sector Categories ($137.9 Billion).[6] 
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Breakdown of this sector corrosion cost is as per Table 1.1. The data highlights how different 

industries, including infrastructure, production & manufacturing, transportation, and utilities, are 

impacted by corrosion-related expenses. Notably, utilities incur the highest cost ($47.9 billion), 

followed by transportation ($29.7 billion), and infrastructure ($22.6 billion). 

Table 1.1 Summary of Corrosion-Related Costs by Sector in the U.S. Economy [6] 

Sector Sum of Value (Billion $) 

 Infrastructure 22.6 

Gas & Liquid Transmission Pipelines 7 

Hazardous Materials Storage 7 

Highway Bridges 8.3 

Waterways & Ports 0.3 

Production & Manufacturing 12.8 

    Chemical, Petrochemical, and 

Pharmaceutical 

1.7 

     Oil & Gas Exploration and Production 1.4 

     Petroleum Refining 3.7 

    Pulp and Paper 6 

Transportation 29.7 

Aircraft 2.2 

Hazardous Materials Transport 0.9 

Motor Vehicles 23.4 

Railroad Cars 0.5 

Ships 2.7 

Utilities 47.9 

Drinking Water & Sewer Systems 36 

Electrical Utilities 6.9 

Gas Distribution 5 
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1.3.3 Industrial Efforts to Combat Corrosion 

Among various industries, the automotive sector has made the most significant progress in 

corrosion prevention. This has been achieved through the use of coated metals, stainless steel, 

advanced finishes, and material innovations that enhance durability while reducing corrosion-

related expenses. Studies indicate that improved practices have helped eliminate about 35% of 

avoidable corrosion costs in the automotive industry. 

The pipeline, aircraft, and shipbuilding industries have also adopted better materials and protective 

technologies, resulting in reduced repair and maintenance costs. However, despite advancements, 

the overall financial impact of corrosion remains high. 

1.4 Strategies for Corrosion Mitigation 

Although industries have made notable improvements, corrosion still imposes a substantial 

financial burden. Continued research, the adoption of corrosion-resistant materials and the 

application of advanced protective technologies are essential to further reduce costs and enhance 

infrastructure durability worldwide.  

Preventing corrosion requires a multifaceted approach that includes the use of protective coatings, 

corrosion-resistant alloys, cathodic protection, corrosion inhibitors, proper design and material 

selection, environmental control and regular maintenance. Implementing these methods can 

significantly reduce the economic impact of corrosion, extend the lifespan of materials, and ensure 

safety across various industries. 

1.4.1 Protective Coatings 

Protective coatings are one of the most widely used methods to prevent corrosion. They act as a 

barrier between the metal and the corrosive environment. 

Organic Coatings: These include paints, varnishes, and lacquers. They provide a physical barrier 

and can be enhanced with corrosion inhibitors. According to the U.S. Department of Commerce 

Census Bureau, the total annual cost for organic coatings in the U.S. was estimated at $108.6 

billion in 1998.[6] 
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Figure 1.4 Application of paint as coating  

Metallic Coatings: Techniques like galvanizing, where a layer of zinc is applied to steel, are 

common. Hot-dip galvanizing and electroplating are effective methods for providing sacrificial 

protection. The market for metallizing and galvanizing in the U.S. was estimated at $1.4 billion in 

1998.[6] 

1.4.2 Corrosion-Resistant Alloys  

Alloying is a well-established technique for improving the corrosion resistance of metals by 

introducing specific elements into their structure. Incorporating elements such as chromium, 

nickel, and molybdenum into base metals like iron or steel enhances their ability to resist 

degradation in corrosive environments. A notable example is stainless steel, which contains at least 

10.5% chromium. This chromium reacts with oxygen to form a thin, stable, and self-repairing 

chromium oxide layer (Cr₂O₃) on the surface. This passive layer acts as a protective barrier, 

inhibiting further oxidation and corrosion of the metal beneath. The performance of this protective 

layer depends on factors such as the alloy's composition, environmental conditions, and the 

stability of the oxide film.[7,8] 

1.4.3 Corrosion Inhibitors 

Corrosion inhibitors are chemical compounds that, when added in small concentrations to a 

corrosive environment, significantly reduce the rate of metal degradation. These inhibitors 

function by forming a protective barrier on the metal surface, altering the electrochemical reactions 
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that cause corrosion.[1] Their application is widespread in industries such as oil and gas, water 

treatment, power generation, and manufacturing. 

1.4.4 Environmental Control 

Environmental control is a proactive approach to corrosion prevention that involves modifying the 

conditions of the surrounding environment to reduce the likelihood of corrosion. This method 

focuses on controlling factors such as temperature, humidity, pH, and the presence of corrosive 

agents like oxygen, chlorides, or sulfur compounds. For instance, in industrial settings, 

dehumidifiers can be used to lower moisture levels, thereby minimizing the risk of electrochemical 

reactions that lead to corrosion. Similarly, controlling the pH of a solution to maintain a neutral or 

slightly alkaline environment can significantly reduce the corrosion rate of metals. Another 

common practice is the use of inhibitors, which are chemical additives that interact with the metal 

surface or the environment to slow down or prevent corrosion.[1] 

1.4.5 Proper Design and Material Selection 

Proper design and material selection play a critical role in minimizing corrosion and extending the 

service life of structures, machinery, and components. By integrating corrosion-resistant materials 

and implementing smart design strategies, industries can significantly reduce maintenance costs 

and improve safety. 

1.4.6 Proper Design 

Effective corrosion prevention begins with designing components and structures that minimize 

exposure to corrosive elements. Key principles include[2]: 

a. Avoiding Crevices and Trapped Moisture 

b. Reducing Galvanic Corrosion Risks 

c. Ensuring Proper Coating Application 

d. Optimizing Structural Design 
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1.4.7 Selection of Corrosion-Resistant Materials 

Material selection is a key factor in corrosion prevention. Industries choose materials based on 

environmental conditions, operational requirements, and cost-effectiveness.[1] 

1.4.8 Cathodic Protection 

Cathodic protection (CP) is a proven electrochemical method used to prevent corrosion in metal 

structures, particularly those exposed to soil, water, and industrial environments. It works by 

converting the metal surface into a cathode through the application of an external current 

(Impressed Current Cathodic Protection - ICCP) or by using a sacrificial anode (Sacrificial Anode 

Cathodic Protection).[2] This method is extensively utilized in protecting pipelines, underground 

tanks, marine structures, and ship hulls from corrosion. CP is commonly applied in industries such 

as pipelines, marine vessels, underground storage tanks, and offshore structures. [1,2,8] There are 

two types of cathodic protection methods as explain below; 

1.4.8.1 Impressed Current Cathodic Protection (ICCP) 

ICCP uses an external DC power source to apply a protective current to the structure. Durable 

anodes such as graphite, platinum, or mixed metal oxides (MMO) are utilized, minimizing material 

consumption as shown in Figure 1.6[9], ICCP is highly effective in protecting large structures such 

as underground pipelines. To improve its efficiency, isolation kits are frequently used to divide 

pipelines into smaller sections and insulate the flanges at connection points, ensuring better 

corrosion prevention. [10] 

 

Figure 1.5 Schematic set up of Impressed Current Cathodic Protection. 
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1.4.8.2 Sacrificial Anode Cathodic Protection (SACP) 

This method involves attaching more reactive metals like magnesium, zinc, or aluminium to the 

structure needing protection. These anodes corrode preferentially, shielding the main structure 

from deterioration. SACP is widely used in marine applications, buried pipelines, and offshore 

installations.  This method is widely used in the oil and gas industry, where aluminium sacrificial 

anodes are installed on steel components to enhance corrosion resistance.[11] Hot-dip 

galvanization is another example, where steel is coated with zinc, forming a protective layer that 

sacrifices itself to shield the underlying metal from corrosion. 

 

Figure 1.6 Schematic set up of sacrificial anode Cathodic Protection of pipeline. 

In this system, the metal requiring protection functions as the cathode, while a more reactive metal 

or alloy with a higher electrochemical potential serves as the anode. Through a redox reaction, the 

anode oxidizes and gradually corrodes, while the cathode remains protected from deterioration. 

This process effectively shifts corrosion from the protected metal to the sacrificial anode.[2,12] 

The anode is connected to the structure using lead wires or cast-m straps, which can be secured 

through welding or mechanical fastening. 

Commonly used sacrificial anode materials include aluminum (Al), magnesium (Mg), and zinc 

(Zn), each selected based on the specific environmental and operational conditions.[1,4] 
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a) Zinc (Zn) Anodes 

Zinc anodes are widely used in seawater applications due to their stable electrochemical behavior 

and consistent output. These anodes provide reliable protection for ship hulls, offshore structures, 

and pipelines. A typical zinc anode composition includes[13]: 

 Zinc (Zn): Balance 

 Aluminum (Al): 0.4 – 0.6% 

 Cadmium (Cd): 0.075 – 0.125% 

 Iron (Fe): ≤ 0.005% 

 Copper (Cu): ≤ 0.006% 

b) Magnesium (Mg) Anodes 

Magnesium anodes are ideal for environments with high electrical resistivity, such as soil and 

freshwater systems. These anodes generate a high driving voltage, making them effective for 

protecting buried pipelines and storage tanks.[14–16] A standard magnesium anode composition 

includes: 

 Magnesium (Mg): Balance 

 Manganese (Mn): 0.5 – 1.3% 

 Aluminum (Al): ≤ 0.01% 

 Zinc (Zn): < 0.01% 

 Silicon (Si): < 0.1% 

 Copper (Cu): ≤ 0.004% 

c) Aluminum (Al) Anodes 

Aluminum-based anodes are commonly used in marine applications due to their high efficiency 

and lightweight nature. They are alloyed with trace elements to enhance performance and 

longevity. A typical aluminum anode composition includes: 

 Aluminum (Al): Balance 

 Zinc (Zn): 4.0 – 6.5% 

 Indium (In): 0.014 – 0.020% 

 Silicon (Si): 0.08 – 0.21% 

 Iron (Fe): ≤ 0.090% 

 Copper (Cu): ≤ 0.005% 
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Sacrificial anodes offer several advantages 

 Easy Installation – Sacrificial anodes can be installed without requiring an external 

power source, making them convenient for various applications[17] 

 Minimal Maintenance – These anodes function passively and do not require 

continuous monitoring, reducing maintenance efforts [4] 

 Reliable Corrosion Protection – As long as the anode remains active, it effectively 

protects the metal structure by corroding in place of the protected surface [18] 

 No Risk of Overprotection – Unlike impressed current systems, sacrificial anodes 

naturally regulate the protection level, preventing damage due to excessive current[2] 

 Ideal for Remote Locations – Since they operate independently of electricity, they are 

well-suited for isolated areas where power access is limited [1] 

 Cost-Effective for Small Structures – Sacrificial anodes are economically viable for 

protecting smaller assets such as pipelines, water heaters, and ships[17] 

Some of the drawback of Sacrificial anodes; 

 Finite Lifespan – Once fully consumed, the anode must be replaced, leading to 

recurring costs[4] 

 Reduced Efficiency in High-Resistivity Environments – In soils or water with high 

resistivity, sacrificial anodes may not provide adequate protection, requiring additional 

anodes [18] 

 Bulky and Heavy for Large Systems – Larger infrastructure requires multiple anodes, 

increasing weight and space requirements [1] 

 Higher Costs for Extensive Applications – For large-scale infrastructure, such as long 

pipelines or offshore platforms, impressed current cathodic protection (ICCP) systems 

are often more cost-efficient [2] 

 Frequent Replacement Needs – Depending on environmental conditions, sacrificial 

anodes may degrade quickly, leading to repeated replacements and increased 

maintenance efforts [1] 

 Limited Adjustability – Unlike ICCP systems, sacrificial anodes do not allow precise 

control of protection levels, making optimization difficult [17] 
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1.5 Motivations 

Corrosion is a significant challenge across industries such as transportation, manufacturing, 

infrastructure, and utilities, leading to economic losses of nearly 3.5% of GDP (Rs. 2.0 lakh crore 

annually in India). However, effective corrosion protection measures can reduce these costs by 15-

35%, extending the lifespan of structures and equipment. Cathodic and anodic protection systems 

require substantial investment. In 1998, corrosion protection hardware sales totaled $146 million, 

with sacrificial anodes accounting for $60 million. The annual cost of replacing sacrificial anodes 

in water heaters and related replacements reached $1.24 billion, bringing the total yearly 

expenditure on cathodic and anodic protection to $2.22 billion (NACE International, 1998). 

Among corrosion control techniques, cathodic protection is widely recognized. The sacrificial 

anode method is preferred for its self-sufficiency, ease of installation, localized protection, and 

minimal interference with nearby structures. It is commonly used in marine engineering, oil and 

gas pipelines, underground storage tanks, and offshore structures. 

Aluminum and its alloys serve as effective sacrificial anodes, especially in marine environments, 

protecting ships, offshore platforms, and submerged structures. However, aluminum naturally 

forms a passive oxide layer when exposed to oxygen, which limits its effectiveness over time. To 

overcome this, research focuses on modifying aluminum’s composition and structure. Recent 

studies have reported conflicting conclusions regarding the influence of alloy composition, heat 

treatment, grain size, and microstructural characteristics on the electrochemical performance of 

aluminium sacrificial anodes. These inconsistencies are primarily attributed to differences in alloy 

chemistry, experimental methodologies, and testing conditions, highlighting the need for 

systematic investigations under controlled conditions to establish clear structure–property 

relationships.[19] One approach involves alloying aluminum with 6.5% magnesium and varying 

silicon content to disrupt passivation and improve electrochemical performance. Additionally, heat 

treatment methods have been investigated to modify the microstructure and secondary phases, 

enhancing electrochemical activity and improving aluminum’s effectiveness as a sacrificial anode. 
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1.6 Objective 

The present research is designed to address the identified research gaps and key challenges 

associated with aluminum-based sacrificial anodes. The electrochemical behavior of aluminum 

sacrificial anodes can be studied by adding magnesium and silicon with the following potential 

objectives. 

1) To fabricate aluminum-based sacrificial anodes alloyed with magnesium and silicon, with 

particular emphasis on the formation and distribution of the Mg₂Si phase for enhanced 

anodic performance. 

2) To examine the influence of heat treatment on the evolution and morphology of the Mg₂Si 

phase, and its role in modifying microstructural characteristics. 

3) To evaluate the synergistic effects of alloying and heat treatment on the microstructure, 

mechanical hardness, and electrochemical behavior of the developed Al-Mg-Si alloys. 

1.7 Scope 

The primary aim of this research is to improve the performance of Aluminum-6.5% Magnesium 

sacrificial anodes through two approaches: alloying with silicon (Si) and heat treatment. 

In the first approach, Si is incorporated into the Al-6.5% Mg alloy in varying concentrations (1.5%, 

3%, 4.5%, and 6% by weight) to evaluate its recovery in the developed alloy. The hardness of the 

resulting alloy is compared with pure aluminum to assess the individual effects of magnesium and 

silicon on mechanical properties. To analyze the impact of Si addition on microstructure and 

electrochemical behavior, optical and scanning electron microscopy (SEM) is utilized for 

microstructural characterization. X-ray diffraction (XRD) is performed to identify phase 

formations, while the corrosion behavior of both Al-6.5% Mg and the Si-alloyed samples is studied 

using weight loss method and potentiodynamic testing. The corrosion potential of the developed 

alloys is evaluated to determine improvements resulting from Si addition. 

The second approach focuses on the heat treatment of the developed alloy. The hardness and grain 

size of the heat-treated samples are measured and compared with the untreated alloy to assess the 

effects of heat treatment. Microstructural changes due to heat treatment are examined using optical 
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microscopy and SEM and their influence on corrosion behavior is analyzed using weight loss 

methods and potentiodynamic testing. The findings from these tests are compared to understand 

the impact of microstructural modifications on corrosion resistance. 

Finally, a comprehensive analysis is conducted to draw conclusions based on the results obtained 

from both alloying and heat treatment, highlighting their effectiveness in enhancing the 

performance of Al-6.5% Mg sacrificial anodes. 

1.8 Thesis Organization 

Chapter 1 Introduces the concept of corrosion, its definition, and its economic impact. Various 

corrosion prevention strategies, including protective coatings, corrosion-resistant materials, 

cathodic protection, inhibitors, optimized design, material selection, and environmental control, 

are discussed. The role of aluminum as a sacrificial anode is explored, along with its passivation 

and depassivation behavior. Additionally, the effects of alloying, Heat treatment and Cold working 

on corrosion resistance are examined. The chapter concludes with an outline of the research 

motivations, objectives, scope, and thesis structure. 

Chapter 2 reviews existing research on the corrosion of aluminum and its alloys. It covers 

fundamental corrosion mechanisms and different types of corrosion, such as pitting, intergranular 

corrosion, and stress corrosion cracking. The influence of alloy composition on corrosion 

resistance is analyzed, with a focus on elements such as magnesium, silicon, zinc, tin, titanium, 

lanthanum, silver, selenium, copper, zirconium, strontium, gallium, and bismuth. The impact of 

heat treatment on aluminum anodes is also discussed. Furthermore, research gaps in the field are 

identified to establish the need for further investigation. 

Chapter 3 details the methodology used in the study, including information on raw materials, 

casting processes, charge calculations, and furnace operations. The preparation of test samples and 

experimental setup are described. It also covers chemical composition analysis, mechanical 

property evaluation. Specific attention is given to hardness testing and microstructural 

characterization using optical and scanning electron microscopy. Corrosion rate assessments, 

including potentiodynamic polarization studies and standard weight loss measurements, are 
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discussed. Finally, the examination of corroded samples through pit size measurement and SEM 

analysis is presented. 

Chapter 4 presents the experimental results and discussion. It begins with the effect of silicon 

addition on the chemical composition and microstructure of Al–6.5%Mg alloys. Detailed 

microstructural characterization is carried out using optical microscopy, X-ray diffraction (XRD), 

and image analysis to evaluate phase formation, grain structure, phase volume fraction, Mg₂Si 

morphology, and the influence of T6 heat treatment. The chapter further examines the effect of 

silicon addition on hardness, corrosion behaviour through weight loss and potentiodynamic 

polarization studies, corrosion mechanisms, and the correlation between microstructure and 

electrochemical performance. Finally, the anodic performance of the developed alloys is evaluated 

in terms of anode capacity, consumption rate, efficiency, and post-test surface examination, with 

comparisons made between as-cast and heat-treated conditions. 

Chapter 5 highlights the major contributions of the research and presents the hypotheses 

developed based on the experimental findings. It summarizes the significant scientific 

contributions of the study and proposes hypotheses describing the influence of silicon content, 

Mg₂Si morphology, heat treatment, and microstructure–electrochemical interactions on the 

corrosion behaviour and sacrificial anode performance of Al–6.5%Mg alloys. 

Chapter 6 summarizes the major conclusions drawn from the experimental investigation. The 

chapter presents the key findings regarding the effects of silicon addition and T6 heat treatment on 

microstructure, hardness, corrosion behaviour, and sacrificial anode performance. It also outlines 

the scope for future research, including the influence of cold working, combined thermo-

mechanical processing, advanced electrochemical characterization, modelling approaches, and 

three-dimensional corrosion studies for further enhancement of aluminum sacrificial anode alloys. 
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CHAPTER 2                                           

LITERATURE REVIEW 

2.1 Overview 

This chapter provides a comprehensive review of the corrosion properties, mechanical behavior 

and microstructural characteristics of Aluminum-Magnesium-Silicon (Al-Mg-Si) alloys. The 

chapter discusses the basic phenomena of corrosion in Al-Mg-Si alloys, the types of corrosion they 

are susceptible to and the influence of alloy composition on their corrosion resistance. 

Additionally, the chapter reviews the effects of cold working, heat treatment and other processing 

techniques on the performance of Al-Mg-Si alloys, particularly in marine and industrial 

environments. The chapter concludes by identifying research gaps and summarizing the key 

findings from previous studies. 

2.2 Utilization of Aluminum as a Sacrificial Anode 

Aluminum is widely utilized as a sacrificial anode to protect carbon steel structures from corrosion, 

particularly in industrial, offshore and marine applications.[20,21] Its popularity is due to its 

excellent electrochemical properties, cost-effectiveness, and high efficiency in aggressive 

environments.[4] Figure 2.1 shows the aluminum sacrificial anodes. Aluminum anodes work by 

corroding preferentially to the protected metal, ensuring long-term structural integrity. 

 

Figure 2.1 Aluminum sacrificial anodes 
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Aluminum anodes are manufactured in different forms, including cast, extruded, and welded types, 

each designed for specific applications.[22] Extruded anodes are created by forcing a combination 

of aluminum and alloying elements through an extrusion process, resulting in a uniform shape and 

high structural integrity. Cast anodes are produced by pouring molten aluminum into pre-designed 

molds, making them ideal for large-scale applications such as ships and offshore structures. 

Welded anodes involve bonding an aluminum plate onto a steel surface, providing strong 

adherence and effective corrosion protection. The selection of an anode type depends on factors 

such as structural dimensions, environmental exposure, and operational requirements. Extruded 

anodes are particularly effective for protecting smaller components, whereas cast anodes are 

preferred for large marine and industrial structures. 

Aluminum is widely recognized for its corrosion-resistant properties and effectiveness as a 

sacrificial anode in cathodic protection systems. Its high electrochemical equivalent, excellent 

thermal and electrical conductivity, and cost-effectiveness make it a preferred choice for galvanic 

anode applications. [23] With a high anode capacity (2500 amp.hr/kg) and a low consumption rate 

(3.4 kg/amp.yr), aluminum provides long-lasting protection in seawater, freshwater, and brackish 

environments. Its moderate open circuit potential (-1.66V vs. SHE) ensures efficient corrosion 

prevention without excessive metal loss, while its density (2.70 gm/cc) contributes to its durability 

and stability in harsh conditions. These properties make aluminum an ideal choice for protecting 

marine structures, pipelines, and other corrosion-prone installations.  

Furthermore, aluminum anodes are readily available, easy to manufacture and highly effective in 

chloride-rich environments, enhancing their suitability for safeguarding ship hulls, underwater 

pipelines, and offshore rigs. Their long service life and efficiency in both high and low resistive 

mediums further reinforce their importance in industrial applications. These are some common 

applications of corrosion prevention in different sectors 

 Marine Industry: Used extensively to protect ship hulls, offshore platforms, and 

submerged metallic structures. 

 Oil & Gas Pipelines: Effective for protecting submerged and underground pipelines in 

saline environments. 
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 Storage Tanks and Heat Exchangers: Commonly used in industrial water storage tanks 

and cooling systems to prevent internal corrosion. 

 

Figure 2.2 Application of sacrificial anodes in various industry. 

2.3 Electrochemical Properties of Aluminum and its Alloys 

Pure aluminum exhibits unique electrochemical properties that make it a widely used material in 

corrosion protection and industrial applications. One of its most notable characteristics is its natural 

passivation, where aluminum spontaneously forms a thin, protective oxide layer (Al₂O₃) when 

exposed to oxygen. This oxide film enhances corrosion resistance by preventing further oxidation 

and significantly reducing aluminum's reactivity in neutral and mildly acidic environments. 

The presence of impurities or exposure to chloride-rich environments can lead to pitting corrosion, 

which compromises the protective oxide layer and accelerates localized corrosion. In aggressive 

environments, aluminum alloys with elements like zinc, indium or gallium are often preferred as 

they help prevent passivation and improve the material's electrochemical performance in cathodic 

protection systems.[24,25] 

2.3.1 Key Electrochemical Characteristics Affecting Anode Performance 

The performance of aluminium-based sacrificial anodes is influenced by several electrochemical 

characteristics: 
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2.3.1.1 Electrode Potential 

Electrode potential is a fundamental concept that dictates the direction and efficiency of 

electrochemical reactions. It is defined as the voltage difference between a given electrode and a 

standard reference electrode, typically the standard hydrogen electrode (SHE).[26] This potential 

reflects the tendency of a metal to either gain electrons (reduction) or lose electrons (oxidation). 

Metals exhibit different electrochemical behaviors depending on their surrounding environment. 

Two important reference systems help us understand and predict metal reactivity and corrosion: 

the Electromotive Force (EMF) Series and the Galvanic Series. While both rank metals based on 

their tendency to gain or lose electrons, they serve different purposes in electrochemical and 

corrosion science. 

The Electromotive Force (EMF) Series, also known as the electrochemical series, ranks metals 

according to their standard electrode potentials in aqueous solutions. The more negative the 

electrode potential, the greater the metal's tendency to lose electrons and undergo oxidation. As 

shown in Table 2.1, aluminum (Al) has a standard electrode potential of -1.66 V vs. SHE, placing 

it among highly reactive metals that readily corrode in most environments.[27] 

Table 2.1 Electromotive Force (EMF) Series - Standard Electrode Potential [27] 

Reaction Standard Electrode Potential (E°) vs. SHE 

(V) 

Fluorine (F₂ + 2e⁻ → 2F⁻) +2.87 V 

Gold (Au³⁺ + 3e⁻ → Au) +1.50 V 

Chlorine (Cl₂ + 2e⁻ → 2Cl⁻) +1.36 V 

Oxygen (O₂ + 4H⁺ + 4e⁻ → 

2H₂O) 

+1.23 V 

Silver (Ag⁺ + e⁻ → Ag) +0.80 V 

Copper (Cu²⁺ + 2e⁻ → Cu) +0.34 V 

Hydrogen (2H⁺ + 2e⁻ → H₂) 

(Reference) 
0.00 V 

Lead (Pb²⁺ + 2e⁻ → Pb) -0.13 V 



 

21 
 

LITERATURE REVIEW 

Iron (Fe²⁺ + 2e⁻ → Fe) -0.44 V 

Zinc (Zn²⁺ + 2e⁻ → Zn) -0.76 V 

Aluminum (Al³⁺ + 3e⁻ → Al) -1.66 V 

Magnesium (Mg²⁺ + 2e⁻ → 

Mg) 

-2.37 V 

Sodium (Na⁺ + e⁻ → Na) -2.71 V 

Potassium (K⁺ + e⁻ → K) -2.92 V 

Lithium (Li⁺ + e⁻ → Li) -3.05 V 

The significance of electrode potential in electrochemical reactions lies in its ability to predict the 

spontaneity of redox processes. A more negative electrode potential indicates a greater propensity 

for oxidation, making the material a suitable anode in cathodic protection systems. Conversely, a 

more positive potential suggests a tendency for reduction, characteristic of cathodic materials. 

Aluminum's position in the EMF series places it below many structural metals such as steel and 

copper, making it an excellent candidate for use as a sacrificial anode. However, in its pure form, 

aluminum develops a passive oxide layer (Al₂O₃) that limits its electrochemical activity and 

prevents it from being an effective sacrificial anode in many environments.[26]  

In real conditions, especially in seawater, metals behave differently than predicted by the EMF 

Series. The Galvanic Series provides an empirical ranking of metals based on their observed 

corrosion tendencies in specific electrolytes, particularly chloride-rich environments like seawater. 

[4] 

Table 2.2 Galvanic Series in Seawater. [4] 

Metal/Alloy Galvanic Behavior 

Magnesium & Magnesium Alloys Most Anodic (Active) 

Zinc  

Aluminum Alloys  
(Al-Zn, Al-Mg-In sacrificial anodes) 

 

Aluminum (Pure)  

Mild Steel, Cast Iron  

Low Alloy Steels  

Lead  



 

22 
 

LITERATURE REVIEW 

Brasses (Copper-Zinc Alloys)  

Copper  

Bronzes (Copper-Tin Alloys)  

Nickel-Copper Alloys (Monel 400)  

Stainless Steel (Active, Non-passivated)  

Silver Solder  

Nickel & High-Nickel Alloys  

Titanium  

Graphite  

Platinum, Gold  Most Cathodic (Noble) 

In the Galvanic Series as shown in Table 2.2, aluminum and its alloys exhibit different behavior 

depending on their composition. While pure aluminum is relatively corrosion-resistant due to its 

oxide film, aluminum-zinc alloys are engineered to be more active, making them ideal for use as 

sacrificial anodes in cathodic protection.[28] Although aluminum (-1.66V) is highly reactive in the 

EMF Series, in the Galvanic Series, its oxide film slows corrosion, making it behave less active 

than expected. In cathodic protection applications, aluminum and its alloys are often employed as 

sacrificial anodes due to their favorable electrochemical properties.  

2.3.1.2 Current Efficiency 

Current efficiency is a critical parameter in electrochemical applications, particularly in sacrificial 

anode performance and corrosion protection systems. It defines the effectiveness of a metal in 

converting electrical charge into actual material consumption during oxidation. In cathodic 

protection, higher current efficiency ensures that more of the anode’s material is actively used to 

protect the structure, reducing waste and improving system longevity [28]. 

To optimize the current efficiency of aluminum sacrificial anodes, it is essential to minimize oxide 

film formation, which can hinder effective metal dissolution. The addition of alloying elements 

such as zinc and indium helps maintain continuous activation in seawater, ensuring better 

performance. Aluminum alloys are widely preferred for sacrificial anodes due to their engineered 

compositions, which enable a consistent dissolution rate and high efficiency. In contrast, 
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magnesium anodes, although providing a higher driving voltage, exhibit lower current efficiency 

due to rapid dissolution and hydrogen evolution. Zinc anodes, while effective, have a lower energy 

capacity per unit mass compared to aluminum, making them less suitable for long-term 

applications. Several factors influence the efficiency of aluminum alloys, including alloy 

composition, where elements like indium, tin, or zinc prevent passivation; electrolyte conditions, 

as higher chloride concentrations enhance aluminum activation; and anode design, where larger 

surface areas improve utilization.[29] 

2.3.1.3 Corrosion Resistance 

While sacrificial anodes are designed to corrode, their lifespan and effectiveness depend on 

controlled corrosion rates. The addition of elements such as indium and gallium helps in activating 

the aluminum surface, preventing the formation of a non-conductive oxide layer, and ensuring 

consistent anode performance. 

2.4 Challenges and Performance Considerations 

2.4.1 Passivation of pure aluminium 

One of the primary challenges associated with aluminum sacrificial anodes is the formation of an 

oxide layer on the surface, which can lead to passivation and reduced effectiveness. Passivation is 

a widely used method to enhance the corrosion resistance of metals by forming a protective oxide 

layer on their surface. In the case of pure aluminum, passivation occurs naturally when the metal 

is exposed to air or moisture, resulting in the development of a thin, adherent aluminum oxide 

(Al₂O₃) layer. According to Pourbaix diagrams, aluminum oxide is a thermodynamically stable 

compound. The Pilling-Bedworth Ratio (PBR) for aluminum oxide is calculated to be 1.28, 

indicating that the oxide layer formed on the aluminum surface is denser than the underlying metal. 

This characteristic suggests that the oxide film provides a protective barrier, limiting further 

oxidation and influencing the corrosion behavior of aluminum. The formation and growth of the 

oxide layer on aluminum are influenced by various factors, including oxygen pressure, 

temperature, surface characteristics of the metal, and the presence of chemical elements within the 

alloy. These parameters determine the stability and protective nature of the oxide film, affecting 

the overall corrosion resistance and electrochemical behavior of aluminum in different 
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environments.[30] This oxide layer serves as a barrier, preventing further oxidation and shielding 

the underlying metal from aggressive environmental conditions. 

Aluminum passivation is particularly significant in industries where corrosion resistance is crucial, 

such as aerospace, automotive, and marine applications. The passivation layer helps aluminum 

maintain its structural integrity and durability even in harsh environments. [31] Additionally, 

anodization is a controlled method of passivation that enhances the protective oxide layer by 

applying an electric current in an electrolytic bath. This process increases the thickness and 

uniformity of the oxide layer, further improving aluminum’s resistance to wear and corrosion. 

Despite its advantages, aluminum passivation has certain limitations. The oxide layer can degrade 

in highly acidic or alkaline environments, leading to localized corrosion such as pitting or crevice 

corrosion. 

To mitigate passivation, it is essential to regulate key factors such as temperature, pH levels and 

the presence of specific ions in the electrolyte.[32] If the pH or temperature is too high, the oxide 

layer can become denser and more resistant to breakdown, reducing the anode’s electrochemical 

activity. Similarly, the presence of certain ions, such as chlorides or sulfates, can influence the 

stability of the oxide film. Maintaining optimal electrolyte composition and controlling the 

surrounding environmental parameters can help prevent excessive passivation, ensuring the 

continued effectiveness of aluminum anodes. 

2.4.2 Depassivation of Pure Aluminium 

Depassivation involves the removal or disruption of the protective oxide layer on a metal surface, 

such as aluminum, to enhance its corrosion activity. The processes of passivation and 

depassivation in pure aluminum are critical factors that influence its effectiveness as a sacrificial 

anode in cathodic protection systems.[30] The ability of aluminum to form and break down its 

oxide layer directly impacts its electrochemical activity and overall performance in corrosion 

prevention. This process is particularly significant in applications like sacrificial anodes in 

cathodic protection systems, where aluminum's ability to corrode is utilized to protect other metals. 

Several techniques can achieve depassivation of aluminum and improve their electrochemical 

performance. 
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2.5 Methods to Improve the Electrochemical Behavior of Aluminum Anodes 

2.5.1 Alloying 

Specific chemical agents can dissolve or disrupt the oxide layer, effectively depassivation the 

surface. Alloying involves adding specific elements to aluminum to enhance its properties, 

including its corrosion resistance. For instance, incorporating manganese into aluminum increases 

strength through solution strengthening and improves strain hardening while not appreciably 

reducing ductility or corrosion resistance.  

Similarly, adding magnesium to aluminum increases strength through solid solution strengthening 

and improves strain hardening ability. [33] These alloys are the highest-strength non-heat-treatable 

aluminum alloys and are therefore used extensively for structural applications.  

Some alloying elements can decrease corrosion resistance. For example, the introduction of copper 

to aluminum can reduce ductility and corrosion resistance. Therefore, the selection of alloying 

elements must be carefully considered to balance the desired mechanical properties and corrosion 

resistance. 

The impact of various alloying elements on aluminium alloys has been widely researched, 

particularly in relation to corrosion resistance, anode efficiency, microstructural modifications, and 

mechanical properties. When introduced in specific amounts, these elements significantly alter the 

alloy’s structure, enhance its performance, and influence its electrochemical characteristics. 

The Table 2.3 provides an overview of how different alloying elements affect aluminium alloys, 

as reported in various studies. It outlines their role in phase formation, grain structure refinement, 

corrosion behavior, and improvements in anode efficiency. 

Table 2.3 Summary of the Effects of Alloying Elements on Aluminium Alloys. 

Sr 

No. 

Alloying 

Element 
Effect of Alloying Element Reference 

1 Zinc (Zn) Increases anode efficiency up to 86.59% at 6% Zn; forms 

β phase that enhances dissolution of Al matrix 

[34],[35],[36]

[37] 
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2 Tin (Sn) Forms Sn globules that act as nucleation sites for 

corrosion, increasing anode efficiency to 98.65% at 0.1% 

Sn 

[36][38] 

3 Titanium 

(Ti) 

Acts as a grain refiner, forms TiAl₃ phase, improves 

uniformity, reduces intergranular corrosion 

[39] 

4 Titanium 

(Ti) & 

Magnesium 

(Mg) 

Forms TiAl₃ and MgZn₂ particles, increases galvanic 

corrosion, improves uniformity 

[35],[36],[40] 

5 Titanium 

(Ti) & 

Zirconium 

(Zr) 

Acts as grain refiners, reduces segregation, improves 

uniformity and anode performance 

[36] 

6 Silicon (Si) Forms fine-grain structure, reduces Zn segregation, 

improves corrosion uniformity 

[41], [19], 

[20] 

7 Lanthanum 

(La) 

Forms Al₂LaZn₂ phases, inhibits grain growth, improves 

uniformity and dissolution of Al matrix 

[25], [36] 

8 Gallium 

(Ga) & 

Bismuth 

(Bi) 

Reduces grain boundary precipitates, improves 

uniformity and dissolution [42] 

[36] 

9 Titanium 

(Ti) & 

Strontium 

(Sr) 

Ti refines grain, Sr modifies Al structure, improves anode 

efficiency from 77% to 87% 

[36] 

[43] 

10 Silver (Ag) Improves corrosion resistance, increases hardness and 

strength but reduces current capacity 

[44] 

11 Selenium 

(Se) 

Forms inclusions improving metallography, increases 

anode efficiency to 90% at 0.5% Se 

[45] 
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12 Gallium 

(Ga) & Zinc 

(Zn) 

Reduces corrosion potential by 0.1-0.5V, improves anode 

efficiency 

[46] 

13 Tin (Sn) & 

Magnesium 

(Mg) 

Sn shifts potential from -0.92V to -1.1V, Mg refines grain 

size from 150-200 µm to 70-100 µm 

[47] 

14 Copper 

(Cu) 

Weakens oxide film, increases pit formation, decreases 

corrosion resistance 

[47][48] 

Several research studies indicate that alloying elements play a crucial role in enhancing the 

performance of aluminum anodes. This summary highlights key findings from various studies, 

focusing on how alloying additions influence the dissolution of the α-aluminum matrix in binary 

(Al-X, where X = Zn, Mg, Fe, Sn, Ti, etc.) and ternary (Al-X-Y, where X and Y = Zn, Mg,Si Fe, 

Sn, Ti, etc.) compounds to improve electrochemical efficiency. The investigation by Muazu A. and 

Yaro S. A. examines the effect of zinc addition (1-8 wt%) on aluminum's performance as a 

sacrificial anode in seawater. The findings reveal that increasing zinc content enhances anode 

efficiency, with the highest efficiency observed at 6% Zn. Pure aluminum exhibited an efficiency 

of 21.23%, while the Al-6%Zn alloy achieved 86.59%. This improvement is attributed to the 

formation of the β-phase, which facilitates the breakdown of the passive film, thereby enhancing 

the performance of the aluminum anode in seawater. [34] The study by S. Lameche-Djeghaba, et. 

al. explores the electrochemical behavior of pure aluminum and Al–5%Zn alloy in a 3% NaCl 

solution. The findings indicate that the Al–5%Zn alloy, when coupled with carbon steel, provides 

better protection compared to pure aluminum. Additionally, the study examines the effect of 

temperature on the electrochemical performance, highlighting the enhanced corrosion resistance 

of the alloy under varying condition. Yaya Zheng et.al examines the intergranular corrosion (IGC) 

of Al-Mg-Si alloys with varying silicon content. The findings reveal that IGC susceptibility is 

primarily influenced by the high electrochemical potential difference between MgSi particles and 

solute-depleted zones. Additionally, an excess of silicon increases IGC susceptibility due to the 

higher presence of MgSi precipitates along grain boundaries, which accelerates corrosion.[49] 



 

28 
 

LITERATURE REVIEW 

Table 2.4 highlights the influence of various alloying elements and environmental conditions on 

the performance of aluminum sacrificial anodes, providing insights into optimizing their 

composition for enhanced corrosion protection. 

Table 2.4 Effect of Alloying Elements on the Performance of Aluminum Sacrificial Anodes. 

Alloy and Element 

Used 

Analysis 

Environment 

Observations Reference 

Al-Zn-Sn with MnO₂ 

incorporation 

Seawater simulation MnO₂ addition 

improved galvanic 

efficiency and 

promoted uniform 

corrosion. 

Shibli & Binoj, 2009 

[50] 

Al-5% Zn-0.02% In 

with Ti and Zr 

additions 

3 wt.% NaCl solution Optimal Ti (0.03–

0.05 wt.%) and Zr 

(0.05 wt.%) 

enhanced anode 

efficiency and 

current capacity. 

Sina et al., (2006) 

[43] 

 

Al-Bi-Ga-Pb-In and 

Al-Bi-Ga-Sn-In 

alloys 

Seawater, freshwater, 

and soil 

environments 

Al-Bi-Ga-Sn-In 

alloys exhibited 

better dissolution 

morphology; Bi 

content influenced 

corrosion rate and 

current efficiency. 

Liu et al., 2024 [51] 

Al-5% Zn-0.015% 

In-0.1% Si with Ti 

addition 

NACE standard 

TM0190-2012 setup 

Ti addition increased 

electrochemical 

capacity up to 2,747 

Ah/kg. 

Worasaen & 

Mungsantisuk, 2017 

[52] 

Al-Ga-In with 

varying Bi content 

Electrochemical 

testing setups 

Optimal Bi content 

shifted open-circuit 

Liu et al., 2024 [53] 
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potential negatively 

and promoted 

activation 

dissolution; 

excessive Bi led to 

uneven dissolution 

and reduced 

efficiency. 

Al with Ti and Sr 

additions 

Electrochemical 

testing setups 

Ti addition (0.03 

wt.%) improved 

anode efficiency and 

current capacity; Sr 

effects were also 

evaluated. 

M. Saremi.et.al 2004 

[54] 

Al alloys with Zn, 

Sn, Mg, Cu, Fe, and 

Si additions 

Corrosion behavior 

analysis 

Alloying elements 

significantly 

influenced 

morphology and 

corrosion behavior of 

aluminum alloys. 

Ahmed M, et.al 

2010[55] 

Mg and Mg-Al 5% 

Zn metal-rich 

primers 

0.6 M NaCl solution Mg-Al 5% Zn primer 

maintained negative 

open-circuit potential 

Korjenic A et.al 2024 

[56] 

Al-Zn-Mg (6 % 
to11%)  

3.5 wt% NaCl 

solution 

The formation of 

Al₂Zn₃Mg₃ has been 

observed, and with 

8.5% Mg addition, 

there is a noTable 

enhancement in 

anode current 

capacity 

Orozco et al.(2007) 

[57]  
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Al-Zn-In-Mg-Ti  
with Si (0.1%)  

3.5 wt% NaCl  Formation of Mg2Si 
is observed and fine 
grain formation leads 
to improved 
corrosion uniformity  

Wen et al.(2011) [41]  

The selection and precise composition of these elements directly influence the corrosion resistance, 

anode efficiency and microstructural modifications of aluminum alloys used in sacrificial 

applications.  

2.5.2 Heat Treatments  

Heat treatment plays a crucial role in modifying the mechanical properties of aluminum alloys for 

specific applications. Optimizing parameters such as solution temperature, quenching rate, and 

aging conditions is essential to achieving desired strength, toughness and corrosion resistance.  

Applying heat can alter the oxide layer's structure or composition, leading to its breakdown and 

removal. For aluminum, this process can help reduce its reactivity and improve corrosion 

resistance by minimizing the oxide layer on its surface. One effective heat treatment method is 

annealing, where aluminum is heated to a specific temperature and maintained at that level for a 

set period.[48] This facilitates recrystallization, reducing internal defects and dislocations within 

the material, thereby enhancing its overall properties.[48] 

Another widely used technique is solution heat treatment followed by quenching. In this method, 

aluminum is heated to a high temperature, allowing alloying elements and impurities to dissolve 

uniformly. [58] The material is then rapidly cooled by immersing it in water or oil, which helps 

refine its microstructure.[59] This process not only enhances mechanical properties but also 

contributes to reducing the oxide layer on the surface, ultimately improving corrosion resistance. 

Aging promotes the controlled precipitation of secondary phases, which strengthen the alloy by 

hindering dislocation movement. Aging can be: 

 Natural Aging (T4 condition): Alloy is stored at room temperature, allowing the slow 

formation of Guinier-Preston (GP) zones, which increase strength over time. 
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 Artificial Aging (T6 condition): Alloy is heated to 120–200°C for a controlled time to 

accelerate the precipitation of strengthening phases such as Mg₂Si (in 6xxx alloys) or Al₂Cu 

(in 2xxx alloys).[60] 

 Overaging (T7 condition): Extended aging at higher temperatures leads to coarser 

precipitates, reducing peak strength but improving stress corrosion resistance.[61] 

The choice of heat treatment method depends on the intended application and the specific 

characteristics desired in the aluminum material. Proper selection and execution of these processes 

ensure that aluminum maintains its strength, durability, and corrosion-resistant properties in 

various industrial applications. [62] 

The heat treatment process significantly influences the microstructure and properties of aluminum 

alloys by altering their strength, ductility, and corrosion resistance. Precipitation hardening 

enhances strength and hardness by refining the size and distribution of precipitates, making the 

alloy more resistant to deformation. However, overaging can reduce strength while improving 

fracture toughness and stress corrosion resistance, making the material more durable under 

prolonged use. Additionally, certain heat treatments, such as the T7 temper, enhance corrosion 

resistance by stabilizing precipitates and minimizing susceptibility to intergranular corrosion.[63]  

Table 2.5 comprehensive overview of how different aluminum alloys respond to specific heat 

treatment processes, highlighting the resulting effects on their properties 

Table 2.5 summarizing the effects of various heat treatments on different aluminum alloys. 

Alloy 
Heat 

Treatment 

Heat 
Treatment 
Parameters 

Effect on Properties Reference 

6061 
Aluminum 

Alloy 

Solution 
Treatment + 
Aging (T6) 

Solution 
treatment at 

529°C for 1, 3, 
and 5 hours; 

aging at 160°C 

Enhanced mechanical 
properties; variations in 
quenching media (water 
and oil) affect hardness 
and fatigue resistance 

[64] 

7050 
Aluminum 

Alloy 

Solution Heat 
Treatment 

Varying 
temperatures 

and times 

Grain growth behavior; 
microhardness reduction 
with prolonged time and 

elevated temperature 

[65] 

AlSi7Mg 
Alloy 

T6 Heat 
Treatment 

Solution 
treatment and 
artificial aging 

Improved tensile strength, 
elongation, and hardness; 

[66] 
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with optimized 
parameters 

optimization reduces 
treatment duration 

2024 
Aluminum 

Alloy 

Quenching 
and Aging 

Quenching at 
495°C; aging 
for five days 

Corrosion behavior and 
mechanical properties 

influenced; 
microstructural changes 

observed 

[63] 
 

Al–10Si–Mg 
Alloy 

Air-Cooling 
Heat 

Treatment 

Specific 
parameters not 

detailed 

Elimination of Mg₂Si 
skeletal phase; impact on 

mechanical properties 
[67] 

EN AC-
AlSi11(Fe) 

Alloy 

T6 Heat 
Treatment 

Solution 
treatment and 
artificial aging 
with varying 
temperatures 

and times 

Positive effect on 
mechanical properties; 

microstructural changes 
observed 

[68] 

TiB₂/2024Al 
Composites 

T4 and T3 
Heat 

Treatments 

Specific 
parameters not 

detailed 

Anisotropic behavior; T4 
shows good isotropy of 
yield strength; texture 
components weakened 

[69] 

6061 
Aluminum 

Alloy 

Precipitation 
Hardening 

Solution 
treatment 

followed by 
aging 

Increased yield strength 
due to formation of fine 

precipitates 
[70] 

Al–Li (8090) 
Alloy 

Solution 
Treatment + 
Aging (T6) 

Solution 
treatment at 

530°C, water 
quench, aging 

at 150°C for 16 
hours 

Enhanced strength due to 
δ' (Al₃Li) precipitates; 

reduced density 
[71] 

Al–Mn (3003) 
Alloy 

Annealing (O 
Temper) 

Heating to 
415°C, 

followed by 
slow cooling 

Improved ductility and 
formability; reduced 

strength 
[71] 

Al–Si–Cu 
(4032) Alloy 

Solution 
Treatment + 
Aging (T6) 

Solution 
treatment at 

500°C, 
quenching, 

aging at 170°C 
for 10 hours 

Increased hardness and 
wear resistance due to Si 

and Cu precipitates 
[71] 

Al–Mg (5083) 
Alloy 

Stabilization 
Anneal 

Heating to 
345°C, holding 
for 2 hours, air 

cooling 

Stress relief; improved 
dimensional stability; 
maintains corrosion 

resistance 

[71] 
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Al–Zn–Mg–
Cu (7050) 

Alloy 

Solution 
Treatment + 
Aging (T76) 

Solution 
treatment at 

475°C, 
quenching, 

two-step aging 
at 120°C and 

160°C 

Balanced strength and 
stress corrosion cracking 

resistance 
[71] 

Al–Cu–Li 
(2195) Alloy 

Solution 
Treatment + 
Aging (T8) 

Solution 
treatment at 
530°C, cold 

work, aging at 
155°C for 36 

hours 

High strength-to-weight 
ratio; improved fatigue 

resistance 
[71] 

Research studies continue to explore novel heat treatment techniques to further enhance the 

performance of aluminum alloys, particularly for aerospace, automotive, and structural 

applications. Understanding the relationship between alloy composition, heat treatment, and 

resulting properties remains essential for advancing material performance and expanding the 

potential applications of aluminum alloys in modern industries. 

2.5.3 Cold Working 

Cold working, also known as cold deformation or work hardening, involves the plastic deformation 

of metals at temperatures below their recrystallization point. This process not only augments the 

mechanical properties of aluminum alloys but also significantly influences their electrochemical 

behavior. Understanding the relationship between cold working and the electrochemical properties 

of aluminum alloys is crucial for optimizing their performance in specific environments. Several 

methods of cold working are commonly used, including: 

 Rolling – Reduces the thickness of aluminum sheets by passing them between rollers. 

 Drawing – Used to produce wires and tubes by pulling aluminum through a die. 

 Pressing and Forging – Deforms aluminum alloys into desired shapes using compressive 

force. 

 Shot Peening – Improves fatigue strength and corrosion resistance by introducing 

compressive stress on the surface. 
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Cold working can enhance or deteriorate corrosion resistance, depending on factors such as alloy 

composition, degree of deformation, and exposure conditions. It is widely used for disrupting the 

passivation layer on pure aluminium by introducing a high density of dislocations within the 

material. These dislocations act as nucleation sites for the initiation and growth of oxide films. 

Since the formation of an oxide layer serves as a protective barrier against corrosion, breaking this 

layer is essential for depassivation.[72] 

When aluminum undergoes cold working, its surface experiences structural modifications, making 

it rougher and more chemically active. This increased reactivity facilitates the formation of oxide 

films more easily. Consequently, cold working not only alters the material’s mechanical properties 

but also plays a significant role in regulating its surface behavior for applications where controlled 

oxidation is required.[36] 

Cold working influences the corrosion resistance of aluminum alloys through several key 

mechanisms: 

1) Microstructural Modifications: Plastic deformation introduces dislocations, grain 

refinement, and residual stresses, all of which can alter corrosion behavior. Grain 

boundaries, in particular, may act as preferential sites for localized corrosion.[73] 

2) Precipitation of Secondary Phases: Certain alloying elements, such as magnesium (Mg) 

and copper (Cu), can form secondary phases due to cold working. The precipitation of 

phases like β-Al₃Mg₂ along grain boundaries increases susceptibility to intergranular 

corrosion and stress corrosion cracking.[74] 

3) Texture Formation: Cold working can reorient grains, leading to electrochemical 

anisotropy, which affects corrosion behavior depending on the alloy and exposure 

environment.[73] 

The impact of cold working on the electrochemical properties of aluminum alloys has been widely 

studied, particularly in applications such as sacrificial anodes and aluminum-air batteries. Various 

researchers have explored different cold working techniques, including rolling, uniaxial 

compression, and thickness reduction, to enhance the corrosion resistance and electrochemical 

efficiency of aluminum-based materials. 
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Panagopoulos C. et al. conducted a study on the impact of cold rolling on the electrochemical 

properties of 5083 aluminum alloy, which is widely utilized in marine and structural applications 

due to its excellent corrosion resistance. Their research investigated the effects of 7% and 15% 

cold rolling reductions in a 3.5% NaCl solution, revealing significant microstructural 

modifications. The cold rolling process resulted in grain refinement and an increase in secondary 

intermetallic phases. While these changes contributed to improved microhardness, they also 

facilitated the formation of galvanic cells between the aluminum matrix and intermetallic phases. 

This galvanic coupling, in turn, led to an increased susceptibility to localized corrosion, 

highlighting the trade-off between mechanical strengthening and corrosion resistance in cold-

worked aluminum alloys.[75] 

Mauro Quaresma Lobato et al. conducted a comparative study on aluminum alloys with zirconium 

(Zr) and magnesium (Mg) additions, focusing on the influence of cold working on their corrosion 

resistance. Their findings indicated that while cold working enhanced the alloy's mechanical 

strength, it also promoted the precipitation of the β-Al₃Mg₂ phase. The presence of this phase at 

grain boundaries increased the material’s susceptibility to pitting and intergranular corrosion, 

demonstrating a trade-off between mechanical performance and electrochemical stability.[76] 

Wafa Taktak et al. investigated the effects of cold working on the 5754-aluminum alloy, which is 

widely used in automotive body panels. Their study revealed that plastic deformation influenced 

both the microstructural evolution and ductile fracture behavior of the alloy. While it maintained 

good overall corrosion resistance, the increase in dislocation density due to cold working created 

localized sites more prone to corrosion. These findings highlight the complex interplay between 

mechanical processing and electrochemical stability in aluminum alloys.[77] 

Y. P. Asmara et al. investigated the effect of cold working on the efficiency of aluminum sacrificial 

anodes, commonly used for corrosion protection of carbon steel structures. The study highlights 

that cold working enhanced the electrochemical performance of the anodes by increasing corrosion 

rates and shifting corrosion potentials to more negative values, which improved their sacrificial 

function. Microstructural analysis revealed that cold work introduced higher dislocation densities, 

reducing passive oxide layer formation and enhancing anodic dissolution.[78] 

Cold working emerges as a valuable technique for enhancing the electrochemical performance of 

aluminum alloys, particularly in corrosion protection applications. By introducing microstructural 
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modifications such as grain refinement, increased dislocation density and the precipitation of 

secondary phases, cold working significantly influences the corrosion behavior of Al-Mg alloys. 

Cold working generally enhances strength and refines grain structures, it may also introduce 

localized corrosion susceptibility due to increased dislocation density and secondary phase 

formation. The selection of appropriate cold working parameters, in combination with post-

processing treatments like annealing or heat treatment, is crucial for optimizing the performance 

of aluminium alloys for specific applications.  

Table 2.6 Summary of Research on the Effects of Cold Working on Aluminum Alloy. 

Researcher(s) Alloy Type 
Cold Working 

Parameters 
Effect of Cold Working 

Norafif et.al.[79] 
Pure Aluminum 

Anodes 

Rolling-type cold 

working, increasing 

deformation levels 

Enhanced anode performance 

due to refined microstructure 

and increased internal stress 

Harchegani et al. 

[80] 

AA1100, 

AA7050 

Aluminum 

Cold working compared 

to annealed state 

Negative corrosion potential 

observed, lower corrosion 

current density, improved 

electrochemical and anti-

corrosion behavior 

Asmara et al. 

[78] 

Aluminum 

Sacrificial 

Anode 

Reduction of thickness 

by 20% and 40% 

Increased corrosion 

performance with lower 

corrosion potential in 3% 

NaCl environment 

Boroujeny et al. 

[81] 
Al-Zn-In Alloy 

10-40% uniaxial 

compression followed 

by semi-solid treatment 

at 635-660°C for 40 

minutes 

Refined microstructure, 

enhanced anodic efficiency 

with 30% deformation and 

heat treatment at 650°C 
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Mistry et al.[82] Al-Mg Alloy Forging as cold working 

process 

Enhanced sacrificial anode 

efficiency due to refined grain 

structure 

Taktak et al.[77] 5754 Aluminum 

Alloy 

Cold rolling Altered ductile fracture behavior 

and increased localized corrosion 

sites 

 

2.6 6XXX Series Aluminum Alloy  

The 6XXX series aluminum alloys, primarily composed of aluminum, magnesium (Mg), and 

silicon (Si), are widely recognized for their excellent strength, corrosion resistance, and 

weldability. These alloys are extensively used in automotive, aerospace, and structural applications 

due to their balanced mechanical and electrochemical properties.[28] The presence of magnesium 

and silicon leads to the formation of Mg₂Si precipitates, which play a crucial role in age 

hardening.[83] The precipitation of these strengthening phases enhances the alloy’s strength 

through heat treatment, particularly in T6 temper conditions. Unlike the 5XXX series, which relies 

on solid solution strengthening, the 6XXX series benefits from precipitation hardening, making 

them highly suitable for structural and load-bearing applications. The ability to undergo 

precipitation hardening makes them highly desirable for applications requiring enhanced strength 

while maintaining good formability. 

The corrosion resistance of 6XXX series alloys is generally high due to the presence of a stable 

oxide layer. However, intergranular corrosion can occur due to the precipitation of Mg₂Si at grain 

boundaries, particularly in chloride-containing environments. Researchers have found that aging 

treatments can optimize corrosion resistance by controlling the distribution and size of precipitates. 

[84] Furthermore, surface treatments such as anodizing and alloy modifications with elements like 

Zn and Sn have been explored to improve electrochemical stability. 

Polmear et al. investigated the precipitation behavior of Mg₂Si phases in 6061 aluminum alloy and 

observed that artificial aging at optimal temperatures significantly improved hardness and tensile 

strength. The study also highlighted that excessive aging leads to over-precipitation, reducing 

mechanical performance due to the coarsening of Mg₂Si particles.[58] Additionally, it was found 

that proper aging conditions improve corrosion resistance by limiting the formation of anodic 

phases that could trigger localized corrosion. 
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2.6.1 Al-Mg-Si Phase Diagram 

The composition of 6XXX series aluminum alloys plays a crucial role in determining their 

mechanical and electrochemical properties. Factors such as microstructure, grain size, precipitate 

distribution, and crystallographic orientation significantly influence their overall performance.[85] 

These alloys are primarily composed of magnesium (Mg) and silicon (Si), making them heat-

treatable. The maximum solubility of Mg in the aluminum matrix reaches approximately 16.26 

atomic weight percent at 450°C, while Si exhibits a maximum solubility of 1.59 atomic weight 

percent at 1080°C.[35] 

When Mg and Si are present together, they form Mg₂Si precipitates, which are distributed along 

the grain boundaries, enhancing the alloy's mechanical strength and corrosion resistance.[86] The 

phase diagram of Al-Mg-Si alloys illustrates in Figure 2.3 shows the solubility limits of Mg and 

Si as a function of temperature, highlighting the formation of the Mg₂Si phase. The maximum 

solubility of Mg₂Si in aluminum is 1.85%, but it decreases with increasing temperature, impacting 

the precipitation-hardening behavior of the alloy. [85] 

The Al-Mg-Si phase diagram is essential in understanding the solidification behavior, phase 

stability, and precipitation characteristics of aluminum alloys containing magnesium (Mg) and 

silicon (Si). This system is particularly significant for 6XXX series aluminum alloys, which rely 

on precipitation hardening to enhance mechanical strength and corrosion resistance. The 

interaction between these three elements determines the formation of key phases such as Mg₂Si, 

which influences the alloy’s hardness, ductility, and thermal stability. 

 

Figure 2.3 Aluminium- Magnesium Silicide Phase Diagram. [85] 



 

39 
 

LITERATURE REVIEW 

The Al-Mg-Si phase diagram consists of several key phases that influence the properties of these 

alloys. The α-Al phase serves as the primary solid solution in which Mg and Si dissolve, 

contributing to solid solution strengthening.[58] The Mg₂Si phase acts as the main strengthening 

precipitate in 6XXX series alloys, forming during heat treatment to enhance hardness and strength 

through age hardening, with a maximum solubility of 1.85% at 450°C, decreasing as the 

temperature rises.[28] Additionally, the β phase exists as a metastable precursor to equilibrium 

Mg₂Si and plays a crucial role in strengthening T6 heat-treated aluminum alloys.[84] The Al₃Mg₂ 

intermetallic phase, which forms in high-magnesium alloys, can negatively impact corrosion 

resistance due to its tendency for selective dissolution.[87] Silicon-rich phases appear when excess 

Si is present, which may improve wear resistance but could reduce overall ductility.[88] 

Increasing the magnesium (Mg) content in Al-Mg alloys from 5 to 10 mass% has been shown to 

improve sacrificial protection.[89] As the concentrations of both Mg and silicon (Si) rise, the 

anodic polarization curve shifts toward a more negative potential with a corresponding increase in 

current. This shift is attributed to the presence of Mg₂Si phase, which plays a key role in enhancing 

sacrificial protection. The effectiveness of this protection increases as the proportion of Mg and Si 

in the alloy grows[90]. Due to the low solubility of Si in Mg, most Si atoms react with Mg to form 

the Mg₂Si intermetallic compound through a diffusion-driven process.[91] 

2.6.2 Electrochemical Behaviour of Mg2Si 

The Mg₂Si phase is composed of approximately 63.2% magnesium (Mg) and 36.8% silicon (Si) 

and crystallizes in a cubic structure with a lattice parameter ranging between 0.635 and 0.640 nm. 

This phase exhibits low solubility, has a density of 1.88 g/cm³, and melts at 1087°C. [85] 

The potentiodynamic scanning curves and associated corrosion parameters for α-Al (aluminum 

matrix), Mg₂Si, and Si are presented in Figure 2.4 and Table 2.7. The results indicate that Mg₂Si 

has the most negative corrosion potential, while Si exhibits the most positive corrosion potential. 

Additionally, the corrosion current density of Mg₂Si is significantly higher compared to α-Al and 

Si, suggesting that Mg₂Si is more prone to corrosion in the initial stages of the process.[92] 
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Figure 2.4 Potentiodynamic Scanning Curves of Individual Α(Al), Si And Mg2Si In 3.5% Nacl 

Solution At The Beginning.[92] 

Similar findings were reported by Buchheit et al. where potentiodynamic polarization tests 

demonstrated that the corrosion potential of Mg₂Si is significantly reduced.[89][90] Investigations 

using Scanning Kelvin Probe Force Microscopy (SKPFM) revealed that the Volta potential of 

Mg₂Si particles is 100 to 180 mV lower than the surrounding aluminum matrix, indicating that 

Mg₂Si behaves anodically relative to aluminum.[93]These observations suggest that Mg₂Si 

particles serve as preferential anodic sites in corrosion reactions. [94] 

Table 2.7 Corrosion parameters of α(Al), Mg2Si and Si in 3.5% NaCl Solution at the 
beginning [93] 

Phase SCE (V) 
α(Al) -0.8761 
Mg2Si -1.1598 

Si -0.5470 

Birbilis et al. observed that the Mg₂Si phase exhibits a significantly lower potential compared to 

the 6XXX series aluminum matrix, which typically ranges from -0.72 V to -0.75 V vs. SCE.[95] 

Their research in a 0.1 mol/L NaCl solution also confirmed that Mg₂Si particles possess a 

significantly more negative corrosion potential compared to the aluminum matrix. 

Furthermore, in regions with a high concentration of Mg₂Si particles, the open circuit potential 

(OCP) shifts to less negative values. This shift is attributed to the preferential dissolution of Mg 

from Mg₂Si in chloride environments, leading to the formation of SiO₂. As Mg dissolves, the 
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remaining particles become Si-enriched, making them more noble, which consequently shifts the 

OCP to a less negative value.[93] 

2.6.3 Morphology of Mg2Si 

There are several different morphologies for the eutectic Mg2Si in as-cast Al–Mg–Si alloys, as fig. 

9. Various researchers reported typical morphologies such as lamellar, rod, crossed and rooftop-

like, flake and curved. [[96] [97] [98] Figure 9, (a1) shows rod-like and intergranular lamellar 

Mg2Si, (b1) shows lamellar Mg2Si, (a2) shows flake like Mg2Si while (b2) shows rod like[97] 

Mg2Si morphology. 

 

Figure 2.5 Difference Morphology of Mg2Si Phase.[92] 

Li C, et al. highlighted that the Mg₂Si phase in Al-Mg-Si alloys significantly influences their 

mechanical properties and performance.[99] This phase can take on different morphologies, which 

affect the alloy’s strength, ductility, and toughness. The primary morphologies include coarse 

Chinese script structures, which tend to act as stress concentrators, leading to reduced ductility and 

toughness, and fine polygonal or spheroidal particles, which contribute to improved mechanical 

properties by enhancing both strength and ductility. 
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Zhang et al. (2022) emphasized that several factors influence the morphology of the Mg₂Si phase, 

with cooling rate being one of the most critical. A rapid cooling rate results in the formation of 

finer Mg₂Si particles, whereas slower cooling leads to coarser structures that are less desirable for 

mechanical performance. Liu et al. (2019) further explained that alloy composition plays a crucial 

role in shaping the Mg₂Si phase, and a well-balanced magnesium-to-silicon ratio promotes a more 

uniform dispersion of fine particles, leading to superior mechanical performance. Additionally, 

Ganesh M. et al.  demonstrated that the addition of alloying elements such as strontium (Sr) 

modifies the morphology of the Mg₂Si phase.[100] Their study showed that Sr additions transform 

the Mg₂Si phase from a coarse Chinese script structure into a fine fibrous form, ultimately 

improving the alloy’s mechanical properties. 

Zhu X et al.reported that the morphology of Mg₂Si directly affects the mechanical behavior of Al-

Mg-Si alloys.[101] Coarse Mg₂Si particles often serve as initiation sites for cracks, reducing the 

overall toughness and ductility of the alloy. In contrast, fine and uniformly distributed Mg₂Si 

particles act as effective barriers to dislocation movement without creating stress concentrations, 

thereby enhancing both strength and ductility. Therefore, controlling the morphology of the Mg₂Si 

phase through factors such as cooling rate, alloy composition, and modification with elements like 

Sr is essential for optimizing the properties of Al-Mg-Si alloys. A comprehensive understanding 

of these factors allows for the development of alloys with tailored mechanical properties to meet 

specific engineering requirements. 

The morphology of Mg₂Si changes with the solidification rate, transitioning from a lamellar to a 

rod-like structure at higher cooling.[97] Li, et al. and Shimosaka et .al research indicates that the 

addition of certain alloying elements can also modify the morphology of the eutectic Mg₂Si 

phase.[102][103] Studies by Tebib and Farahany found that elements such as Sr and Bi altered the 

eutectic Mg₂Si structure from flake-like to fibrous, commonly referred to as "Chinese script-like" 

morphology.[104][105] Similarly, Li (2020) observed that an increase in Ni content transformed 

flake-like eutectic Mg₂Si into a rod-like structure.[99] Additionally, Nordin et.al discovered that 

the presence of Sb increased the irregularity of flake-like eutectic Mg₂Si, leading to the formation 

of a distinct divorced eutectic microstructure.[79] 
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2.7 Effect of Mg in Al-Mg-Si alloy  

Magnesium (Mg) plays a crucial role in Al-Mg-Si alloys by influencing their microstructural 

characteristics and mechanical properties. According to Zhu et al, increasing Mg levels in these 

alloys affects the distribution of primary α-Al grains and Al-Mg₂Si eutectic phases, leading to a 

more uniform microstructure. A higher Mg concentration reduces the formation of coarse α-Al 

grains, which tend to accumulate in the center of cast samples, thereby decreasing microstructural 

inhomogeneity.[101] According to Zhu et al. (2018), increasing the Mg content in Al-Mg-Si alloys 

lowers the liquidus temperature, thereby suppressing the precipitation of coarse primary α-Al 

grains, which typically accumulate in the central region of the casting. This results in a more 

uniform microstructure, reducing inhomogeneity. 

 

Figure 2.6 Calculated equilibrium phase diagrams of Al–Mg–Si alloys with varying Mg 

content.[101] 
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As Mg levels rise, the eutectic point shifts towards a lower Mg₂Si concentration, leading to a slower 

eutectic growth rate. Consequently, the volume fraction of Mg₂Si in the eutectic region decreases, 

transforming the eutectic Mg₂Si morphology from rod-like or lamellar structures into curved flake-

like forms with increased eutectic spacing. This morphological change occurs due to the 

minimization of interfacial energy during solidification. 

Moreover, at high Mg concentrations (above 9.6 wt.%), primary Mg₂Si particles begin to 

precipitate. These particles, which exhibit sharp-edged polyhedral shapes, tend to act as stress 

concentration sites, adversely affecting the alloy’s mechanical performance. Additionally, 

increasing Mg levels enhances the strength of Al-Mg-Si alloys through solid solution strengthening 

and the formation of fine Mg₂Si precipitates that hinder dislocation movement. However, this 

improvement in strength comes at the expense of reduced ductility. 

 

Figure 2.7 Effect of Mg on Morphology of Mg2Si. [101] 

The morphology of the eutectic Mg₂Si phase also changes with varying Mg levels. As Mg content 

increases, the eutectic Mg₂Si transforms from a rod-like or lamellar structure into a curved flake-

like morphology with increased eutectic spacing as show in Figure 2.6. This transformation occurs 

due to the shift in the eutectic point towards a lower Mg₂Si concentration, which reduces the 

eutectic growth rate and results in a lower Mg₂Si volume fraction in the eutectic region. Despite 

these microstructural refinements, excessive Mg levels can lead to the precipitation of primary 

Mg₂Si particles, particularly at concentrations exceeding 9.6%. These primary Mg₂Si particles, 

which exhibit sharp-edged polyhedral shapes, can act as crack initiation sites, negatively impacting 

the alloy’s mechanical properties. [101] 

In terms of mechanical performance, increasing Mg content enhances the strength of Al-Mg-Si 

alloys but at the cost of reduced ductility as shown in Figure 2.7. The strengthening effect arises 
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from solid solution strengthening and the formation of fine Mg₂Si precipitates, which impede 

dislocation movement. However, the presence of coarse primary Mg₂Si particles in high-Mg alloys 

leads to premature fracture, lowering elongation and overall toughness. To balance strength and 

ductility, the Mg level should be carefully optimized to prevent excessive formation of primary 

Mg₂Si while still benefiting from the strengthening effects of eutectic Mg₂Si.[101] 

 

Figure 2.8  Effect of Mg on mechanical properties of Al-Mg-Si alloy. [101] 

A study on Al-9Si-0.35Mn alloys revealed that adding up to 0.9 wt.% Mg increased strength but 

reduced ductility, primarily due to the formation of brittle intermetallic compounds and a slight 

increase in porosity.[106] A study demonstrated that increasing Mg levels improved the alloy's 

heat treatability and strength, although excessive Mg led to the formation of large, brittle 

intermetallics, reducing tensile strength and ductility.[107] Research indicates that an Mg/Si ratio 

of 2 offers high mechanical properties, with grain size analysis revealing that a ratio of 0.75 results 

in coarser grains and more spherical structures, which can affect the material's performance. [101] 

2.8 Effect of Si in Al-Mg-Si alloy  

Silicon (Si) has a significant impact on the phase diagram and microstructure of Al-Mg-Si alloys, 

affecting their solidification behavior and the morphology of the eutectic Mg₂Si phase. According 

to Zhu et al., increasing Si content reduces the liquidus temperature as shown in Figure 2.9, similar 

to magnesium (Mg), which helps in minimizing the formation of coarse primary α-Al grains. This 

leads to a more uniform microstructure and lowers inhomogeneity in die-cast alloys.[101] 
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Figure 2.9 Calculated equilibrium phase diagrams of Al–Mg–Si alloys with varying Si 
content.[101] 

Unlike Mg, which shifts the eutectic point to a lower Mg₂Si concentration and slows the eutectic 

growth rate, a higher Si content raises the Mg₂Si concentration in the eutectic region and 

accelerates its growth. Consequently, the fraction of Mg₂Si in the eutectic structure increases, 

refining the microstructure. The increasing Si content alters the shape and distribution of Mg₂Si, 

leading to a transition from a flake-like morphology to finer, more regular rod-like or lamellar 

structures as shown in Figure 2.10. This change encourages the development of rod-like or lamellar 

eutectic Mg₂Si with reduced eutectic spacing, in contrast to the flake-like morphology observed 

when Mg content is high.  

Additionally, the presence of Si contributes to the strengthening of Al-Mg-Si alloys by increasing 

the volume fraction of Mg₂Si, which acts as a reinforcing phase. The finer and more uniform 

distribution of eutectic Mg₂Si helps achieve a better balance between strength and ductility. 

 

Figure 2.10 Effect of Mg on Morphology of Mg2Si. [101] 
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Silicon (Si) content significantly influences the mechanical properties of Al-Mg-Si alloys. As Si 

levels increase, tensile strength improves notably; however, this enhancement is accompanied by 

a considerable reduction in elongation, indicating decreased ductility. Tensile tests revealed that 

Si increases both yield and ultimate tensile strength while causing a decrease in elongation. The 

study determined that for every 1 MPa increase in yield strength, Si addition results in a lower 

reduction in elongation (1.67%) compared to Mg addition (2.60%). [101] 

 

Figure 2.11 Effect of Mg on mechanical properties of Al-Mg-Si alloy. [101] 

Hosch et. al found that refining eutectic Mg₂Si using Si enhances mechanical strength while 

reducing its adverse impact on elongation.[108] Similarly, Flemings et.al observed that higher Si 

levels result in a more compact eutectic structure, limiting defects that could otherwise weaken 

tensile properties.[109] Nordin et al. found that Si contributes to reducing microstructural 

inhomogeneity, further strengthening Al-Mg-Si alloys.[110] 
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2.9 Heat Treatment of Al-Mg-Si alloy 

Al-Mg-Si alloys are heat-treatable and primarily undergo precipitation hardening, also known as 

age hardening, to modify their mechanical properties. This process relies on temperature-

dependent changes in solubility, leading to the formation of fine secondary phase particles that 

hinder dislocation movement within the crystal structure. To facilitate precipitation, the alloy must 

be maintained at an elevated temperature for a specific period, a process referred to as aging. In 

age-hardenable aluminum alloys, aging at room or elevated temperatures results in the 

development of various precipitates within the matrix, contributing to enhanced 

strength.[111][112] However, the formation of these secondary phases, along with the presence of 

inclusions, introduces microstructural heterogeneity. This variation in microstructure leads to 

significant differences in corrosion potential between the matrix and intermetallic phases, allowing 

electron flow and accelerating anodic dissolution in the presence of an electrolyte.[101] The 

corrosion behavior of age-hardenable aluminum alloys evolves during the aging process, ranging 

from highly localized to more uniform corrosion, affecting different forms such as pitting, crevice, 

intergranular, and exfoliation corrosion.[101,113] 

2.9.1 Precipitation Sequence During Aging of Al-Mg-Si Alloy 

As Al-Mg-Si alloys undergo aging, they form metastable precursor phases before reaching the 

stable β (Mg₂Si) phase, following a complex precipitation sequence. The widely reported 

precipitation process for 6xxx series aluminum alloys typically progresses as follows: 

SSSS (α) → GP zones → β″ (Mg₅Si₆) → β′ (Mg₉Si₅) → β (Mg₂Si, sTable) 

Here, the supersaturated solid solution is represented by SSSS (α), while the metastable phases β″ 

(Mg₅Si₆), β′ (Mg₉Si₅), and equilibrium β (Mg₂Si) are associated with GP-zones. 

[[112][114][115][116]] Each phase differs in chemical composition, morphology, and crystal 

structure, as outlined in Table 2.8. These variations influence local chemistry and contribute to 

grain boundary degradation. In the peak-aged condition, the susceptibility of Al-Mg-Si alloys to 

intergranular corrosion (IGC) tends to increase with higher Si content due to enhanced 

precipitation along intergranular regions. Studies suggest that the primary cause of corrosion 

initiation is the significant potential difference between MgSi, Si particles, precipitate-free zones 

(PFZs), and solute-depleted regions, which promotes localized electrochemical activity.[113]. 
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Table 2.8 Overview of precipitate phases in the Al-Mg-Si system 

Precipitation 
Sequences 

Composition Morphology 
Crystal 

structure 
Reference 

SSSS Unknown Point Defect FCC [117] 

GP zone MgxAl5-xSi6 
Spherical 
Primarily 

monoclinic [118] 

β˝ Mg5Si6 Needles 
Body cantered 

monoclinic 
[119] 

β´ Mg1.8Si Rods Hexagonal [120] 

β Mg2Si Plates or cubes FCC [118] 

 

Research suggests that the susceptibility of Al-Mg-Si alloys to intergranular corrosion (IGC) 

increases with aging and reaches its peak at a specific hardness level. [85][89][93] This is primarily 

due to the formation of grain boundary precipitates during the aging process, which contribute to 

IGC vulnerability. The presence of microgalvanic cells at grain boundaries and the observed 

tendency for IGC suggest that these precipitates have a corrosion potential distinct from that of the 

matrix, leading to localized corrosion activity.[121] Additionally, slow quenching after solution 

heat treatment can enhance grain boundary precipitation, further increasing the risk of IGC.[117] 

However, overaging has been found to mitigate IGC susceptibility, though this comes at the 

expense of promoting pitting corrosion. Extended aging periods result in the growth and 

coarsening of precipitates. [122] 

Heat treatment emerges as a pivotal metallurgical process that dramatically influences the alloys' 

microstructural evolution, mechanical performance, and electrochemical characteristics. Table 2.9 

compiles data summarizing research findings from various research publication based on heat 

treatment of Al-Mg-Si alloy. 
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Table 2.9 Comparative Analysis of Heat Treatment Parameters and Their Effects on Al-Mg-Si 

Alloy properties. 
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AA6061 T6 
530-
540 

160-
180 

Increased yield 
strength (250-
310 MPa). 
Improved 
hardness. 
Enhanced 
tensile strength 

Reduced 
corrosion 
resistance. 

Increased 
pitting 
potential 

Wang B 
et al. 
[123] 

AA6082 T4 
520-
535 

160-
170 

Improved 
formability. 
Moderate 
strength 
increase. Better 
ductility 

Enhanced 
uniform 
corrosion 
resistance. 
Lower 
susceptibility 
to stress 
corrosion 

El-
Shennaw
y et.al 
[124] 

Al-6Mg-
1.2Si 

Artificial 
Aging 

540 
180-
200 

Significant 
hardening. 

Peak strength at 
180°C. 

Precipitation of 
β'' phases 

Improved 
localized 
corrosion 
resistance. 
Higher 
electrochemic
al stability 

Pogatsche
r S et.al 
[125] 
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Al-5Mg-
0.6Si 

Interrupted 
Aging 

525-
535 

150-
170 

Refined grain 
structure. 
Improved 
fatigue 
resistance. 

Balanced 
strength-
ductility 

Reduced 
galvanic 
corrosion 
potential. 
More stable 
passive film 

Chen Y 
et.al.[126] 

Commercia
l 6xxx 
Series 

Optimized 
T6 

535-
545 

175-
185 

Maximum 
hardness. Peak 
precipitation 
strengthening. 
Consistent 
mechanical 
properties 

Moderate 
corrosion 
resistance. 
Controlled 
electrochemic
al behavior 

Baruah M 
et al. [85] 

Al-Mg-Si-
Cu 

Modified 
T6 

510-
525 

170-
190 

Enhanced wear 
resistance 
Improved creep 
properties. 
Higher ultimate 
tensile strength 

Complex 
electrochemic
al response. 
Improved 
pitting 
resistance 

Shaha S 
et.al [127] 

AA6063 
Natural 
Aging 

540-
550 

Room 
Temp
eratur
e 

Moderate initial 
strength. 
Gradual strength 
improvement. 
Good extrusion 
properties 

Initial lower 
corrosion 
resistance. 

Self-healing 
passive film 
formation 

Pratikno 
H et 
al.[128] 

AA6082-
T651 

Overaging 
Treatment 

540-
550 

200-
220 

Reduced peak 
strength. 
Improved 
ductility.  
Enhanced stress 
corrosion 

More stable 
microstructure
. Decreased 
susceptibility 

Jangid 
Het. al. 
[129] 
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cracking 
resistance 

to localized 
corrosion 

Al-Mg-Si-
Mn 

Artificial 
aging 

555 120 

Fine precipitate 
distribution. 
Enhanced 
mechanical 
homogeneity. 
Improved yield 
strength 

Uniform 
passive layer 
formation. 
Reduced 
electrochemic
al 
heterogeneity 

Yin Z, 
et.al  
[130] 

Al-6Mg-
0.5Si-0.2Zr 

Prolonged 
Aging 

535-
545 

160-
170 
(Exte
nded 
Time) 

Sustained 
strength 
maintenance. 
Reduced 
precipitate 
coarsening. 
Improved long-
term stability 

Consistent 
corrosion 
behavior. 
Resistance to 
electrochemic
al degradation 

Yin Z 
et.al [131] 

AA6082 
with Ce 
Addition 

Modified 
Solution 
Treatment 

530 180 

Refined grain 
structure. 
Improved 
precipitation 
kinetics. 
Enhanced 
mechanical 
properties 

Improved 
passive film 
characteristics. 
Reduced 
critical pitting 
potential 

Vlach M 
et.al.[132] 

The findings suggest that optimized solution treatment and aging processes significantly enhance 

hardness, tensile strength and corrosion properties. However, variations in alloy composition and 

heat treatment conditions lead to differing outcomes, emphasizing the need for further 

investigation. 

2.10 Literature Related to Past Work 

Liu S et.al investigates how varying silicon content influences the microstructure and mechanical 

properties of Al-Mg-Si-Zn alloys. The findings indicate that increasing silicon content enhances 
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tensile strength but reduces elongation due to changes in the crystalline structure.[133] Dwivedi 

D. et.al examines the combined effects of silicon content and heat treatment parameters on the 

mechanical properties of cast Al-Si-Mg alloys. Results show that higher silicon content, along with 

increased solution and aging temperatures, improves tensile strength.[134] Zhu X. et al. 

investigated the impact of varying magnesium and silicon levels on the microstructure and 

mechanical properties of Al-Mg-Si alloys. Their findings revealed that increasing the 

concentrations of these elements led to a more uniform distribution of primary α-Al and Al–Mg₂Si 

eutectics, thereby reducing microstructural inhomogeneity.[101] Maruyama N et.al analyzes effect 

of excess silicon in the pseudo-binary Al-Mg₂Si system which enhance the density of precipitates, 

thereby influencing the alloy's mechanical properties.[135]  

The research by Kaygısız Y et.al demonstrates that T6 heat treatment (solution treatment at 530–

550°C, followed by artificial aging at 160–180°C) reduces corrosion current density, indicating a 

lower corrosion rate and improved corrosion resistance. The study highlights that the aging process 

stabilizes precipitate phases, enhancing the electrochemical properties of the alloy.[136] El 

Garchani et.al explores the impact of artificial aging (T6 and T7 treatments) on the corrosion 

resistance of aluminum alloys. It suggests that aging at 150–200°C minimizes the size of corrosion 

products and refines the microstructure, leading to improved corrosion resistance. [63]  Jang K 

et.al found that T6 heat treatment (solution treatment at 540–560°C, followed by aging at 155–

180°C) optimizes mechanical properties and enhances corrosion resistance in Al-Si alloys. The 

findings indicate that prolonged aging may reduce susceptibility to pitting corrosion.[137] Jurczak 

Whighlights how different heat treatment parameters impact the mechanical and corrosion 

resistance of Al-Zn-Mg alloys. Solution heat treatment at 470–500°C and subsequent aging at 120–

160°C are shown to refine the precipitate structure and improve corrosion performance.[138] 

2.11 Research Gap 

Based on the reviewed studies, there are still several unresolved aspects regarding the combined 

impact of alloy addition and heat treatment on the electrochemical properties of Al-Mg-Si alloys. 

The following key gaps are identifieds; 

Research Gap 1: Limited Understanding of Electrochemical Behavior 

While previous studies have explored the microstructural and mechanical effects of silicon 

addition, there is insufficient data on its influence on the electrochemical properties of Al-Mg-Si 
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alloys. The impact of silicon-induced phase formations on corrosion resistance requires further 

investigation. 

Research Gap 2: Influence of Heat Treatment on Corrosion Mechanisms 

Existing research primarily focuses on optimizing heat treatment parameters for mechanical 

strength enhancement. However, the correlation between different heat treatment conditions and 

the electrochemical stability of Al-Mg-Si alloys remains underexplored. 

Research Gap 3: Optimizing Si Content for Electrochemical Performance 

The influence of varying silicon levels on the corrosion behavior of Al-Mg-Si alloys has not been 

extensively analyzed. Identifying an ideal silicon composition that simultaneously enhances 

mechanical properties and corrosion properties is essential for improving the alloy’s overall 

performance as sacrificial anode. 

Research Gap 4: Synergistic Effects of Alloying and Heat Treatment 

A combined effect silicon addition and heat treatment process to influence electrochemical 

properties is still lacking. Investigating how these factors interact can help establish optimized 

processing parameters to achieve superior electrochemical behavior of Al-Mg-Si alloy. 
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CHAPTER 3                                     

EXPERIMENTAL WORK 

3.1 Overview 
 

This chapter outlines the materials and methods employed in the study. It details the raw materials 

used, casting procedures and furnace charge materials, along with the experimental setup. 

Additionally, it describes the experimental process, including the preparation of Al-Mg-Si alloys 

and the associated heat treatment procedures. The section further covers chemical analysis, 

mechanical property evaluations, microstructural examination, phase identification, corrosion rate 

assessment, anode efficiency measurement, and the analysis of corroded samples. 

3.2 Materials and Methods 

1.2.1 Raw Materials 

This section provides an overview of the raw materials used in the study. The research utilizes 

commercially pure aluminum (99.7% wt%), silicon (99.9%), and magnesium (98.7%). Table 3-1 

presents the chemical composition of these materials in terms of the weight percentages of Al, Mg, 

and Si. The commercially pure magnesium was sourced from C.K. Enterprise, Vadodara, while 

the aluminum wire, obtained from a GETCO High Tension Power contractor, has a high purity 

level of 99.7% with minimal impurities. Additionally, silicon was procured from Riddant 

Aluminium Pvt. Ltd., Sachin, Surat, ensuring the required composition for the study. 

Table 3.1 Chemical composition of raw materials 

 Al 
% 

Si % Mg 
% 

Fe 
% 

Cu % Mn 
% 

Zn 
 % 

Ti  
% 

Pb 
% 

O 
% 

Aluminium 
wire 

99.7 0.25 - 0.4 0.10 0.07 0.04 0.01 0.05 - 

Silicon 0.005 99.9 - 0.01 - - - 0.001 - 0.02 

Magnesium - - 98.8 - - - - - - 1.24 

Figure 3.1 shows an (a) aluminium wire (b) magnesium ingot, and c) silicon lumps. The aluminum 

wire used in this study contained trace impurities, including Cu, Si, Fe, Zn, Ti, Pb and Mn. These 

impurities may have influenced the material’s properties and behavior during the research, making 

it important to acknowledge their presence. In contrast, the magnesium had a higher purity of 
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99.9% compared to the aluminum wire. Using high-purity materials is essential for ensuring 

accurate and reliable results, as impurities can alter material properties and impact the study's 

findings 

   

Aluminium wire Magnesium ingot Silicon lumps 

Figure 3.1 (a) Aluminium wire, (b) Magnesium ingot, and (c) Silicon lump. 

1.2.2 Casting of Al-Mg-Si Alloys 

This section outlines the casting procedure used to produce the Al-Mg-Si alloy. The process begins 

with melting aluminum in an electric resistance furnace, followed by the addition of magnesium 

and silicon to the molten metal. The furnace temperature is maintained at approximately 820˚C to 

ensure complete melting. The casting process was conducted at the departmental facilities of Dr. 

S & S. S. Ghandhy College of Engineering & Technology, Surat, as shown in Figure 3.2. 

Graphite crucibles and metallic dies are used for the melting process, both of which are thoroughly 

cleaned and dried beforehand to prevent contamination. The die used for casting is made of grey 

cast iron and consists of two halves. Molten metal is poured into the die, allowing it to solidify and 

form a rod-shaped casting. The dimensions of the die are illustrated in Figure 3.3.] 

 

a b c 
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Figure 3.2 Electric Resistance Furnace at Dr. S & S. S. Ghandhy College of Engineering & 

Technology, Surat. 

  

Figure 3.3 Metallic die. 

During casting, magnesium and silicon are added to the molten aluminum in specific weight 

percentages. For the first composition, 6.5% magnesium by weight is introduced. In the other 

composition, 6.5% magnesium is combined with varying silicon concentrations of 1.5%, 3%, 

4.5%, and 6% by weight. The molten mixture is continuously stirred to ensure uniform distribution 

of magnesium and silicon. Once thoroughly mixed, the alloy is poured into pre-designed metallic 

dies for solidification. 

After pouring, the dies are left to cool at room temperature to allow the molten metal to solidify 

into rod-shaped castings. Once fully cooled, the rods are carefully removed using appropriate tools 

and inspected for any defects or irregularities. To achieve high-quality castings, it is essential to 

thoroughly clean and dry the crucibles and dies, as well as precisely measure and add the required 

amount of magnesium and silicon. 
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1.2.3 Alloying Materials and Charge Determination 

The furnace charge calculation begins with determining the required quantity of raw materials to 

achieve the target alloy composition. The process follows a systematic approach, starting with 

defining the desired alloy composition. This involves selecting the appropriate proportion of 

magnesium to be combined with pure aluminium this study, five different alloy compositions have 

been selected, consisting of aluminum with 6.5% magnesium, while the silicon content varies from 

0% to 6% in increments of 1.5%, as shown in Table 3.2. 

Table 3.2 Summery of Designed Alloy 

Sr. No. Alloy Designation Purpose Composition 

As cast Heat Treated 

1 Base alloy (BA) - Al + 6.5% Mg 

2 BA-1.5Si  BA-1.5Si – T6 Al + 6.5% Mg+ 1.5% Si 

3 BA-3Si  BA-3Si – T6 Al + 6.5% Mg + 3%Si 

4 BA-4.5Si  BA-4.5Si – T6 Al + 6.5% Mg+ 4.5%Si 

5 BA-6Si  BA-6Si – T6 Al + 6.5% Mg + 6%Si 

The next step is to determine the required amount of magnesium for each alloy composition. This 

is calculated using the following formula: 

Magnesium Quantity (g) = (Total Charge (g) × % Magnesium) / 100 

Similarly, for silicon addition, the amount needed for each composition is calculated using: 

                       Silicon Quantity (g) = (Total Charge (g) × % Silicon) / 100 

These calculation steps are repeated for silicon additions of 1.5%,3%, 4.5%, and 6%. Once the 

required amounts of aluminum, magnesium, and silicon for each alloy composition are determined, 

the next step is charge preparation. This involves accurately measuring the calculated quantities of 

each material and adding them to the furnace. 

To proceed, the furnace is filled with weighted aluminum and heated to the target processing 

temperature of approximately 820˚C. Once this temperature is reached, magnesium is submerged 

into the molten aluminum and stirred with a stainless-steel rod to ensure uniform distribution. 

Afterward, silicon is added and the melt is allowed to homogenize for 30 minutes. After adding 

magnesium, drossing and degassing are essential to remove impurities from the molten mixture. 
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Once these processes are completed, the refined melt is ready to be poured into a metallic die. The 

molten metal is then allowed to cool and solidify within the die. After full solidification, the casting 

is removed as shown in Figure 3.4 and analyzed through various characterization techniques, 

including chemical composition assessment, mechanical property evaluation, and microstructural 

analysis etc. 

 

Figure 3.4 Die Cast Al-Mg-Si Alloy. 

3.3 Experimental Procedure 

3.3.1 Die Casting of Designed Alloy 

Commercially pure aluminum was placed in a graphite crucible and heated in an electric resistance 

furnace. The temperature was raised to 820°C to fully melt the aluminum. Once it molten, dross 

was removed and measured amounts of pure magnesium and silicon were added. The mixture was 

maintained at this temperature for 30 minutes to ensure thorough dissolution of the alloying 

elements. After the degassing carried out with chlorine Tablet, the molten alloy was poured into 

preheated metallic molds. All Al-6.5Mg-xSi alloys were produced using the same casting method 

as shown in Figure 3.5.  

The chemical composition of the developed alloy is analyzed using Optical Emission Spectroscopy 

(OES). The mechanical properties, including hardness, are evaluated using appropriate testing 

techniques. To study the alloy's microstructure, metallographic preparation is carried out, followed 
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by analysis through optical microscopy. The identification of different phases and their elemental 

composition is performed using Energy-Dispersive Spectroscopy (EDS) and X-ray Diffraction 

(XRD). The detailed testing procedure for the developed alloys is illustrated in the Figure 3.6 

 

Figure 3.5 Procedure for development of Al-Mg-Si alloy casting. 

The corrosion resistance of the alloy is assessed through standard weight loss methods and 

potentiodyamic studies in a 3.5% NaCl solution. Finally, the corroded samples are examined using 

Scanning Electron Microscopy (SEM) to evaluate the extent and characteristics of corrosion. 

Anode performance measurement carried out as per DNV-RP-B401, involves evaluating the 

electrochemical efficiency (ε) of sacrificial anodes by calculating the ratio of the total electric 

charge transferred (Q) to the anode’s mass loss (Δm), expressed in ampere-hours per kilogram 

(Ah/kg). Cylindrical test samples are extracted from manufactured anodes, thoroughly cleaned, 

weighed, and immersed in natural seawater for four days. After completion of the exposure period, 
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the anodes undergo cleaning and reweighing to determine mass loss, allowing for the calculation 

of electrochemical efficiency. 

 

Figure 3.6 Detailed testing Plane for the experimental study. 

3.3.2 Heat Treatment of Developed Alloys 

The heat treatment process was conducted in the Muffle Furnace at the departmental facilities of 

Dr. S & S. S. Ghandhy College of Engineering & Technology, Surat as shown in Figure 3.7. The 

procedure involved solution treatment at 540°C for 1 hour, followed by water quenching to rapidly 

cool the material. 

After quenching, the samples underwent aging treatment at 200°C for 4 hours, ensuring proper 

precipitation hardening. The final step involved air cooling, allowing controlled cooling to stabilize 

the material properties. The detailed heat treatment parameters are outlined in Table 3.3. 

 

Cast alloy 

(Al-Mg-Si)

Chemical Test  
by (OES) 

Spectrometer

Testing in as 
Cast 

condition

Mechanical Test

Brinell Hardness test @ 31.25 kg load and 2.5 
mm ball indenter

Corrosion 
Test

Standard Wt. Loss Method

@3.5% NaCl solution for 1 to 
8 week

Potentiostate
Analysis

@ 3.5 % NaCl
solution

SEM & EDS 
analysis

Phase 
analysis 

XRD 

Metallographic 
Examination

Optical Microscopy

@100X, 200X,500X, 1000X 
and 3000X 

Phase Volume  % 
Measurement

Pit Size Measurement

Depth, AreaAnode 
Performance 
Measurement

Testing in 
Heat 

Treated 
Condition
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Figure 3.7 Muffle furnace at Dr. S & S. S. Ghandhy College of Engineering & Technology, 
Surat. 

Table 3.3 Heat Treatment Parameters 

Description Parameters 

SolutionTreatment Temperature 540 °C 

Soaking Time 1 hr 

Quenching Medium Water Quench 

Aging Temperature 200 °C 

Soaking Time 4 hr 

Quenching Medium Air Cooling 

The fabricated alloy is assessed for its mechanical properties, including hardness, using suitable 

testing techniques. Microstructural analysis is carried out through metallographic preparation and 

examination using optical microscopy. 

The above heat-treatment schedule was successfully applied to all Al–6.5Mg–Si alloys. However, 

when the same solution-treatment condition (540°C for 1 h) was applied to the base Al–6.5Mg 

alloy (without silicon addition), severe surface oxidation was observed after solution treatment. 

Owing to this excessive oxidation, the specimen was considered unsuitable for subsequent ageing 

treatment and for reliable mechanical and corrosion characterization under identical heat-treatment 

conditions. Therefore, the heat-treated Al–6.5Mg control alloy was not included in the comparative 

investigation, whereas the as-cast Al–6.5Mg alloy was retained as the control sample throughout 

the study. 
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To evaluate the corrosion resistance, the alloy is immersed in a 3.5% NaCl solution and corrosion 

behavior is studied using the standard weight loss method and potentiodynamic analysis. Finally, 

the corroded samples undergo visual inspection and Scanning Electron Microscopy (SEM) 

analysis to examine surface modifications and microstructural changes resulting from the 

corrosion process.  

3.4 Chemical Analysis 

The chemical composition of the develop alloy was analyzed using the Bruker Q4 TASMANA, 

an advanced CCD-based optical emission spectrometer, at Aadhya Metal Testing, Baroda. This 

analysis followed the ASTM E1251:2017 standard, which outlines the procedure for examining 

aluminum and its alloys through spark-atomic emission spectrometry. [139] To begin the process, 

a cast rod sample was obtained and prepared by removing any surface impurities that could impact 

the accuracy of the results. Once cleaned, the sample was placed into the spectrometer’s chamber, 

where a high-energy spark was generated on its surface to facilitate the chemical analysis. 

The high-energy spark triggered the emission of light from the sample, which was then dispersed 

using a grating and captured by a CCD camera. This emitted light was analyzed to determine the 

chemical composition of the develop alloy, identifying the elements present and their respective 

concentrations. The acquired data was then compared against established reference standards to 

ensure the accuracy of the analysis. Overall, the ASTM E1251:2017 method is a reliable and 

widely used technique for the chemical analysis of aluminum and its alloys. 

 

Figure 3.8 Optical Emission Spectroscopy. 
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3.5 Hardness Evaluation 

Hardness, a key mechanical property associated with durability and strength, is measured by 

evaluating a material's resistance to indentation or penetration. The following steps outline the 

process for conducting hardness testing on an Al-Mg-Si alloy samples. First, a section of the 

developed alloy casting is cut using a suitable cutting tool. The sample is then thoroughly cleaned 

to remove any contaminants or surface irregularities. Next, a polishing machine equipped with 

1200-grit paper is used to achieve a smooth and uniform surface. Once the polishing is complete, 

the sample is placed onto the Brinell hardness tester with 2.5 mm Ball indentor and a 31.25 kg load 

is applied in accordance with ASTM E10 Standard. [140] The load is maintained for 10 sec, to 

allow for proper indentation. After 10 sec, the load is removed and the indentation diameter is 

measured using a microscope or an optical measuring device. The measured indentation diameter 

is then used to calculate the hardness value of the aluminum alloy sample using the Brinell 

hardness formula and the obtained value is recorded. The Brinell hardness tester are shown in 

Figure 3.9. 

 

Figure 3.9 Brinell Hardness tester at Dr.S &S.S.Ghandhy College of Engg. & Tech., Surat. 
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3.6 Microstructural Analysis and Phase Analysis 

The preparation of metallographic samples for optical examination involves several sequential 

steps to ensure a representative and defect-free surface. First, sampling is carried out by carefully 

selecting a specimen from an appropriate region of the alloy so that its microstructure accurately 

reflects the bulk properties. The rod-shaped cast product is then cut into suitable dimensions, 

generally around 20 mm in diameter and 15 mm in height, using an automatic hacksaw cutting 

machine. Following this, grinding is performed to remove surface damage caused during 

sectioning. It begins with rough grinding using a an emery belt to produce a reasonably smooth 

surface and then progresses to fine grinding with silicon carbide abrasive papers of different grades 

(500–2000 grit) under wet conditions, where kerosene is used as a coolant and to wash away debris. 

The final step is polishing, which eliminates scratches from grinding and produces a flat, mirror-

like surface suitable for microscopic analysis. Polishing is carried out on rotating wheels covered 

with quality polishing cloth, where a suspension of Al₂O₃ powder in distilled water is applied. For 

softer materials, polishing is performed at lower speeds to avoid surface distortion, ultimately 

yielding a smooth and reflective specimen surface. After polishing, the specimen is subjected to 

etching using Keller’s solution (190 ml Distilled water, 5ml Nitric acid, 3 ml Hydrochloric acid, 2 

ml hydrofluoric acid) for about 10 seconds to reveal its microstructural features. Once etched, the 

sample is carefully rinsed with water, air-dried for approximately 30 seconds, and then examined 

under Olympus DSX1000 Digital Microscope as well as a JEOL JSM 7900F scanning electron 

microscope (SEM) equipped with energy dispersive spectroscopy (EDS) for microstructural and 

compositional analysis at different magnifications as shown in Figure 3.10. Quantitative evaluation 

of phase volume fraction was performed using the Metal 11.1 image analysis system connected to 

a Radical optical microscope. 
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a) Olympus DSX1000 Digital 
Microscope 

b) JEOL JSM 7900F scanning electron 
microscope (SEM) at IIT Gandhinagar 

 
C) X-ray diffraction (XRD) on a Pan Analytical X’pert Pro system at MSU, Baroda. 

Figure 3.10 Experimental set up for Microscopy, SEM and XRD analysis. 

To identify the crystalline phases present in the alloy, X-ray diffraction (XRD) analysis was 

conducted using a Panalytical X’Pert Pro diffractometer at Maharaja Sayajirao University, Baroda 

(Figure 3.10). Prior to X-ray diffraction (XRD) analysis, the PANalytical X'Pert PRO 

diffractometer was calibrated using a standard silicon carbide (SiC) reference sample supplied by 

PANalytical in accordance with the manufacturer's recommended calibration procedure. The 

calibration was performed to verify the instrument alignment and ensure the accuracy of diffraction 

peak positions before data acquisition. All diffraction patterns were subsequently recorded under 

the calibrated instrument conditions. The equipment used a copper anode as the radiation source, 

producing Cu Kα radiation with a wavelength of 1.54060 Å, which is standard for phase 
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identification. The test specimen was prepared in cylindrical form (20 mm diameter, 2 mm 

thickness). Prior to testing, its surface was sequentially ground with silicon carbide papers of 500–

2000 grit and subsequently polished on a cloth using an alumina suspension in distilled water. The 

polished sample was then placed in the sample holder for analysis. 

The instrument was powered on and allowed to stabilize for nearly 30 minutes before 

measurement. After proper alignment of the specimen with the X-ray beam, the diffraction scan 

was carried out for 2–10 minutes, depending on the chosen parameters. Interaction of the X-rays 

with the atomic planes of the alloy produced characteristic diffraction peaks, which were recorded 

by the system’s detector. 

The collected data were analyzed with specialized software, where diffraction peaks were matched 

with standard reference patterns for phase identification. This confirmed the presence of the 

expected phases and provided valuable information regarding the alloy’s crystallographic structure 

and microstructural features. 

3.7 Corrosion Behavior Study 

To investigate the corrosion resistance of the developed Al–Mg-Si alloy, two established 

techniques were employed: weight loss analysis and potentiodyanamic polarization. 

The weight loss method provides a straightforward and cost-effective approach to quantify 

corrosion rate. Here, alloy samples are exposed to a corrosive medium for a specific duration. After 

exposure, the specimens are cleaned, dried, and weighed to determine the mass loss. The corrosion 

rate is then calculated based on the reduction in weight relative to the exposed surface area and 

exposure time. This method, though simple, delivers reliable long-term corrosion data and serves 

as a validation tool for electrochemical results. 

Potentiodyanamic polarization is a widely used electrochemical method for understanding 

corrosion behavior. In this technique, the alloy specimen is immersed in an electrolyte and the 

variation of current response with applied potential is continuously monitored. The resulting 

polarization curves reveal important parameters such as corrosion potential (Ecorr) and corrosion 

current density (Icorr), which serve as indicators of corrosion tendency and rate. 
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3.7.1 Standard weight loss method 

The corrosion behavior of the developed Al–Mg-Si based alloys was evaluated using the standard 

weight-loss technique, following the procedure outlined in ASTM G1-03 (2017). The experimental 

work was carried out in the Metallurgy department, Dr. S & S.S.Ghandhy College of Engineering 

& Technology, Surat, Gujarat as shown in Figure 3.11. 

 

Figure 3.11 Experimental set up for standard weight loss method. 

For the test, cylindrical specimens of 20 mm diameter and 10 mm height were prepared. To ensure 

uniformity and minimize surface irregularities, each sample was ground with 500 and 1000-grit 

emery paper to obtain a smooth finish. The initial weights of the specimens were measured with a 

four-digit precision analytical balance before immersion. The corrosion medium consisted of a 3.5 

wt% NaCl solution, prepared by dissolving 3.5 g of sodium chloride powder in 100 ml of water. 

This solution was selected to simulate a chloride-rich environment similar to seawater. Three 

specimens from each alloy composition were used, and the average value was considered for 

corrosion rate determination to improve accuracy and minimize random error. 

All the samples were completely immersed in the NaCl solution for a total duration of eight weeks. 

At the end of each weekly interval, a specimen from each set was removed from the corrosive 

medium. The retrieved specimens were thoroughly rinsed with distilled water, cleaned with 

acetone to remove residual contaminants, air-dried and finally reweighed using the analytical 

balance. The loss in weight of the specimens was recorded at each stage. The corrosion rate was 

calculated using the standard formula given in ASTM G1-03 (2017): 

Corrosion Rate (MPY)= 
ହଷସௐ

஽ ஺ ்
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                                                Where: 
W = Weight loss of the sample (g) 
D = Density of the alloy (g/cm³) 
A = Exposed surface area (in²) 
T = Exposure time (h) 

3.7.2 Potentiodynamic Polarization Study 

The objective of this experiment was to determine the corrosion potential (Ecorr) and corrosion 

current density (Icorr) of the developed alloy using a Gamry Reference 600 potentiostate, 

following the guidelines of ASTM G5 as shown in Figure 3.12. 

 

                    Figure 3.12 Experimental setup for potentiodynamic polarization. 

For this purpose, cylindrical specimens measuring 10 mm in height and 20 mm in diameter were 

prepared (Figure 3.12). The potentiodynamic study was carried out in a three-electrode 

electrochemical cell configuration, where the alloy specimen acted as the working electrode, 

graphite served as the counter electrode, and a saturated calomel electrode (SCE) was used as the 

reference electrode. The corrosive medium consisted of a 3.5 wt% NaCl solution, and the exposed 

surface area of the specimen was restricted to a 5 × 5 mm window to maintain uniform testing 

conditions. 
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Prior to testing, the working electrode surface was carefully cleaned to eliminate any contaminants 

or oxide films that could interfere with the measurements. The specimen was then mounted in the 

working electrode holder and connected to the potentiostat along with the counter and reference 

electrodes. 

The polarization study was performed by gradually varying the potential of the working electrode 

at a constant scan rate, sweeping from a negative value toward a positive value. During this 

process, the corresponding current response of the alloy was recorded, generating a polarization 

curve. From this curve, the corrosion potential (Ecorr) and corrosion current density (Icorr) were 

obtained, which are critical parameters for evaluating corrosion resistance. 

3.8 Examination of Corrosion-Induced Surface Degradation 

The evaluation of corroded specimens can initially be carried out through visual inspection, which 

offers a simple yet effective method to assess surface degradation. In this approach, the alloy 

surface is carefully examined for any visible signs of corrosion damage, either directly by the 

naked eye or with the aid of magnifying tools. Before inspection, the samples are cleaned to 

remove loose corrosion products and contaminants. The corroded surfaces are then scrutinized for 

features such as pitting and oxide film breakdown etc. These observations provide valuable 

information regarding the severity and nature of corrosion. Moreover, the type of corrosion 

detected often reflects the environmental exposure conditions, the alloy’s chemical composition 

and potential factors contributing to corrosion initiation and progression. 

To gain a more detailed understanding of the corrosion mechanism, scanning electron microscopy 

(SEM) was employed. SEM is a powerful characterization tool that generates high-resolution 

images of the material’s surface, enabling the identification of microstructural features and 

localized corrosion damage. The corroded alloy samples were analyzed using SEM to observe the 

formation of pits, cracks, and surface deposits such as oxides and salts. In addition to morphology, 

SEM also provides elemental composition data of the corroded regions, revealing the presence of 

alloying elements, impurities, and corrosion products. Such detailed information assists in 

identifying the type of corrosion (e.g., pitting, uniform, or localized attack) and in understanding 

the underlying corrosion mechanisms. 
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3.9 Assessment of Anode Performance 

The performance of sacrificial anodes was evaluated in accordance with DNV RP B401 guidelines 

to determine anode efficiency and consumption characteristics.[141] The experimental 

methodology involved preparation of test solutions, sample conditioning, current application, 

monitoring, and post-test analysis. 

3.9.1 Preparation of Electrolyte and Equipment 

A mild steel vessel containing 11 liters of natural seawater was used as the electrolyte medium. 

The coulometer solution was prepared following ASTM G97 standards, consisting of CuSO₄, 

5H₂O (25 g), H₂SO₄ (27 ml), and ethyl/methyl alcohol (50 ml) in 900 ml distilled water. [142] 

 

Figure 3.13 Experimental set up: MS vessel fills with electrolyte and specimen. 

 Anode Cleaning Solution: 

Before test: methanol was used for surface cleaning. 

After test: a mixture of chromium trioxide (20 g) and phosphoric acid (30 ml per liter of water) 
was applied to remove corrosion products and deposits. 

 Test Setup 

The prepared anode sample was placed in the coulometer setup as specified in DNV RP 

B401. An ammeter and variable resistance were connected in series with the specimen to 

regulate and measure current. The surface area of the cylindrical anode was calculated to 

normalize current density. 

 Current Application: 

The test procedure involved applying current densities in four sequential stages: 
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 1.5 mA/cm² × surface area 

 0.4 mA/cm² × surface area 

 4 mA/cm² × surface area 

 15 mA/cm² × surface area 

 

 

Figure 3.14 Experimental Set up for anode performance measurement as per DNV RP B401. 

Each current density was maintained for 24 ± 1 hours daily, while continuously purging the 

electrolyte with air to prevent stagnation. The cycle was repeated for four consecutive days. 

 Monitoring and Measurement: 

Open circuit and closed circuit potentials were measured immediately after applying current, 

and the current output was logged at four intervals daily (10:00 am, 1:00 pm, 4:00 pm, and 

7:00 pm). 

 Post-Test Analysis 

On the fourth day, the copper wire was removed and the sample was cleaned with the 

specified post-test solution to eliminate corrosion residues. The specimens were then dried 

and the final weight was recorded to calculate the consumption rate. 

 Performance Evaluation Parameters 

The efficiency and reliability of sacrificial anodes were assessed by deriving key 

performance parameters from the experimental data. These parameters provided quantitative 

MS vessel with 
Electrolyte Power Source 

Coulometer 
setup 
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insight into material consumption, electrochemical activity, and anodic behavior under 

simulated service conditions. 

 Consumption Rate (kg/A·yr) This parameter represents the rate at which the anode material 

is consumed when delivering protective current. It is expressed in kilograms of anode material 

lost per ampere-year of service. A lower consumption rate indicates higher durability and 

longer service life of the anode under given operating conditions. 

 Current Capacity (Ah/kg) Current capacity defines the total charge delivered per unit mass 

of anode consumed, measured in ampere-hours per kilogram. This value reflects the efficiency 

with which the anode material is converted into useful protective current. A higher current 

capacity corresponds to better utilization of the anode material, thereby improving cost-

effectiveness and sustainability of the protection system. 

 Potential Measurements (V) Both closed-circuit potential (CCP) and open-circuit potential 

(OCP) were recorded during the tests. OCP provides information about the natural 

electrochemical tendency of the anode in seawater, while CCP reflects the potential of the 

anode when delivering current to the system. These measurements are essential in determining 

the driving voltage available for cathodic protection and in assessing the stability of the anode 

under operating conditions. 

Collectively, these parameters enable a comprehensive evaluation of sacrificial anode 

performance. They serve as critical indicators for predicting service life, ensuring adequate current 

delivery, and verifying compliance with international cathodic protection standards such as DNV 

RP B401. 

3.10 Summary 

This chapter presented the experimental procedures carried out to prepare and evaluate the Al–Mg 

alloy modified with silicon. The study comprised a series of characterizations, including chemical 

composition analysis, mechanical testing, microstructural examination, phase identification, 

corrosion evaluation, and anode performance assessment. 

The experimental sequence began with a detailed description of the raw materials, charge 

calculations, alloy casting, and experimental setup, followed by the heat treatment procedure 

applied to the Al–Mg–Si alloys. Mechanical behavior was determined through hardness testing, 
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while the alloy’s microstructure was investigated using optical microscopy (OM) and scanning 

electron microscopy (SEM). For phase identification, both energy-dispersive X-ray spectroscopy 

(EDS) and X-ray diffraction (XRD) were employed. 

The corrosion performance of the alloys was evaluated using two approaches: potentiodynamic 

polarization studies and the standard weight-loss method, with post-corrosion analysis conducted 

through visual inspection and SEM observation. Furthermore, the anode performance of the 

developed alloys was examined in accordance with DNV RP B401 guidelines, where both the 

consumption rate and anode capacity were measured. 
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CHAPTER 4                                                      

RESULTS & DISCUSSION 

4.1 Introduction  

This chapter investigates the compositional changes in Al-Mg alloys arising from the addition of 

silicon to the alloy matrix. The chemical composition was determined using optical emission 

spectroscopy (OES), and the corresponding results are presented and discussed. To assess the 

effect of silicon content in combination with heat treatment, hardness measurements were 

performed. The findings from these analyses are presented in detail and critically interpreted in the 

following sections. 

4.2 Effect of Silicon Addition on the Composition of Aluminum Alloys 

The changes in alloy composition with varying silicon content were determined through optical 

emission spectroscopy (OES), and the results are summarized in Table 4.1. The analysis clearly 

demonstrates that the addition of silicon significantly alters the overall chemical balance of the 

Al–Mg system. 

Table 4.1 Chemical composition of Al–6.5%Mg alloys with varying Si additions (wt.%) 

determined by OES. 

Alloy / 
Elements 

Alloy 
Identification 

Mg 
% 

Si 
% 

Fe 
% 

Cu 
% 

Mn 
% 

Zn 
% 

Ti % Pb 
% 

Al % 

Base Alloy- 
(Al6.5%Mg) 

BA 6.47 0.25 0.47 0.11 0.06 0.04 0.01 0.06 92.48 

(Al6.5Mg–
1.5%Si) 

BA-1.5Si 
6.71 1.61 0.47 0.10 0.06 0.03 0.012 0.05 90.89 

(Al6.5Mg–
3%Si) 

BA-3Si 
6.76 3.03 0.47 0.09 0.05 0.04 0.011 0.04 89.43 

(Al6.5Mg–
4.5%Si) 

BA-4.5Si 
6.63 4.41 0.50 0.11 0.06 0.09 0.016 0.06 88.02 

(Al6.5Mg–
6%Si) 

BA-6Si 
6.76 5.61 0.54 0.11 0.06 0.03 0.014 0.06 86.70 

Optical emission spectroscopy (OES) confirmed that the target silicon additions were successfully 

incorporated into the Al–6.5%Mg alloy system. The measured Si concentrations-1.61%, 3.03%, 

4.41%, and 5.61% for alloys A through D, respectively show excellent agreement with the intended 
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levels of 1.5, 3.0, 4.5, and 6.0 wt.%. This close correlation validates the accuracy of the alloying 

procedure and demonstrates effective silicon integration into the matrix. 

The magnesium content remained highly consistent across all alloy variants, with values ranging 

narrowly between 6.63% and 6.76%. Such stability suggests that the introduction of silicon does 

not significantly alter the bulk magnesium concentration, although a fraction of Mg is likely 

consumed in the formation of Mg₂Si intermetallic compounds. 

As expected, the aluminum fraction progressively decreased with increasing silicon addition, 

declining from 92.48% in the base composition to 86.70% in the alloy containing 6% Si. This trend 

reflects the substitutional nature of alloying, wherein added silicon partially replaces aluminum 

within the matrix. 

Trace elements, including Fe, Cu, Mn, Zn, Ti, and Pb, were also detected in minor concentrations 

across all compositions. Their levels exhibited slight variations with silicon addition. The 

measured silicon concentrations are sufficient to promote the formation of Mg₂Si intermetallic 

phases, which are known to exert a strong influence on microstructural evolution and mechanical 

response.  

4.3 Effect of Silicon Addition on the Microstructure of Aluminum Alloys 

4.3.1 Microstructural Evolution of As-Cast Al-Mg-Si Alloys 

The microstructural evolution of the investigated aluminum-magnesium-silicon alloys is primarily 

governed by the phase equilibria of the Al-Mg binary and Al-Mg-Si ternary systems. Based on the 

Al-Mg binary phase diagram, the microstructure of the Al-Mg alloy without silicon is composed 

mainly of the α-Al solid solution and the intermetallic β-phase (Al₃Mg₂). [143,144] This phase 

constitution is consistent with thermodynamic predictions and confirms that magnesium remains 

partially dissolved in the aluminum matrix while also forming a distinct intermetallic compound 

at higher Mg concentrations. 

With the incorporation of silicon, a notable modification in phase constitution is observed. 

According to the Al–Mg–Si ternary phase diagram, the addition of silicon promotes the formation 

of Mg₂Si as the dominant secondary phase, resulting in a dual-phase microstructure consisting of 
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α-Al matrix and Mg₂Si intermetallic particles. [97,145] The α-Al phase is observed as bright and 

continuous regions in the optical and scanning electron micrographs, indicating a homogeneous 

aluminum-rich matrix. 

 

Figure 4.1 Microstructure of Al-6.5 %Mg alloys with varying Si content: (a) Al-6.5 %Mg, (b) Al-

6.5 %Mg-1.5 %Si, (c) Al-6.5 %Mg-3 %Si, (d) Al-6.5 %Mg-4.5 %Si, and (e) Al-6.5 %Mg-6 %Si at 

1000 X magnification, showing the evolution of Mg₂Si phases with increasing Si. 

In the Al-6.5 wt.% Mg alloy without silicon (Figures 4.1a and 4.2a), the β-phase (Al₃Mg₂) appears 

as dark, irregular regions distributed along the interdendritic boundaries. This phase forms due to 

the limited solubility of magnesium in aluminum during solidification and is characteristic of high-

magnesium aluminum alloys. The presence of Al₃Mg₂ is known to influence mechanical and 

corrosion behavior, particularly under aggressive environments. 

Upon silicon addition (Figures 4.1(b-e) and 4.2(b-e)), the microstructure undergoes a distinct 

transformation, wherein Mg₂Si replaces Al₃Mg₂ as the primary secondary phase. This phase forms 
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through a preferential metallurgical reaction between magnesium and silicon during solidification. 

As silicon content increases, a progressive refinement of the Mg₂Si phase is observed, 

accompanied by an increase in particle number density and a more uniform spatial distribution. 

Such refinement suggests that silicon plays a crucial role in altering solidification kinetics and 

eutectic reactions within the alloy system. 

The observed refinement and morphological modification of Mg₂Si particles with increasing 

silicon content are in good agreement with previous studies, which report that higher silicon levels 

promote the formation of finer and more evenly distributed eutectic Mg₂Si structures. [146] This 

behavior is often attributed to enhanced nucleation rates and restricted growth of Mg₂Si particles 

under silicon-rich conditions. The dark contrast of Mg₂Si particles within the microstructure, as 

confirmed by SEM and EDS analysis (Figure 4.2) and further validation their chemical identity is 

done by XRD analysis as shown in Figure 4.3. 

 
(BA) Al-6.5Mg  

 

 a 

 b 
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(BA-1.5Si) Al-6.5Mg-1.5Si  

 
(BA-3Si) Al-6.5Mg-3Si 

 
(BA-4.5Si) Al-6.5Mg-4.5Si  

(BA-6Si) Al-6.5Mg-6Si  
Figure 4.2 SEM images with marked analysis location (Spots) and corresponding EDS spectrum, 

confirming the presence of the phase Al₃Mg₂ and Mg2Si. (a) BA (b) BA-1.5Si (c) BA-3Si (d) BA-

4.5Si and (e) BA-6Si alloys. 

 c 

 d 

 e 
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Detailed microscopic examination (Figure 4.2) reveals that the α-Al matrix remains continuous 

and well connected, while Mg₂Si particles appear as discrete dark features embedded within the 

matrix. In the Al-Mg-Si alloy system, Mg₂Si is widely recognized as the principal strengthening 

and secondary phase, significantly influencing both mechanical and electrochemical properties. A 

clear relationship between silicon concentration and Mg₂Si morphology is evident; increasing 

silicon content results in a substantial refinement of the eutectic Mg₂Si phase, transforming it from 

coarse, irregular structures to finer and more uniformly dispersed particles. [101] 

4.3.2 Phase Volume Fraction Analysis  

To quantify the effect of silicon addition on phase evolution, phase volume fraction analysis was 

carried out using optical radical microscope with Metal 11.1 analytical software as represented in 

Table 4.2. 

Table 4.2 Phase volume fraction and corresponding standard deviation of α-Al and Mg₂Si 

phases obtained from optical microscopy for Al–6.5Mg–xSi alloys. 

Alloy Composition α-Al (%) Std.Dev. Mg₂Si (%) Std.Dev. 
BA-1.5Si 81.19 ±1.44 18.81 ±0.42 
BA-3Si 80.13 ±1.23 19.87 ±0.18 
BA-4.5Si 78.70 ±1.11 21.30 ±0.26 
BA-6Si 77.92 ±1.05 22.08 ±0.38 

The phase volume fraction data obtained from optical microscopy demonstrate a clear and 

systematic influence of silicon content on the microstructural evolution of Al-6.5Mg-xSi alloys. 

As the silicon content increases from 1.5 wt.% to 6 wt.%, the volume fraction of the α-Al matrix 

decreases gradually from 81.19% to 77.92%. This reduction indicates progressive consumption of 

magnesium from the aluminum matrix due to the formation of Mg₂Si intermetallic compounds 

with increasing silicon availability. 

In contrast, the Mg₂Si phase fraction increases steadily from 18.81% at 1.5 wt.% Si to 22.08% at 

6 wt.% Si, confirming that silicon addition strongly promotes Mg₂Si formation in the Al-Mg-Si 

system. This inverse relationship between α-Al and Mg₂Si volume fractions is consistent with 

thermodynamic predictions and supports the phase evolution trends observed in SEM and XRD 

analyses. 
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The standard deviation values associated with α-Al phase fraction decrease slightly with increasing 

silicon content, from ±1.44 to ±1.05, suggesting improved uniformity of phase distribution at 

higher silicon levels. Similarly, the relatively low standard deviation values for Mg₂Si (ranging 

from ±0.18 to ±0.42) indicate good repeatability and reliability of the optical microscopy based 

image analysis. The reduced scatter in Mg₂Si measurements at intermediate silicon contents (3-4.5 

wt.% Si) implies a more homogeneous dispersion of the intermetallic phase. 

 
Figure 4.3 Volume fraction of α‑Al and Mg₂Si phases in Al–6.5 %Mg alloys with varying Si 

content. 

The measured volume fractions provide a quantitative basis for the observed changes in 

microstructure and enable direct correlation with hardness and electrochemical behaviors. As 

shown in Figure 4-3, phase analysis indicates that increasing the silicon content reduces the volume 

fraction of the α-Al phase while enhancing the formation of Mg₂Si higher Si additions are expected 

to influence α-Al grain, as suggested in previous studies. [101] 
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4.3.3 X-ray Diffraction (XRD) Analysis 

The phase constitution of the Al–6.5Mg–xSi alloys was examined using X-ray diffraction (XRD) 

presented in Figure 4.4 and Table 4-3. The diffraction patterns are dominated by reflections 

corresponding to the face-centered cubic (FCC) α-Al matrix, with prominent peaks observed at 2θ 

values of approximately 38.2–38.5°, 44.8°, 64.6–65.1°, and 78.5°, which can be indexed to the 

(111), (200), (220), and (311) crystallographic planes, respectively. [147] These peaks confirm that 

α-Al remains the primary matrix phase across all investigated compositions, irrespective of silicon 

content or thermal condition. 

 

Figure 4.4 X-ray diffraction (XRD) patterns of the developed Al-6.5Mg-xSi alloys, showing the 

presence of α‑Al, Mg₂Si, and Al₃Mg₂ phases. 

In addition to the α-Al peaks, secondary diffraction maxima are detected at 2θ values around 24.1–

24.3°, 40.0–40.1°, 47.7°, and 72.5°, corresponding to the characteristic reflections of the Mg₂Si 

intermetallic phase, indexed to the (111), (220), (311), and (511) planes. [148] The appearance of 

these peaks confirms the formation of Mg₂Si through the metallurgical reaction between 

magnesium and silicon in the Al–Mg–Si system. Minor peaks associated with the Al₃Mg₂ phase 

are also observed in alloys with lower silicon content, indicating partial retention of this phase 

when silicon availability is insufficient to fully consume magnesium. 
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Table 4.3 XRD peak positions (2θ), interplanar spacings (d), and Miller indices of α-Al matrix and 

secondary intermetallic phases (Mg₂Si and Al₃Mg₂) detected in Al–6.5Mg–xSi alloys. 

α-Al Mg2Si Al3Mg2 

2θ d 
spacing 

Plane 2θ d 
spacing 

Plane 2θ d 
spacing 

Plane 

38.2152 2.35318  [111] 24.1372 3.68419  [111] 37.5997 2.39028 [140] 

44.8182 2.02063  [200] 40.0439 2.24984  [220] 38.2398 2.35173 [147] 

64.6487 1.44059  [220] 47.7056 1.90485  [311] 77.5468 1.23003 [531] 

78.5847 1.21637  [311] 57.8007 1.59387  [440]   

81.769 1.17686  [222] 72.7318 1.29912  [511] 

The presence of the Al₃Mg₂ (β) phase is identified in Al-6.5Mg alloys through minor diffraction 

peaks appearing at 2θ values around 37.6°, 38.2°, and 77.5°, corresponding to the (140), (147), 

and (531) crystallographic planes, respectively. These reflections are consistent with reported 

XRD data for the Al₃Mg₂ intermetallic phase and confirm its formation in Al-Mg alloys containing 

high magnesium levels and limited silicon availability. 

The Al₃Mg₂ phase is predominantly observed in the Al-6.5Mg alloy and in compositions with low 

silicon addition, where insufficient silicon is available to react with magnesium to form Mg₂Si. As 

the silicon content increases, the intensity of Al₃Mg₂ diffraction peaks progressively diminishes, 

indicating a reduction in its volume fraction. This behavior suggests that silicon preferentially 

combines with magnesium to form Mg₂Si, thereby suppressing the formation of the Al₃Mg₂ phase. 

The gradual disappearance of Al₃Mg₂ peaks at higher silicon concentrations is metallurgically 

significant, as this phase is known to be electrochemically active and detrimental to corrosion 

resistance in Al-Mg alloys. Its replacement by Mg₂Si with increasing silicon content alters the 

phase balance and directly influences both mechanical and corrosion behavior. Furthermore, heat 

treatment promotes partial dissolution or redistribution of Al₃Mg₂, as evidenced by reduced peak 

intensity and slight peak broadening, indicating changes in phase stability and morphology. 

A comparative evaluation of the diffraction patterns reveals a systematic increase in the intensity 

of Mg₂Si peaks with increasing silicon content from 1.5 wt.% to 6 wt.%. This trend indicates a 

progressive increase in the volume fraction of the Mg₂Si phase, consistent with the microstructural 
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observations from SEM and EDS analyses. At 1.5 wt.% Si, the Mg₂Si peaks are relatively weak 

and broadened, suggesting the presence of finely dispersed and small-sized precipitates. Such a 

refined distribution contributes to enhanced hardness and improved corrosion resistance by 

strengthening the matrix while minimizing localized electrochemical heterogeneity. 

As the silicon content increases to 3 wt.% and 4.5 wt.%, the Mg₂Si diffraction peaks become 

sharper and more intense, reflecting coarsening and increased interconnectivity of the precipitates. 

While this evolution leads to further improvement in hardness due to a higher fraction of load-

bearing intermetallics, it may also promote localized corrosion through micro-galvanic coupling 

between Mg₂Si particles and the α-Al matrix. At the highest silicon content of 6 wt.%, the 

pronounced Mg₂Si peaks indicate the formation of a nearly continuous intermetallic network, 

particularly along grain boundaries. This structural continuity is associated with embrittlement and 

an increased corrosion rate, despite yielding the maximum hardness among the studied alloys. 

The lattice parameters of the major phases were calculated from the XRD data using multiple 

representative diffraction planes to improve accuracy. For cubic crystal structures, the lattice 

parameter was determined using the relation: 

𝑎 = 𝑑 ∗ ඥℎଶ + 𝑘ଶ + 𝑙ଶ 

where d is the interplanar spacing and (hkl) are the Miller indices of the corresponding diffraction 

planes. The calculated average lattice parameters for α-Al, Mg₂Si, and Al₃Mg₂ are summarized in 

Table 4-3. The α-Al phase exhibits an average lattice parameter of approximately 4.060 Å, while 

Mg₂Si and Al₃Mg₂ show lattice parameters of about 6.456 Å and 8.563 Å, respectively. These 

values are in close agreement with reported standard crystallographic data, confirming the 

reliability of phase identification and peak indexing. 

The variation in lattice parameter of the α-Al matrix is strongly influenced by the nature and 

solubility of alloying elements. Magnesium, with an atomic radius of approximately 1.60 Å, is 

larger than aluminum (1.43 Å). When Mg atoms substitute into the α-Al lattice, they induce lattice 

expansion due to atomic size mismatch, resulting in an increase in the lattice parameter. In contrast, 

silicon has a significantly smaller atomic radius (~1.17 Å), and its substitutional dissolution within 

the α-Al lattice leads to lattice contraction. 
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In the Al-Mg-Si alloy system, the combined effect of magnesium and silicon governs the overall 

lattice distortion. At lower silicon contents, magnesium dominates the solid solution behavior, 

leading to an increase in the α-Al lattice parameter. With increasing silicon content, a greater 

fraction of silicon dissolves into the aluminum matrix, counteracting the expansion caused by 

magnesium and resulting in a gradual reduction in the lattice parameter. At higher silicon levels, 

excess silicon preferentially reacts with magnesium to form the Mg₂Si intermetallic phase, thereby 

reducing the amount of solute available for lattice distortion in the α-Al matrix. Consequently, 

further changes in the α-Al lattice parameter become less pronounced at high silicon 

concentrations. 

4.3.4 Morphology of Mg2Si 

The morphology and phase constitution of Mg₂Si in cast Al-Mg-Si alloys were examined using 

Digital microscope and SEM coupled with EDS analysis, as presented in Figure 4.5 and 4.2(b-e). 

The SEM micrographs, along with marked analysis locations (spots) and corresponding EDS 

spectra, confirm the presence of Mg2Si intermetallic phase across the investigated alloy 

compositions as shown in Figure 4.2. Same was also confirmed by XRD analysis as shown in 

Figure 4.4. Previous studies have reported that Mg₂Si can exist in multiple morphological forms, 

including lamellar, rod-like, fibrous, flake-like, and Chinese script-like structures, depending on 

alloy chemistry and solidification conditions. [96–98]  

As shown in Figure 4.2(a), the Al-6.5Mg alloy primarily contains the Al₃Mg₂ phase, with no 

distinct Mg₂Si formation due to the absence of silicon. Upon the addition of 1.5% Si, as observed 

in Figure 4.2(b) and 4.5(a), fine and flake-like Mg₂Si particles begin to form within the α-Al matrix. 

The corresponding EDS spectrum confirms the presence of Mg and Si peaks, validating the 

formation of the Mg₂Si phase. [104] This fine morphology indicates limited growth and a relatively 

uniform distribution of the intermetallic phase. 
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Figure 4.5 Morphology of Mg₂Si particles in Al–6.5 %Mg alloys with different Si contents: (a) 

1.5 %Si, (b) 3 %Si, (c) 4.5 %Si, and (d) 6 %Si at 3620 X magnification. 

With further increase in silicon content to 3%, the Al-6.5Mg-3%Si alloy (Figure 4.2(c) & 4.5(b)) 

exhibits coarser Mg₂Si particles with rod-like and lamellar morphologies. EDS analysis at selected 

spots confirms enrichment of Mg and Si, indicating well-developed Mg₂Si intermetallics.[92] In 

the Al-6.5Mg-4.5%Si alloy (Figure 4.2(d) & 4.5(c)), the Mg₂Si phase transforms into irregular and 

fibrous morphologies, suggesting increased interconnection and growth of the phase during 

solidification. 
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At the highest silicon content of 6%, as shown in Figure 4.2(e) & 4.5(d), the Mg₂Si phase 

predominantly appears as a fine Chinese script-like morphology distributed throughout the 

aluminum matrix. This interconnected Mg₂Si network significantly alters the microstructural 

characteristics of the alloy. 

These observed morphological changes in Mg₂Si have a pronounced effect on the mechanical and 

corrosion behavior of the alloys. Fine and uniformly dispersed Mg₂Si particles, as seen in the Al-

6.5Mg-1.5%Si alloy, contribute to improved hardness while maintaining better corrosion 

resistance. In contrast, the formation of coarser, fibrous, or networked Mg₂Si morphologies at 

higher silicon contents enhances hardness through structural continuity but adversely affects 

corrosion resistance and operational stability due to micro-galvanic effects and phase connectivity. 

[104,149] 

4.3.5 Microstructural Evolution of Heat Treated Al-Mg-Si Alloys  

The microstructural characteristics of the Al-6.5Mg-xSi alloys undergo substantial modification 

following the application of T6 heat treatment, consisting of solution treatment followed by 

artificial aging. In contrast to the as-cast condition, where Mg₂Si appears in morphologies such as 

flake-like, rod-shaped, fibrous, and Chinese script-like structures-the heat-treated condition 

exhibits a markedly refined and homogenized microstructure, as shown in Figures 4.6(a–d). 
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Figure 4.6 Microstructure of Al-6.5%Mg-xSi alloys in the T6 heat-treated condition showing the 

evolution of Mg₂Si precipitates: (a-d) at 500x and (a1-d1) at 1000x magnification. (a, a1) BA-

1.5Si-T6, (b, b1) BA-3Si-T6, (c, c1) BA-4.5Si-T6, and (d, d1) BA-6Si-T6 alloys. 

The overall transformation in microstructure from the as-cast to the T6 heat-treated condition is 

systematically illustrated in Figure 4.7, highlighting the dissolution of coarse Mg₂Si phases and 

their subsequent refinement into fine precipitates. 
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During the solution treatment stage, the coarse and morphologically heterogeneous Mg₂Si phases 

formed during solidification progressively dissolve into the α-Al matrix, leading to the formation 

of a supersaturated solid solution. This dissolution effectively eliminates the primary Mg₂Si 

networks and discontinuous morphologies observed in the as-cast alloys, irrespective of silicon 

content.[68,150–152] The removal of these coarse intermetallic phases improves microstructural 

uniformity and reduces micro-galvanic heterogeneities present in the as-cast state. 

Subsequent artificial aging promotes controlled reprecipitation of the Mg₂Si phase from the 

supersaturated matrix. Unlike the coarse and interconnected Mg₂Si structures observed prior to 

heat treatment, the reprecipitated Mg₂Si appears in the form of fine, uniformly dispersed, and 

intermittent point-like precipitates. This transformation is consistently observed across all heat-

treated alloy variants, indicating a convergence toward a similar refined precipitate distribution 

regardless of the initial as-cast Mg₂Si morphology. Such a refined precipitate structure is known 

to be highly effective in strengthening the aluminum matrix while simultaneously improving 

electrochemical stability.[153] 

  

  
Figure 4.7 Microstructures of Al–6.5Mg–xSi alloys in as-cast (a–c) and heat treated (a1–c1) 

conditions for 1.5%, 3%, and 6% Si at 1000× magnification. 
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A detailed alloy wise microstructural evaluation reveals that in the BA-1.5Si-T6 alloy, the T6-

treated microstructure is characterized by a fine, flake-like, and uniformly scattered Mg₂Si 

precipitate distribution, as observed in Figures 4.6(a-a1). The absence of coarse or interconnected 

Mg₂Si phases indicates effective dissolution during solution treatment followed by homogeneous 

reprecipitation during artificial aging, as illustrated in Figure 4.7(a–a1). Similarly, the BA-3Si-T6 

alloy exhibits a refined microstructure dominated by fine, dispersed Mg₂Si precipitates distributed 

throughout the α-Al matrix, as shown in Figures 4.6(b–b1). Compared to the as-cast condition, the 

previously observed rod-like and lamellar Mg₂Si morphologies are completely replaced by a 

scattered, point-like precipitate structure as shown in Figure 4.7(b-b1). 

In the BA-4.5Si-T6 alloy, the heat-treated microstructure closely resembles that of the 3% Si alloy, 

with Mg₂Si appearing as fine and uniformly scattered precipitates, as shown in Figures 4.6(c–c1). 

The fibrous and irregular Mg₂Si structures present in the as-cast condition are no longer observed, 

confirming the effectiveness of the T6 treatment in homogenizing the microstructure. 

For the BA-6Si-T6 alloy, the T6 heat-treated microstructure also reveals a fine, point-like, and 

scattered Mg₂Si precipitate distribution, as illustrated in Figures 4.6(d–d1). Despite the high silicon 

content and the presence of Chinese script-like Mg₂Si in the as-cast state, the heat treatment leads 

to a uniform and refined precipitate morphology as shown in Figure 4.7(c-c1). 

The presence and evolution of the Mg₂Si phase in the heat-treated condition are confirmed through 

complementary compositional and phase analyses. Initially, SEM-EDS analysis was carried out to 

verify the presence of the Mg₂Si phase after T6 heat treatment. The EDS spectra obtained from 

selected regions reveal localized enrichment of magnesium and silicon, confirming the 

reprecipitation of Mg₂Si within the α-Al matrix, as shown in Figure 4.8. 
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Figure 4.8  SEM micrographs and corresponding EDS spectra confirming the presence of the 

Mg₂Si phase in T6 heat-treated alloys: (a) BA–4.5Si-T6 and (b) BA–6Si-T6. 

X-ray diffraction (XRD) analysis was performed to identify and validate the phase constitution of 

the T6 heat-treated alloys. The XRD patterns exhibit characteristic Mg₂Si peaks even after heat 

treatment, indicating that the Mg₂Si phase remains stable despite significant morphological 

refinement, as illustrated in Figure 4.9. Moreover, the XRD data of the heat-treated condition, 

presented in Table 4.4, closely resemble those of the as-cast alloys, confirming that the T6 heat 

treatment modifies the morphology and distribution of the Mg₂Si phase without introducing new 

phases or eliminating existing ones. 

Table 4.4 XRD peak positions (2θ), interplanar spacings (d), and Miller indices of α-Al matrix 

and intermetallic phase Mg₂Si detected in Al–6.5Mg–xSi alloys in as heat treated condition. 

α-Al Mg2Si 

2θ d spacing Plane    2θ d spacing Plane 

38.2152    2.35318      [111] 24.1372 3.68419  [111] 

44.8182   2.02063      [200] 40.0439 2.24984  [220] 

64.6487   1.44059      [220] 47.7056 1.90485  [311] 

78.5847   1.21637      [311] 57.8007 1.59387  [440] 

81.769   1.17686      [222] 72.7318 1.29912  [511] 

 

 b 
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Figure 4.9 X-ray diffraction (XRD) patterns of the developed Al-6.5Mg-xSi alloys, showing the 

presence of α‑Al, Mg₂Si phases. 

4.4 Effect of Silicon Addition on the Hardness of Aluminum Alloys 

Brinell hardness testing was carried out using a 2.5 mm diameter steel ball indenter under a load 

of 31.25 kg, following ASTM E10 standards. Measurements were taken at five different positions 

on each sample and the average values with standard deviations are presented in Table 4.5 and 

Figure 4.10. 

Table 4.5 Brinell hardness values of pure Al, Al-6.5%Mg, and Al-6.5%Mg-Si alloys in as-cast and 

heat-treated conditions. 

Alloy Composition As-Cast 
Avg. 

Std. 
Dev. 

Heat-
Treated Avg. 

Std. Dev. 

Pure Al 38 1.1 – – 
BA (Al–6.5Mg) 56 2.3 – – 

BA–1.5Si 82 1.9 75 1.2 
BA–3Si 67 1.7 82 1.6 

BA-4.5Si 70 2.2 103 2.0 
BA–6Si 83 2.9 107 2.2 

The as-cast hardness of pure aluminum was 38 HB, consistent with its soft, ductile nature. The 

incorporation of 6.5 wt.% Mg substantially increased hardness to 56 HB, demonstrating the solid-
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solution strengthening effect of Mg in the Al matrix. [92] Hardness is greatly improved due to the 

formation of the Al₃Mg₂ (beta) phase as shown in Figure 4.1a. [154] 

 

Figure 4.10  Effect of Si addition and heat treatment on hardness of Al-6.5% Mg alloys. 

Silicon addition further modified the hardness response. The alloy containing 1.5 wt.% Si (Alloy 

A) showed a sharp increase to 82 HB, which can be attributed to the refinement of the dendritic α-

Al structure as shown in Figure 4.11 and uniform dispersion of Mg₂Si precipitates plays a key role 

in strengthening. Along with Mg₂Si, the Al₃Mg₂ phase is also present and both are much harder 

and more rigid than the aluminum matrix. These intermetallic compounds act as obstacles to 

dislocation motion, effectively restricting plastic deformation and thereby enhancing hardness.  

[49,117,155] However, intermediate Si levels (3.0 and 4.5 wt.%) exhibited reduced hardness 

values of 67 and 70 HB, respectively. This decline is associated with the coarsening of Mg₂Si 

particles as shown in Figure 4.1(c, d), which decreases their ability to impede dislocation motion 

effectively. At the highest silicon level (6 wt.%), hardness rose again to 83 HB, indicating that a 

sufficient density of intermetallic phases compensated for particle coarsening and restored 

strengthening efficiency. 

Heat treatment further enhanced hardness, as shown in Figure 4.12. The Alloy A (Al-6.5Mg-1.5% 

Si) alloy exhibited only slight decrease in hardness after heat treatment (from 82 to 75 HB), 

suggesting limited precipitation effects at lower Si levels. This reduction can be associated with 
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the partial coarsening and redistribution of Mg₂Si particles, which reduces their ability to act as 

effective dislocation barriers. 

 

Figure 4.11 Microstructure of Al-6.5 %Mg-1.5 %Si alloy at 100 X magnification, highlighting the 

dendritic α‑Al matrix. 

In contrast, alloys with higher Si content responded strongly to heat treatment, with hardness 

values increasing to 82 (3% Si), 103 HB (4.5% Si) and 107 HB (6% Si). This substantial 

improvement-up to ~47% in compared to the as-cast condition-can be attributed to the precipitation 

and redistribution of fine Mg₂Si intermetallic during thermal processing, which refine the 

microstructure and strengthen the matrix. 

The observed hardness trends are in good agreement with previously reported studies on Al–Mg–

Si alloys, which have demonstrated that increasing Mg₂Si precipitation enhances hardness through 

precipitation strengthening, whereas coarsening of Mg₂Si particles reduces the strengthening 

efficiency. Similar behaviour has been reported by Polmear et al. [156], Totten and MacKenzie 

[157], Mondolfo [158], and Marioara et al. [159], confirming that the hardness variation observed 

in the present investigation is consistent with established precipitation-hardening mechanisms. 

The combined effects of Mg and Si addition, supported by heat treatment, significantly improved 

hardness compared to pure aluminum. The strengthening mechanism arises from both solid-
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solution effects and precipitation hardening due to Al₃Mg₂ and Mg₂Si phases. Importantly The 

results emphasize the non-linear influence of silicon content on hardness, which is governed by 

the competing effects of Mg₂Si formation, particle coarsening, and precipitation strengthening 

following heat treatment. 

 

Figure 4.12 Comparison of hardness in as cast and heat-treated condition. 

4.5 Corrosion  

In this section, the corrosion behavior of Al-Mg sacrificial anodes with varying Si content is 

evaluated in both the as-cast and heat-treated conditions. The primary objective of this study is to 

assess the effectiveness of silicon (Si) as an alloying element in modifying and improving the 

corrosion performance of aluminum-based sacrificial anodes. Corrosion behavior was investigated 

using two complementary techniques: the standard weight loss method, which provides long-term 

corrosion rate data, and potentiodynamic polarization studies, which offer insight into 

electrochemical characteristics such as corrosion potential and kinetics. 

4.5.1 Corrosion study by Weight Method-As Cast 

The data presented in Table 4.6, summarize the progressive weight loss of Al–6.5Mg–xSi 

sacrificial anodes over an exposure period of 1 to 8 weeks, providing a quantitative basis for 

evaluating corrosion rate trends with respect to silicon content and exposure time. 
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Figure 4.13 reveals the variation in corrosion rates of Al-6.5Mg-xSi alloys over an eight-week 

exposure period, evaluated using the standard weight loss method. The corrosion rate trends clearly 

demonstrate the influence of silicon content on the corrosion performance of these alloys for 

sacrificial anode applications. 

Table 4.6 Weekly weight loss measurements (1–8 weeks) obtained from the standard weight loss 

method for Al–6.5Mg–xSi sacrificial anodes. 

Corrosion Rate (MPY) 

Composition 
1 

week 
2 

week 
3 week 4 week 

5 
week 

6 week 7 week 8 week 

BA 0 ± 0 0 ± 0 
0.21 ± 
0.008 

0.24 ± 
0.015 

0.29 ± 
0.012 

0.31 ± 
0.019 

0.25 ± 
0.010 

0.24 ± 
0.014 

BA-1.5Si 0 ± 0 0 ± 0 
0.20 ± 
0.009 

0.22 ± 
0.011 

0.22 ± 
0.017 

0.25 ± 
0.013 

0.28 ± 
0.019 

0.24 ± 
0.012 

BA-3Si 0 ± 0 0 ± 0 
0.21 ± 
0.010 

0.23 ± 
0.014 

0.28 ± 
0.018 

0.30 ± 
0.011 

0.30 ± 
0.020 

0.28 ± 
0.016 

BA 4.5Si 0 ± 0 0 ± 0 
0.21 ± 
0.007 

0.23 ± 
0.012 

0.26 ± 
0.015 

0.28 ± 
0.018 

0.22 ± 
0.010 

0.22 ± 
0.013 

BA-6Si 0 ± 0 0 ± 0 
0.26 ± 
0.013 

0.28 ± 
0.016 

0.31 ± 
0.020 

0.37 ± 
0.018 

0.32 ± 
0.015 

0.31 ± 
0.017 

The Al-6.5Mg alloy exhibits stable and relatively low corrosion rates throughout the test duration, 

reaching a maximum of 0.31 mpy at six weeks before decreasing slightly to 0.24 mpy at eight 

weeks. This behavior indicates a relatively uniform and controlled corrosion process. 

 

Figure 4.13 Variation of corrosion rates over time for Al-6.5 %Mg alloys with different Si contents 

measured using the standard weight loss method in 3.5 % NaCl solution. 
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The addition of 1.5 wt.% Si results in a similar corrosion trend, with a marginally reduced peak 

corrosion rate of 0.28 mpy observed at seven weeks. This suggests that low silicon addition does 

not adversely affect corrosion behavior and may even contribute to improved stability. In contrast, 

alloys containing higher silicon contents (3.0, 4.5, and 6.0 wt.%) exhibit progressively higher 

corrosion rates. The Al-6.5Mg-6%Si alloy shows the highest corrosion rate, reaching 

approximately 0.37 mpy at six weeks and maintaining an elevated rate thereafter. These results 

indicate that while the base Al-6.5Mg alloy and the 1.5% Si variant maintain consistent corrosion 

behavior, higher silicon additions accelerate corrosion. 

The observed corrosion trends can be directly correlated with the morphology and distribution of 

the Mg₂Si phase in the as-cast microstructure. At lower silicon contents, Mg₂Si particles are fine 

and uniformly dispersed within the aluminum matrix, minimizing potential differences and 

reducing micro-galvanic coupling as shown in Figure 4.1. This microstructural condition promotes 

relatively uniform corrosion. With increasing silicon content, Mg₂Si particles become coarser and 

tend to form semi-continuous or network-like structures along grain boundaries. These continuous 

Mg₂Si morphologies act as preferential cathodic sites, enhancing micro-galvanic interactions 

between the Mg₂Si phase and the α-Al matrix, thereby accelerating localized corrosion. Similar 

observations have been reported in earlier studies, which indicate that fine Mg₂Si dispersions favor 

uniform corrosion, whereas interconnected networks promote localized attack. [156,157]  
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Figure 4.14 Surface morphologies of Al–6.5Mg–xSi alloys in the as-cast condition after weekly 

exposure to the corrosive medium. 

Surface examinations were conducted after each week of exposure, and the resulting surface 

morphologies are presented in Figure 4.14. Surface examination after two weeks of exposure 

reveals the initiation of pitting, which becomes more pronounced with increasing exposure time 

and silicon content. The surface morphology images presented in Figure 4.14 are intended for 

qualitative assessment of the corrosion behavior. Quantitative image analysis of the corroded area 
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was not carried out in the present work. Further surface examination was carried out using a digital 

microscope at 72× magnification on samples exposed for six weeks, during which pit size 

measurements were also performed; the corresponding surface features and pit characteristics are 

shown in Figure 4.15. 
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Figure 4.15 Surface morphology and pit dimension measurements of Al–6.5 %Mg–xSi alloys after 

6 weeks of exposure to 3.5 % NaCl solution. 

Pit size measurements show a wide variation in pit width and depth among different alloy 

compositions. This variation highlights the strong influence of silicon content on surface 

morphology and localized corrosion susceptibility in the as-cast Al–6.5Mg–xSi alloys. 

Pitting corrosion in aluminum alloys is a complex phenomenon influenced by several factors, 

including pH, temperature, aggressive ions, and surface condition. [158] The breakdown of the 

naturally formed oxide film has been attributed to penetration, film-breaking, and adsorption 

mechanisms, as widely discussed in the literature. [159,160] Pitting typically proceeds through 

initiation and growth stages, during which chloride ions adsorb onto and penetrate the oxide layer, 

leading to localized film rupture and sustained metal dissolution. [161,162] 
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In aluminum alloys containing intermetallic phases, pit development is further influenced by the 

electrochemical behavior of these particles, which may act as anodic or cathodic sites relative to 

the surrounding matrix. [95] Two dominant pit morphologies are generally observed: 

circumferential pits, resulting from localized matrix dissolution around cathodic particles, and 

selective dissolution pits, where intermetallic particles dissolve or detach from the matrix. These 

pit morphologies reflect the combined effects of galvanic coupling, local pH variations, and 

intermetallic activity, all of which play a crucial role in determining corrosion performance. 

[95,163] 

4.5.2 Corrosion Study by Weight Loss Method – Heat Treated Condition (T6) 

To evaluate the corrosion behavior of heat-treated Al-6.5%Mg-xSi sacrificial anodes in heat 

treated condition, a standard weight loss method was employed over an exposure period of eight 

weeks. Corrosion rates were calculated in terms of mils per year (MPY) at weekly intervals, 

allowing assessment of the onset and progression of corrosion with exposure time. The measured 

corrosion rate data for all heat-treated alloy compositions are summarized in Table 4.7. 

The corrosion behavior of the Al.6.5Mg-xSi alloys in the T6 heat-treated condition shows a 

noticeable increase in corrosion rate compared to the as-cast state, as illustrated in Figure 4.16. 

This increase is attributed to the significant microstructural reconfiguration induced by solution 

treatment and artificial aging. Although T6 heat treatment refines the Mg₂Si phase (Figure 4.1) and 

improves mechanical properties (Figure 4.12), it also modifies the electrochemical characteristics 

of the alloy. 

During T6 treatment, coarse Mg₂Si phases dissolve during solution treatment and subsequently 

reprecipitate as fine, point-like, and uniformly dispersed particles during aging (Figure 4.7). While 

this refined precipitate distribution enhances hardness, it also increases the number density of 

Mg₂Si matrix interfaces. These interfaces act as numerous micro-cathodic sites, intensifying 

micro-galvanic coupling with the α-Al matrix and thereby accelerating corrosion. 
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Table 4.7 Weekly corrosion rate (MPY) of Al-6.5%Mg-xSi alloys in the heat-treated (T6) 

condition measured using the standard weight loss method over an 8-week exposure period.  

Composition 1 week 2 week 3 week 4 week 5 week 6 week 7 week 8 week 

BA-1.5Si-T6 0 ± 0 
0.06 ± 
0.005 

0.22 ± 
0.010 

0.24 ± 
0.013 

0.25 ± 
0.018 

0.28 ± 
0.015 

0.30 ± 
0.020 

0.26 ± 
0.014 

BA-3Si-T6 
0 ± 0 

0.07 ± 
0.006 

0.24 ± 
0.011 

0.26 ± 
0.015 

0.30 ± 
0.019 

0.33 ± 
0.013 

0.32 ± 
0.022 

0.30 ± 
0.018 

BA-4.5Si-T6 
0 ± 0 

0.06 ± 
0.005 

0.23 ± 
0.009 

0.25 ± 
0.013 

0.28 ± 
0.017 

0.31 ± 
0.020 

0.25 ± 
0.012 

0.24 ± 
0.014 

BA-6Si-T6 
0 ± 0 

0.08 ± 
0.007 

0.28 ± 
0.014 

0.30 ± 
0.018 

0.34 ± 
0.021 

0.40 ± 
0.020 

0.35 ± 
0.017 

0.34 ± 
0.019 

 

Figure 4.16 Corrosion rate variation of T6 heat-treated Al-6.5%Mg-xSi alloys with different Si 

contents in 3.5 %NaCl solution. 

The increase in corrosion rate is more pronounced in alloys with higher silicon content, where 

the volume fraction of reprecipitated Mg₂Si is greater. Although the precipitates are finer than 

in the as-cast condition, their uniform dispersion throughout the matrix results in widespread 
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galvanic interactions, leading to increased general corrosion. This behavior explains the higher 

corrosion rates observed in heat-treated alloys compared to their as-cast counterparts. 
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Figure 4.17 Surface morphologies of Al–6.5Mg–xSi alloys in the heat treated condition after 

weekly exposure to the corrosive medium. 

Additionally, heat treatment alters surface properties and redistributes alloying elements within the 

matrix, which may further destabilize the passive oxide film and promote pit initiation. Surface 

observations confirm an increased density of pits in the heat-treated condition as shown in Figure 

4.17, although the pits tend to be more uniformly distributed compared to the localized attack 

observed in as-cast high-Si alloys. This transition from localized to more uniform corrosion is 

characteristic of microstructures containing finely dispersed cathodic precipitates. 

T6 heat treatment significantly enhances mechanical performance through precipitation 

strengthening, it adversely affects corrosion resistance by increasing micro-galvanic activity. 

These results highlight the inherent trade-off between mechanical strength and corrosion 

performance in Al-Mg-Si alloys and emphasize the importance of optimizing silicon content and 

heat treatment parameters for sacrificial anode applications. 
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4.5.3 Potentiodynamic Polarization Test 

Potentiodynamic polarization experiments were conducted in 3.5 wt.% NaCl solution to evaluate 

the electrochemical corrosion behavior of Al-6.5Mg-xSi alloys in both as-cast and T6 heat-treated 

conditions. The polarization curves obtained from these tests in as-cast condition are presented in 

Figure 4.18, while the corresponding electrochemical parameters including corrosion potential 

(Ecorr) and corrosion current density (Icorr) are summarized in Table 4.8 for both as-cast and T6 

heat treated condition. These parameters provide direct insight into the anodic activity, driving 

potential, and current efficiency of the alloys when considered for sacrificial anode applications. 

 

Figure 4.18 Potentiodynamic polarization curves of the developed Al-6.5Mg-xSi alloys in 3.5 % 

NaCl solution (As-Cast). 

Table 4.8 Electrochemical corrosion parameters Ecorr and Icorr of Al-6.5Mg-xSi alloys in as-cast 

and Heat-treated conditions 

Name Condition Ecorr (mV) Icorr (µA/cm2) 

BA 

As Cast 

-852±18 1.520±0.028 
Al+6.5%Mg+1.5%Si -745.0±14 0.410±0.006 
Al+6.5%Mg+3% Si -599.0±12 1.690±0.032 

Al+6.5%Mg+4.5% Si -610±10.5 2.584±0.053 
Al+6.5%Mg+6%Si -677.0±13.5 3.620±0.072 

Al+6.5%Mg+1.5%Si 

Heat Treated 

–955±18 7.51±0.15 
Al+6.5%Mg+3% Si –858±15 2.18±0.04 

Al+6.5%Mg+4.5% Si -1.03±18 1.30±0.021 

Al+6.5%Mg+6%Si –946±16.5 4.64±0.09 
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4.5.4 As-Cast Condition 

In the as-cast condition, the base Al–6.5%Mg alloy exhibits a highly negative corrosion potential 

(-852.0 mV) with a moderate corrosion current density (1.520 µA/cm²), indicating strong anodic 

behavior suitable for sacrificial applications. The addition of silicon significantly influences the 

electrochemical response. A small Si addition (1.5%) shifts the Ecorr positively to -745.0 mV 

while markedly reducing Icorr to 0.41 µA/cm², reflecting improved surface stability and reduced 

corrosion rate. This behavior suggests the formation of a relatively protective oxide layer supported 

by a fine and uniform Mg₂Si dispersion. 

Further increasing the Si content to 3% results in a more noble Ecorr value (-599.0 mV), indicating 

enhanced corrosion resistance; however, the Icorr increases to 1.690 µA/cm², suggesting the onset 

of localized electrochemical activity. At higher Si levels (4.5% and 6%), the corrosion current 

density increases substantially, reaching a maximum of 3.620 µA/cm² for the 6% Si alloy. Despite 

a moderately negative Ecorr (-677.0 mV), the high Icorr indicates accelerated anodic dissolution. 

This behavior is attributed to the formation of coarse and interconnected Mg₂Si morphologies, 

which act as preferential electrochemical sites and promote micro-galvanic coupling with the α-Al 

matrix. 

Pitting behavior plays a crucial role in this response. During anodic polarization, metastable pitting 

is observed as transient current spikes at lower potentials, while stable pits form beyond the 

breakdown potential, leading to sustained current increases and material loss.[164] In as-cast 

alloys, these pits preferentially initiate near Mg₂Si-matrix interfaces and grain boundaries where 

passive film continuity is disrupted.[165] 

The increased current density observed for high-Si containing alloys confirms weaker passivation 

and a greater susceptibility to localized corrosion. The variation in electrochemical behavior of the 

Al-Mg-Si alloys in 3.5 wt.% NaCl solution highlights the critical role of silicon content in 

optimizing corrosion resistance for sacrificial anode applications. Figure 4.19 presents SEM 

micrographs of the Al-Mg-Si alloys after potentiodynamic polarization testing, illustrating the 

surface features and corrosion morphologies developed as a result of electrochemical evaluation. 
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(BA)Al-6.5%Mg BA-3%Si 

BA-4.5Si BA-6Si 

Figure 4.19 SEM images of Al-Mg-Si alloys after potentiodynamic polarization testing, 
showing corrosion morphology. 

4.5.5 Effect of Heat Treatment (T6 Condition) 

Following T6 heat treatment, all Si-containing alloys exhibit a pronounced shift in corrosion 

potential toward more negative values, indicating increased anodic activity. The Ecorr values shift 

to -955 mV, -858 mV, and -946 mV for the 1.5%, 3%, and 6% Si alloys, respectively. This shift 

reflects enhanced driving potential, which is beneficial for sacrificial anode performance. 

However, this increased activity is accompanied by higher corrosion current densities, particularly 

for the 1.5% Si alloy (7.51 µA/cm²) and the 6% Si alloy (4.64 µA/cm²). 
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Figure 4.20 Potentiodynamic polarization curves of the developed Al-6.5Mg-xSi alloys in 

3.5 % NaCl solution (T6 Heat treated). 

The polarization curves obtained from these tests in the T6 heat treated condition are presented in 

Figure 4.20, while the corresponding electrochemical parameters are summarized in Table 4.8 for 

both the as-cast and T6 heat-treated conditions. 

The increased Icorr in the heat-treated condition is associated with microstructural refinement 

induced by solution treatment and aging. As discussed in Section 4.1, T6 treatment dissolves coarse 

Mg₂Si networks and reprecipitates them as fine, point-like, intermittently distributed particles. 

While this reduces the continuity of cathodic sites and promotes more uniform anodic 

dissolution[166], it also introduces solute-depleted zones adjacent to precipitates. These zones 

locally weaken passivation and contribute to more active Ecorr values and increased corrosion 

currents. [167–170] 

4.5.6 Microstructure-Electrochemical Correlation 

The electrochemical behavior observed from potentiodynamic polarization measurements shows 

a strong correlation with the microstructural features discussed earlier in Section 4.1 

(Microstructural Evaluation) and is further supported by the weight-loss corrosion results 

presented in Section 4.4. Both corrosion assessment techniques consistently demonstrate that the 
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morphology, distribution, and continuity of the Mg₂Si phase play a decisive role in governing 

corrosion mechanisms in Al-6.5Mg-xSi alloys. 

In the as-cast condition, coarse and morphologically heterogeneous Mg₂Si phases-appearing as 

flakes, rods, fibrous structures, or Chinese script networks-are distributed non-uniformly within 

the α-Al matrix, as shown in Section 4.1. These intermetallic phases behave first anodic and then 

after cathodic relative to the aluminum matrix, creating localized micro-galvanic cells at the 

Mg₂Si/α-Al interfaces. This localized galvanic coupling accelerates pit initiation and growth, 

which is reflected in both the higher corrosion current densities (Icorr) obtained from polarization 

studies and the increased weight loss observed for alloys containing higher Si content. The weight-

loss results further confirm that alloys with coarse and semi-continuous Mg₂Si networks exhibit 

higher corrosion rates and more pronounced pitting, particularly at elevated silicon levels. 

In contrast, the T6 heat-treated condition exhibits a markedly refined microstructure due to the 

dissolution of coarse Mg₂Si during solution treatment and its subsequent reprecipitation as fine, 

point-like, and intermittently distributed particles during artificial aging, as detailed in Section 4.1. 

This refined and scatter precipitate distribution disrupts the continuity of Mg₂Si networks, thereby 

increase intense localized galvanic interactions. As a result, corrosion progresses in a 

comparatively more uniform manner across the alloy surface, which is evident from the more 

evenly distributed surface attack observed during post-corrosion examinations Figure 4.17. 

However, despite improved corrosion uniformity, both polarization and weight-loss results 

indicate an increase in overall anodic activity in the heat-treated condition. The more negative 

Ecorr values and higher Icorr values obtained after T6 treatment are attributed to the formation of 

solute-depleted zones adjacent to the reprecipitated Mg₂Si particles. These zones locally weaken 

the passive film and facilitate anodic dissolution over a larger surface area, leading to higher 

cumulative weight loss despite the absence of severe localized attack. [167] 

The combined electrochemical and gravimetric corrosion results demonstrate that silicon content 

and heat-treatment-induced microstructural refinement jointly control the corrosion mechanism, 

anodic efficiency, and operational stability of Al-Mg-Si sacrificial anodes. An optimized balance 

between Mg₂Si morphology, distribution, and continuity is therefore essential to achieve controlled 

anodic dissolution without excessive localized corrosion. Similar microstructure-dependent 

electrochemical behavior has been widely reported in Al-Si alloy systems, where compositional 
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and precipitation effects govern Ecorr and Icorr responses under chloride environments. 

[137,171,172]. 

4.5.7 Corrosion Mechanism in Al–Mg–Si Alloys 

 
Figure 4.21 Schematic illustration of the corrosion mechanism in Al-Mg-Si alloys exposed to 

chloride solution. The yellow line marks initial anodic sites that later become cathodic regions (red 

line). Representative SEM images support the proposed mechanism. [173] 

A proposed corrosion mechanism of Al–Mg–Si alloys in chloride-containing environments is 

schematically presented in Figure 4.21. The schematic represents a possible sequence of corrosion 

initiation and propagation based on the experimental observations obtained in the present study 

together with the corrosion mechanisms reported in the literature. It is intended to provide a 

conceptual interpretation rather than direct evidence of the cross-sectional corrosion morphology. 

The schematic suggests that corrosion may initiate at Mg₂Si particles, followed by propagation 

Cathodic Site 

Corrosion Product 

 Anodic  Site 

Pit 

Partially 
Corroded Mg2Si 
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into the surrounding α-Al matrix as a result of chloride ion penetration and localized breakdown 

of the protective oxide film. Since cross-sectional SEM observations were not performed in the 

present investigation, the proposed mechanism should be considered as a plausible interpretation 

based on surface morphological evidence and published literature. The mechanistic interpretation 

is further supported by EDS point analysis, presented in Figure 4.22, which identifies the presence 

of magnesium, silicon, oxygen, and associated corrosion products in the corroded regions. 

However, the EDS analysis alone does not directly verify the cross-sectional corrosion path 

depicted in the schematic. 

 

Figure 4.22 EDS point analysis of different particles in Al-Mg-Si alloys after potentiodynamic 

polarization testing, identifying elemental composition. 
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Corrosion in Al-Mg-Si alloys typically initiates when chloride ions infiltrate the alloy surface 

through microstructural heterogeneities such as surface defects, grain boundaries, or regions 

adjacent to intermetallic particles. This susceptibility arises primarily from variations in the size, 

morphology, and spatial distribution of Mg₂Si and Al-Fe-Si intermetallic phases, which create 

localized electrochemical potential differences within the matrix. [173] As observed in Figures 4.1 

and 4.5, alloys containing fine, uniformly distributed, and relatively spheroidal Mg₂Si particles-

typically associated with lower silicon content-exhibit delayed corrosion initiation and a more 

uniform corrosion pattern. In contrast, alloys with coarser or partially interconnected Mg₂Si 

networks, common at higher silicon contents, show earlier pit nucleation, faster propagation rates, 

and deeper localized attack. These observations suggest establish a clear mechanistic relationship 

between Mg₂Si morphology and corrosion behavior. 

The corrosion process in Al-Mg-Si alloys generally progresses through two distinct stages: 

initiation and propagation. During the initiation stage, corrosion preferentially begins at the Mg₂Si 

particle–matrix interface, where localized galvanic coupling accelerates dissolution of the adjacent 

aluminum matrix.  Initially, Mg₂Si particles may behave anodically relative to the α-Al matrix, as 

indicated by the yellow-marked regions in Figure 4.21, leading to selective magnesium leaching. 

This process alters the local electrochemical environment and shifts the Mg₂Si phase toward 

cathodic behavior, as marked by the red regions in the schematic. The increase in anodic driving 

potential during this transition accelerates localized corrosion; however, as the reactive Mg content 

within Mg₂Si diminishes, the overall corrosion rate may gradually decrease. 

With continued exposure, the corrosion mechanism is proposed to transition from selective 

magnesium dissolution within Mg₂Si particles to anodic dissolution of the aluminum matrix 

surrounding silicon-enriched inclusions. [49,92] Insoluble corrosion products, such as Mg(OH)₂, 

accumulate near pit openings and contribute to the formation of occluded cells. These localized 

environments trap chloride ions, reduce local pH, and promote autocatalytic corrosion along grain 

boundaries, thereby sustaining pit growth. [49]  Prolonged exposure may further result in positive 

shift in the electrochemical potential of Mg₂Si particles, transforming previously corroded 

precipitates into cathodic sites relative to the surrounding aluminum matrix. [173] Recent studies 

have confirmed the time-dependent electrochemical behavior of Mg₂Si, demonstrating that 

initially anodic precipitates become increasingly silicon-enriched as magnesium is leached, 



 

113 
 

RESULTS & DISCUSSION 

emphasizing the dynamic and evolving nature of corrosion mechanisms in Al-Mg-Si alloys.[174–

176] 

To further elucidate the role of silicon in governing corrosion behavior, the developed alloys were 

systematically correlated in terms of Mg₂Si characteristics, hardness, and corrosion response. As 

summarized in Table 4.9, variations in silicon content directly influence the size, morphology, and 

distribution of Mg₂Si phases (Figure 4.5), which in turn affect both mechanical and 

electrochemical performance. 

Table 4.9 Relationship between Mg₂Si characteristics, hardness, and corrosion behavior of 

developed Al-6.5%Mg-Si alloys in as-cast condition.  

Alloy 
Composition 

Hardness 
(BHN) 

Mg₂Si 
Characteristics 

Corrosion 
Initiation 

Pit Morphology 

BA-1.5Si 82 ± 1.9 

Fine, uniformly 
distributed flake 

type Mg₂Si (Figure 
4-5a) 

Numerous 
anodic sites; 

rapid 
initiation 

Shallow, 
widespread pits 

BA-3Si 67 ± 1.7 

Coarser, rod like  
Mg₂Si with 
moderate 

distribution 
(Figure 4-5b) 

Preferential 
initiation at 

particle–
matrix 

interfaces 

Deep, isolated 
pits 

BA-4.5Si 70 ± 1.7 

Coarse, clustered 
fibrous Mg₂Si, 

partially 
interconnected 
(Figure 4-5c) 

Multiple 
initiation sites 

but slower 
onset 

Larger, semi-
interconnected 

cavities 

BA-6Si 83 ± 1.7 

High density, 
clustered Chinese 
script type Mg₂Si 

(Figure 4-5d) 

Rapid 
initiation 

across 
numerous 

sites 

Interconnected 
corrosion cavities 

The Brinell hardness values obtained in the present investigation reflect the combined influence of 

the α-Al matrix, solid-solution strengthening by magnesium, and the size, morphology, and 

distribution of the Mg₂Si and Al₃Mg₂ intermetallic phases. Therefore, the measured hardness 

represents the overall bulk mechanical response of the alloy rather than the hardness of individual 

constituent phases. Similar findings have been reported by Polmear et al. [156], Totten and 

MacKenzie [157], and Mondolfo [158], who demonstrated that the combined effects of matrix 
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strengthening and Mg₂Si precipitation govern the mechanical behaviour of Al–Mg–Si alloys. The 

present results further indicate that the evolution of Mg₂Si morphology strongly influences both 

the mechanical and electrochemical performance of the alloys. Fine and uniformly dispersed 

Mg₂Si particles in the 1.5 wt.% Si alloy produced higher hardness together with relatively rapid 

but shallow corrosion initiation. In contrast, alloys containing intermediate silicon contents (3 and 

4.5 wt.% Si) exhibited coarser and partially clustered Mg₂Si morphologies, resulting in reduced 

hardness and increased susceptibility to deeper localized pitting due to enhanced galvanic 

interactions between the intermetallic phases and the surrounding α-Al matrix. At the highest 

silicon content (6 wt.% Si), hardness increased again owing to the higher volume fraction of Mg₂Si; 

however, prolonged exposure to chloride-containing environments promoted interconnected pit 

formation and the gradual anodic-to-cathodic transformation of Mg₂Si particles, thereby 

accelerating localized corrosion. Consequently, higher hardness did not necessarily correspond to 

superior sacrificial anode performance. Instead, the optimum alloy performance was governed by 

a balanced combination of mechanical strength and electrochemical activity, which depended 

primarily on the morphology, size, and distribution of Mg₂Si rather than hardness alone. Overall, 

the corrosion mechanism in Al–Mg–Si alloys is controlled by the complex interplay between 

microstructural evolution, intermetallic phase chemistry, and electrochemical interactions in 

chloride media. These findings are consistent with previous studies, which have established that 

optimization of Mg₂Si characteristics through appropriate alloy design and processing is essential 

for simultaneously achieving enhanced mechanical properties, controlled corrosion behaviour, and 

improved sacrificial anode performance in Al–Mg–Si alloys [49,117,155–158]. 

4.6 Anode Performance Measurement 

The sacrificial anode performance of the Al-6.5Mg-xSi alloys was evaluated in accordance with 

DNV RP B401, using anode capacity and consumption rate as the primary performance indicators. 

These parameters provide a practical, application-oriented validation of the electrochemical 

behavior discussed in the previous section. 

The trends observed in the potentiodynamic polarization and weight-loss corrosion studies are 

directly reflected in the anode performance results. Alloys exhibiting higher corrosion current 

densities and weaker passivation showed increased consumption rates, while compositions with 
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more stable electrochemical behavior demonstrated improved anode efficiency. The influence of 

Si content and T6 heat treatment on dissolution behavior is therefore critical in controlling both 

capacity and service life of the sacrificial anodes. 

Table 4.10 summarizes the complete experimental data and calculated electrochemical 

performance parameters for both as-cast and T6 heat-treated Al-6.5Mg-xSi alloys, highlighting the 

role of microstructural modification on anode efficiency and consumption characteristics under 

simulated service conditions. 

T6 heat-treated alloys exhibit slightly lower anode capacities and marginally higher consumption 

rates compared to their as-cast counterparts, indicating that microstructural refinement and 

precipitation hardening promote more uniform but accelerated dissolution. This behavior is 

consistent with the reduced passivation stability and enhanced electrochemical activity observed 

in the polarization studies. 

A clear correlation is observed between the weight-loss corrosion data (Tables 4.6 and 4.7), the 

electrochemical parameters obtained from potentiodynamic polarization (Table 4.8), and the 

sacrificial anode performance characteristics (Table 4.10). Alloys exhibiting higher corrosion 

current densities (Icorr) and higher long-term corrosion rates during immersion testing consistently 

show increased anode consumption rates during galvanostatic evaluation, confirming coherence 

between short-term electrochemical response and cumulative material loss. 

Table 4.10 Experimental data and electrochemical performance parameters for as-cast and T6 heat 

treated Al-6.5Mg-Si sacrificial anodes 

Sr.

No 
Alloy Name 

Surface 

Area 

(mm2) 

Anode sample Wt. of copper coulometers 

in gm 
Anode 

capacity 

(Amp.hr

/kg) 

Consu-

mption 

Rate 

kg/Am

p*year 

Initial 

Wt 

(gm) 

Final 

Wt 

 (gm) 

Wt loss 

(gm/ 

cm2) 

Initial 

Wt 

(gm) 

Final 

wt 

(gm) 

Differe

nce 

(gm) 

as -cast 

1 BA 
16.010 

 ± 0.061 

15.667 

± 0.060 

14.265 

 ± 0.058 

8.757 

 ± 0.050 

0.321 ± 

0.001 

4.811 ± 

0.025 

4.490 ± 

0.024 

2701.5 

± 19.5 

3.24  

± 0.03 
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2 BA-1.5Si 
16.170 

 ± 0.108 

16.837 

± 0.057 

15.932 

 ± 0.061 

5.597 ± 

0.033 

0.300 ± 

0.001 

2.593 ± 

0.008 

2.293 ± 

0.008 

2136.7 

± 20.5 

4.09  

± 0.04 

3 BA-3Si 
15.860  

± 0.114 

16.661 

± 0.071 

15.608 

 ± 0.064 

6.639 ± 

0.033 

0.310 ± 

0.001 

2.496 ± 

0.017 

2.186 ± 

0.017 

1750.0 

± 16.0 

5.00 

 ± 0.05 

4 BA-4.5Si 
15.860  

± 0.056 

17.115 

± 0.042 

15.373 

 ± 0.039 

10.984 

± 0.082 

0.313 ± 

0.001 

3.666 ± 

0.012 

3.353 ± 

0.011 

1623.9 

± 7.6 

5.39 

 ± 0.04 

5 BA-6Si 
15.860 

 ± 0.056 

15.801 

± 0.073 

14.666 

 ± 0.078 

7.156 ± 

0.049 

0.319 ± 

0.001 

4.063 ± 

0.024 

3.744 ± 

0.024 

2781.5 

± 24.1 

3.14 

 ± 0.02 

T6 heat treated 

6 BA-1.5Si-T6 
15.86 

 ± 0.101 

12.843 

± 0.06 

11.460  

± 0.05 

8.720 

 ± 0.03 

0.329 ± 

0.001 

3.832 ± 

0.018 

3.503 ± 

0.018 

2135.8 

± 25.7 

4.10 

 ± 0.04 

7 BA-3Si-T6 
15.56  

± 0.102 

14.096 

± 0.06 

12.810 

 ± 0.07 

8.265 

 ± 0.03 

0.325 ± 

0.002 

3.022 ± 

0.010 

2.697 ± 

0.011 

1769.3 

± 12.5 

4.95 

 ± 0.05 

8 BA-4.5Si-T6 
16.01  

± 0.123 

15.758 

± 0.06 

14.036  

± 0.07 

10.756 

± 0.09 

0.316 ± 

0.001 

3.741 ± 

0.021 

3.425 ± 

0.022 

1677.4 

± 7.9 

5.22 

 ± 0.03 

9 BA-6Si-T6 
16.01 ± 

0.12 

16.681 

± 0.04 

14.972 

 ± 0.04 

10.675 

± 0.08 

0.313 ± 

0.001 

3.718 ± 

0.025 

3.405 ± 

0.025 

1680.1 

± 8.2 

5.21 

 ± 0.04 

 

Among the as-cast alloys, the Al-6.5Mg-3Si and Al-6.5Mg-4.5Si compositions display 

progressively higher Icorr values (1.69 and 2.58 µA/cm², respectively) and elevated corrosion rates 

after prolonged exposure (up to ~0.30 MPY), which directly correspond to their higher 

consumption rates (5.00 and 5.39 kg/A·year) and lower anode capacities (Table 4.10). In contrast, 

the Al-6.5Mg-1.5Si alloy exhibits the lowest Icorr (0.41 µA/cm²), relatively moderate corrosion 

rates, and a comparatively lower consumption rate (4.09 kg/A·year), indicating more controlled 

anodic dissolution and improved charge efficiency. The Al-6.5Mg-6Si alloy shows a distinct 

behavior, where a high Icorr (3.62 µA/cm²) and elevated weight-loss corrosion rates are 

accompanied by a high anode capacity but a reduced consumption rate, reflecting intense but 

partially self-limiting anodic activity associated with dense Mg₂Si networks. 

Heat treatment further intensifies these trends. T6-treated alloys exhibit markedly more negative 

corrosion potentials and substantially higher Icorr values, particularly for the 1.5% Si and 6% Si 

alloys (7.51 and 4.64 µA/cm², respectively), which is consistent with their increased corrosion 
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rates during immersion and higher consumption rates during anode testing. This behavior is 

attributed to microstructural modification during solution treatment and aging, including Mg 

redistribution and refinement or reconfiguration of Mg₂Si phases, which weakens local passivation 

and promotes more uniform but accelerated anodic dissolution. 

The combined weight-loss, polarization, and anode performance data establish a strong 

microstructure-electrochemical performance relationship. Silicon content governs Mg₂Si 

morphology and electrochemical stability, which in turn controls corrosion kinetics and sacrificial 

efficiency. These findings confirm that optimal sacrificial anode performance in Al-Mg-Si alloys 

requires a balance between sufficient anodic activity and controlled dissolution, rather than simply 

maximizing corrosion current density. 

4.6.1 Evaluation of Anode Capacity and Consumption Rate 
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Figure 4.23 Comparison of consumption rate and anode capacity for "as-cast" and “heat treated” 

Al-6.5Mg-xSi alloys with varying silicon content. 

The sacrificial anode performance of the Al-6.5Mg-xSi alloys exhibits a distinctly non-linear 

dependence on silicon content, as summarized in Table 4.10 and illustrated in Figure 4.23. In the 

as-cast condition, increasing Si content from 1.5% to 3% results in a marked decline in anode 

capacity from 2136.7 to 1749.9 A·h/kg, accompanied by an increase in consumption rate from 

4.09 to 5.00 kg/A·year. This degradation becomes more pronounced at 4.5% Si, where the anode 

capacity further decreases to 1623.9 A·h/kg and the consumption rate reaches a maximum value 

of 5.39 kg/A·year, indicating the least efficient utilization of material within the investigated 

compositional range. 

The inferior performance of the intermediate-Si alloys (3% and 4.5% Si) is attributed to their 

characteristic microstructural features, where Mg₂Si precipitates form coarse, partially continuous 

lamellar and rod-like morphologies (Figure 4.1). Such interconnected intermetallic networks 

promote localized galvanic coupling with the α-Al matrix, leading to non-uniform dissolution and 

premature material loss. Similar observations have been reported by Feng-li Zeng et al., who 

demonstrated that coarse Mg₂Si morphologies reduce current efficiency by concentrating anodic 

dissolution at discrete sites rather than enabling uniform sacrificial behavior.[92] In this 
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compositional regime, silicon effectively behaves as a performance-degrading element by 

reducing the availability of electrochemically active magnesium and promoting localized 

corrosion. 

A notable reversal of this trend is observed at the highest silicon content. The as-cast Al-6.5Mg-

6Si alloy demonstrates an exceptionally high anode capacity of 2781.5 A·h/kg, significantly 

exceeding both the intermediate-Si alloys and the typical performance range of conventional Al-

Mg sacrificial anodes (generally ≤2500 A·h/kg). Simultaneously, this alloy exhibits the lowest 

consumption rate among the as-cast series (3.14 kg/A·year), indicating superior anodic efficiency 

and extended service life potential. This unique behavior highlights that silicon content alone does 

not govern anode performance; rather, the specific Mg₂Si morphology and its distribution play a 

decisive role in determining sacrificial efficiency. 

4.6.2 Influence of Heat Treatment on Anode Performance 

The effect of T6 heat treatment on anode performance is strongly composition-dependent and 

reflects the sensitivity of Mg₂Si morphology to thermal processing. For the low-Si alloy (1.5% Si), 

heat treatment produces only a marginal change in anode capacity (2136.7 to 2135.8 A·h/kg) and 

consumption rate (4.09 to 4.10 kg/A·year), indicating that the sacrificial behavior remains largely 

unaffected. A similar trend is observed for the 3% Si alloy, where the consumption rate shows a 

slight reduction from 5.00 to 4.95 kg/A·year, suggesting limited microstructural benefit from the 

T6 cycle. 

In contrast, the 4.5% Si alloy maintains a high consumption rate after heat treatment (5.22 

kg/A·year), closely comparable to its as-cast value, confirming that the coarse Mg₂Si networks 

responsible for accelerated dissolution are not effectively mitigated by T6 processing. This 

persistence of high consumption highlights the inherent instability of intermediate-Si 

microstructures for sacrificial applications. 

The most pronounced heat-treatment effect is observed for the Al-6.5Mg-6Si alloy. While this 

alloy exhibits outstanding efficiency in the as-cast condition, T6 heat treatment results in a sharp 

increase in consumption rate from 3.14 to 5.21 kg/A·year, representing a performance degradation 

of approximately 65%. This deterioration is accompanied by a substantial reduction in effective 
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anodic efficiency, demonstrating that the superior sacrificial behavior of the 6% Si alloy is 

intrinsically linked to its as-cast microstructural state. This behaviour can be attributed to the 

microstructural evolution occurring during solution treatment and artificial ageing. T6 heat 

treatment promotes the dissolution of coarse Mg₂Si particles during solution treatment, followed 

by the precipitation of finer Mg₂Si phases during ageing. Although these precipitates contribute to 

precipitation hardening and significantly improve hardness, they also increase the electrochemical 

heterogeneity of the alloy. The increased number of finely dispersed Mg₂Si precipitates enhances 

localized micro-galvanic coupling with the surrounding α-Al matrix, thereby accelerating 

preferential anodic dissolution and reducing current efficiency. Consequently, despite the 

improvement in mechanical properties, the electrochemical performance of the alloy as a sacrificial 

anode deteriorates. Similar observations have been reported in previous studies, which 

demonstrated that precipitation hardening in Al–Mg–Si alloys improve hardness but may 

adversely affect corrosion behaviour and anodic performance due to changes in precipitate 

distribution and galvanic interactions. [92, 117, 173–175] Phase redistribution and Mg₂Si 

fragmentation during solution treatment and aging disrupt the beneficial interconnected 

morphology, leading to accelerated and less controlled dissolution. 

4.6.3 Correlation with Microstructure and Potentiodynamic Polarization Behavior 

The observed trends in anode capacity and consumption rate are strongly correlated with both 

microstructural characteristics and electrochemical parameters. The superior performance of the 

as-cast Al-6.5Mg-6Si alloy is associated with the presence of a fine, interconnected “Chinese-

script” Mg₂Si morphology, which promotes more uniform anodic dissolution compared to the 

coarse flakes and rods characteristic of the 3% and 4.5% Si alloys.[169] This morphology 

effectively distributes anodic sites throughout the matrix, minimizing localized attack and 

improving current utilization efficiency. 

Potentiodynamic polarization results further substantiate this relationship. In the as-cast condition, 

the 6% Si alloy exhibits a relatively high corrosion current density (Icorr = 3.62 µA/cm²), 

indicative of strong anodic activity, yet without excessive material wastage due to its uniform 

dissolution mode. Conversely, the intermediate-Si alloys display elevated Icorr values combined 

with poor anode efficiency, reflecting aggressive but localized corrosion behavior. 
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Following T6 heat treatment, although the corrosion potential of the 6% Si alloy shifts to a more 

active value (Ecorr ≈ −946 mV), the corresponding increase in Icorr to 4.64 µA/cm² directly 

correlates with the observed rise in consumption rate. This confirms that enhanced electrochemical 

activity alone does not guarantee superior sacrificial performance; rather, it must be accompanied 

by a favorable dissolution morphology. The combined microstructural, electrochemical, and anode 

performance data conclusively demonstrate that optimal sacrificial behavior in Al-Mg-Si alloys 

arises from a synergistic balance between Si content, Mg₂Si morphology, and thermal history. 

4.6.4 Surface Examination after Anode Performance Testing 

The macroscopic surface examination of the anode performance–tested specimens provides direct 

visual confirmation of the electrochemical and gravimetric trends discussed in the preceding 

sections. As illustrated in Figure 4.24, the as-cast alloys exhibit pronounced non-uniform corrosion 

characterized by localized pitting, deep crevice formation, and uneven material removal. Among 

these, the Al-6.5Mg-3Si alloy shows the most severe localized attack, with deep pits and irregular 

dissolution features. This observation directly correlates with its highest consumption rate (5.0 

kg/Amp·year) and reduced anode capacity listed in Table 4.10, confirming inefficient current 

utilization due to localized micro-galvanic activity associated with coarse and partially continuous 

Mg₂Si networks. 
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Figure 4.24 Surface morphology of Al-6.5Mg-xSi sacrificial anode specimens after Anode 
performance measurement in both as-cast and T6 heat treated conditions. 

The Al-6.5Mg-1.5Si alloy displays comparatively shallower pits and more dispersed corrosion 

sites, consistent with its lower corrosion current density and moderate consumption rate. In 

contrast, the 4.5% Si alloy shows mixed corrosion behavior, with regions of uniform dissolution 

interspersed with localized attack, reflecting its intermediate electrochemical response and 

relatively high consumption rate. These observations reinforce the conclusion that increasing Si 

content in the as-cast condition promotes microstructural heterogeneity, leading to unstable and 

localized anodic dissolution. 

In comparison, the T6 heat-treated specimens demonstrate a markedly different surface 

morphology. All heat-treated alloys exhibit more uniform surface recession with significantly 

reduced pit depth, indicating a transition from localized to generalized anodic dissolution. This 

behavior is attributed to the redistribution and refinement of the Mg₂Si phase during solution 

treatment and aging, as evidenced by the corresponding shifts in Ecorr and Icorr values (Table 

4.8). The homogenization of cathodic sites minimizes localized galvanic coupling, thereby 

promoting steadier material consumption. 

This uniform dissolution is particularly evident in the T6-treated Al-6.5Mg-6Si alloy, which 

exhibits smooth and evenly recessed surfaces with minimal deep pitting. Despite its increased 

anodic activity after heat treatment, the absence of severe localized attack allows for sustained 
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current output, resulting in a high anode capacity of 2781.5 Amp·hr/kg. The reduced pitting 

tendency in heat-treated alloys helps preserve the geometric integrity of the anode throughout 

service exposure, ensuring predictable consumption behavior and stable cathodic protection 

performance. 

4.7 Summary 

This chapter systematically established the interrelationship between silicon content, 

microstructural evolution, electrochemical behavior, and sacrificial anode performance of Al-

6.5Mg-xSi alloys. Microstructural analysis demonstrated that variations in Si content govern the 

morphology and distribution of Mg₂Si phases, which in turn control corrosion initiation, 

propagation, and dissolution uniformity in chloride environments. Weight-loss immersion tests 

and potentiodynamic polarization studies revealed consistent trends, confirming that alloys 

exhibiting higher anodic activity and localized micro-galvanic effects experience accelerated 

material loss. Anode performance evaluation further validated these findings, showing that 

intermediate Si contents (3–4.5%) lead to inefficient consumption due to coarse Mg₂Si networks, 

while the as-cast 6% Si alloy achieves superior anode capacity and lowest consumption rate owing 

to its favorable “Chinese-script” Mg₂Si morphology. Heat treatment, although beneficial for 

mechanical properties, was shown to adversely affect sacrificial efficiency by disrupting this 

morphology and increasing dissolution rates. Collectively, the results demonstrate that optimal 

sacrificial performance in Al–Mg–Si alloys is governed by a delicate balance between composition 

and microstructure, with the as-cast Al–6.5Mg–6Si alloy emerging as the most promising 

candidate for cathodic protection applications. 
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CHAPTER 5                                               

MAJOR CONTRIBUTIONS AND HYPOTHESIS 

DEVELOPED 

5.1 Introduction 

Chapter 4 established the interrelationships among composition, microstructure, electrochemical 

behavior, and sacrificial performance through systematic experimentation, a generalized scientific 

understanding requires these observations to be articulated as testable and predictive propositions. 

Accordingly, Chapter 5 synthesizes the key outcomes of Chapter 4 into two complementary 

elements: (1) A concise statement of the original research contributions derived from this 

investigation; and (2) A structured set of research hypotheses that integrate microstructural, 

electrochemical, and performance-based evidence. Together, these hypotheses provide a 

mechanistic and predictive framework for interpreting the sacrificial behavior of Al-Mg-Si alloys 

and for guiding the design and optimization of aluminum-based anodes for cathodic protection 

applications. 

5.2 Research Contributions 

This thesis presents a systematic investigation into the role of silicon addition and heat treatment 

on the microstructure, electrochemical behavior, corrosion response, and sacrificial anode 

performance of Al-6.5Mg-xSi alloys. The key original contributions of this research are 

summarized below, with direct reference to the experimental evidence presented in Chapter 4. 

1. Establishment of a Microstructure -Electrochemical Performance Relationship 

A comprehensive framework is developed linking Mg₂Si morphology to corrosion kinetics and 

sacrificial anode efficiency. By correlating SEM/EDS microstructural observations (Figures 4.1, 

4.6), polarization parameters (Table 4.8), weight-loss corrosion behavior (Tables 4.6 and 4.7), and 

anode performance data (Table 4.10), this work demonstrates that sacrificial behavior is governed 

by microstructural continuity and phase distribution rather than composition alone. 
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2. Identification of a Non-Linear Effect of Silicon Content on Sacrificial Anode Performance 

This study establishes a non-linear dependence of anode capacity and consumption rate on silicon 

content. Intermediate Si levels (1.5-4.5%) result in reduced anode capacity and increased 

consumption due to coarse or partially continuous Mg₂Si networks (Figures 4.1c–d, Table 4.10). 

In contrast, the as-cast Al-6.5Mg-6Si alloy exhibits an exceptionally high anode capacity of 2781.5 

A·h/kg and the lowest consumption rate (3.14 kg/A·year), exceeding conventional Al-Mg anode 

performance (Table 4.10). 

3. Demonstration of the Dominant Role of Mg₂Si Morphology in Corrosion Mechanisms 

The work demonstrates that Mg₂Si morphology critically controls corrosion initiation and 

propagation. Fine and uniformly distributed Mg₂Si particles promote shallow, uniform dissolution 

(Figures 4.14 and 4.15), while coarse or interconnected Mg₂Si networks act as micro-galvanic 

cathodes, accelerating localized pitting and pit coalescence (Figures 4.18 and 4.19). This 

mechanistic understanding is supported by both weight-loss trends (Tables 4.6, 4.7) and 

electrochemical current densities (Table 4.8). 

4. Clarification of the Dual Influence of T6 Heat Treatment 

This research clarifies the dual role of T6 heat treatment in sacrificial anode systems. Heat 

treatment consistently shifts corrosion potential toward more active values (Ecorr ≈ –946 to –955 

mV; Table 4.8), enhancing driving potential. However, it also increases corrosion current density 

and consumption rate by disrupting favorable as-cast Mg₂Si morphologies (Figures 4.6 and 4.18), 

particularly in high-Si alloys (Table 4.10). 

5. Validation of Long-Term Corrosion Behavior Through Multi-Method Consistency 

A strong consistency is demonstrated between short-term electrochemical testing and long-term 

immersion behavior. Alloys exhibiting higher Icorr values in polarization studies (Table 4-8) show 

correspondingly higher corrosion rates in weight-loss testing (Tables 4-6 and 4-7) and increased 

consumption rates during anode performance evaluation (Table 4-10), validating the reliability of 

the proposed evaluation methodology. 
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6. Development of a Mechanism-Based Sacrificial Anode Design Strategy 

Based on integrated microstructural, electrochemical, and performance data, this thesis proposes a 

mechanism-based strategy for optimizing Al-Mg-Si sacrificial anodes. The results identify the as-

cast Al-6.5Mg-6Si alloy as an optimal composition, microstructure combination for high-capacity 

anode applications, while demonstrating that heat treatment must be carefully controlled to avoid 

degradation of sacrificial efficiency. 

The relationships between the identified research contributions, the corresponding hypotheses, and 

the supporting experimental evidence are summarized in Table 5.1. This structured linkage 

establishes the experimental basis for the hypothesis development presented in the subsequent 

section. 

Table 5.1 Contribution–Hypothesis–Evidence Linkage for the Present Study 

No. Research 
Contribution of This 

Study 

Linked Research 
Hypothesis 

Key Supporting 
Experimental Evidence 

1 Established a clear 
microstructure–
electrochemical–
performance 
relationship governing 
sacrificial behavior of 
Al–6.5Mg–xSi alloys. 

H6: Sacrificial 
behavior is governed 
by a coupled 
interaction between 
microstructure, 
electrochemical 
response, and 
dissolution 
morphology. 

Correlation of Mg₂Si 
morphology (Figures. 4.5, 
4.6), Ecorr and Icorr (Table 
4-8), weight-loss corrosion 
(Tables 4-6, 4-7), and anode 
performance (Table 4-10). 

2 Demonstrated a non-
linear dependence of 
sacrificial anode 
performance on 
silicon content. 

H3: Silicon content 
affects anode 
performance non-
monotonically, with 
intermediate Si 
reducing efficiency and 
high Si restoring 
performance under 
favorable 
microstructures. 

Decline in anode capacity 
from 1.5–4.5% Si and sharp 
improvement at 6% Si 
(Table 4-10; Figure 4.23). 

3 Identified Mg₂Si 
morphology as the 
dominant factor 
controlling corrosion 

H1: Silicon content 
governs corrosion 
initiation through its 
control of Mg₂Si 

Delayed corrosion initiation 
for fine Mg₂Si (1.5% Si) vs. 
early pitting for 
coarse/interconnected 



 

127 
 

MAJOR CONTRIBUTIONS AND HYPOTHESIS DEVELOPED 

initiation and 
propagation. 

morphology and spatial 
distribution. 

Mg₂Si (Tables 4-6, 4-7; 
Figure. 4.14, 4.19). 

4 Demonstrated the role 
of Mg₂Si continuity in 
intensifying micro-
galvanic corrosion. 

H2: Increased 
continuity of Mg₂Si 
enhances micro-
galvanic coupling and 
increases corrosion 
current density. 

Progressive increase in 
Icorr with increasing Si 
content in as-cast alloys 
(Table 4-8) correlated with 
Mg₂Si connectivity (Figure 
4.6). 

5 Clarified the dual and 
composition-
dependent influence 
of T6 heat treatment 
on sacrificial 
efficiency. 

H4: Heat treatment 
enhances anodic 
activity but reduces 
efficiency at high Si by 
disrupting favorable 
Mg₂Si morphologies. 

Negative shift in Ecorr after 
T6 (Table 4-8) coupled with 
increased consumption rate 
for high-Si alloys (Table 4-
10; Figure 4.23). 

6 Established uniform 
anodic dissolution as 
the governing factor 
for long-term anode 
efficiency. 

H5: Uniform 
dissolution governs 
anode efficiency more 
strongly than corrosion 
rate or anodic activity 
alone. 

Surface recession vs. 
localized pitting trends 
correlated with anode 
capacity and consumption 
rate (Figure 4.24; Table 4-
10). 

7 Identified the as-cast 
Al–6.5Mg–6Si alloy 
as an optimized 
sacrificial anode 
composition–
microstructure 
combination. 

H3 & H6: Superior 
performance arises 
from favorable as-cast 
Mg₂Si morphology and 
coupled 
electrochemical 
response. 

Highest anode capacity 
(2781.5 A·h/kg) and lowest 
consumption rate (3.14 
kg/A·year) for as-cast 6% 
Si alloy (Table 4-10; Figure 
4.6d). 

 

5.3 Hypothesis Development 

5.3.1 Basis for Hypothesis Formulation 

The hypotheses proposed in this chapter are derived from the following key experimental findings: 

 The morphology, continuity, and spatial distribution of the Mg₂Si phase vary significantly 

with silicon content and heat treatment condition. 

 Corrosion behavior shows strong dependence on micro-galvanic interactions between α-

Al matrix and Mg₂Si particles. 

 Electrochemical parameters (Ecorr, Icorr) correlate consistently with long-term weight-

loss corrosion rates and anode consumption behavior. 
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 As-cast high-silicon alloys exhibit superior sacrificial efficiency compared to intermediate-

silicon compositions and heat-treated counterparts. 

These observations indicate that microstructure-mediated electrochemical mechanisms dominate 

sacrificial performance, thereby justifying the development of hypotheses that explicitly link phase 

evolution to corrosion and anode efficiency. 

To provide a consolidated visual representation of the relationships between silicon content, 

microstructural evolution, electrochemical behavior, and sacrificial anode performance identified 

in Chapter 4, a graphical abstract summarizing the basis of the proposed hypotheses is presented 

in Figure 5.1. 

 

Figure 5.1 Graphical abstract illustrating the hypothesis development framework for Al–6.5Mg–

xSi sacrificial anode alloys, highlighting the influence of silicon content on Mg₂Si morphology, 

micro-galvanic interactions, electrochemical response, and resulting anode efficiency. 
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5.3.2 Hypothesis H1: Influence of Silicon Content on Mg₂Si Morphology and Corrosion 

Initiation 

“Increasing silicon content in Al-6.5Mg alloys alters the morphology and spatial distribution of 

the Mg₂Si phase, which directly controls corrosion initiation behavior in chloride environments”. 

Chapter 4 established that silicon addition exerts a dominant influence on Mg₂Si precipitation 

behavior. At low silicon content (1.5% Si), Mg₂Si forms as fine, discrete, and uniformly distributed 

particles within the α-Al matrix, as observed in the microstructural analysis (Figures 4.2 and 4.6). 

In contrast, increasing silicon content to 3-4.5% promotes the development of coarser, elongated, 

and partially continuous Mg₂Si networks, while the highest silicon level (6% Si) results in a high 

volume fraction of interconnected Mg₂Si with complex morphologies. These microstructural 

transitions significantly modify local electrochemical heterogeneity at the Mg₂Si/Al interface. 

The influence of Mg₂Si morphology on corrosion initiation is reflected in the weight-loss corrosion 

results (Tables 4.6 and 4.7), where low-Si alloys exhibit delayed corrosion onset and comparatively 

stable corrosion rates over extended immersion periods. Conversely, alloys containing coarser or 

interconnected Mg₂Si phases show earlier pit nucleation and higher initial corrosion rates, 

indicating increased susceptibility to localized attack. SEM surface examinations after 

electrochemical testing (Figures 4.19) further confirm that corrosion preferentially initiates at 

Mg₂Si matrix interfaces, particularly where Mg₂Si exists as coarse or continuous phases that 

promote micro-galvanic coupling. 

Accordingly, this hypothesis proposes that silicon does not merely act as a compositional modifier, 

but fundamentally controls corrosion initiation by regulating Mg₂Si morphology and phase 

connectivity. The spatial continuity and electrochemical role of Mg₂Si are therefore hypothesized 

to be the primary microstructural parameters governing early-stage corrosion behavior in Al-Mg-

Si sacrificial anode alloys. 



 

130 
 

MAJOR CONTRIBUTIONS AND HYPOTHESIS DEVELOPED 

5.3.3 Hypothesis H2: Role of Mg₂Si Continuity in Micro-Galvanic Corrosion 

“The continuity and spatial connectivity of Mg₂Si phases increase micro-galvanic coupling with 

the α-Al matrix, thereby accelerating localized corrosion and increasing corrosion current 

density.” 

Potentiodynamic polarization results in Chapter 4 reveal a systematic increase in corrosion current 

density (Icorr) with increasing silicon content in the as-cast condition (Table 4.8). The Al-6.5Mg-

3Si, 4.5Si, and 6Si alloys exhibit significantly higher Icorr values compared to the 1.5Si alloy, 

despite similar base compositions. 

Microstructural analysis indicates that these alloys contain coarser and partially interconnected 

Mg₂Si phases, which act as effective cathodic regions relative to the α-Al matrix. This spatial 

continuity enhances micro-galvanic coupling, promoting localized anodic dissolution and non-

uniform corrosion attack. In contrast, discontinuous Mg₂Si particles limit galvanic intensity and 

reduce localized corrosion severity. 

This hypothesis states that corrosion kinetics are governed not merely by Mg₂Si presence, but by 

its continuity and connectivity within the matrix. 

This hypothesis may be tested by comparing Icorr values and localized corrosion morphology 

across alloys with equivalent Mg₂Si volume fraction but differing degrees of phase continuity. 

5.3.4 Hypothesis H3: Non-Linear Relationship Between Silicon Content and Anode 

Performance 

“The relationship between silicon content and sacrificial anode performance in Al–6.5Mg–xSi 

alloys are non-linear, with intermediate silicon levels reducing efficiency and high silicon levels 

restoring or enhancing anode capacity under favorable microstructural conditions.” 

Anode performance results (Table 4.10) demonstrate a clear non-monotonic trend. Increasing 

silicon content from 1.5% to 3% leads to reduced anode capacity and increased consumption rate, 

with the 3% Si alloy exhibiting the poorest efficiency. However, further increasing silicon content 

to 6% results in a substantial improvement in anode capacity and the lowest consumption rate in 

the as-cast condition. 
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Microstructural observations reveal that intermediate silicon levels promote coarse, lamellar Mg₂Si 

morphologies that favor localized attack, whereas the as-cast 6% Si alloy develops a fine Chinese-

script Mg₂Si structure that supports more uniform dissolution. This finding contradicts the 

assumption of a linear degradation in performance with increasing silicon content. 

The hypothesis proposes that sacrificial efficiency depends on silicon-induced microstructural 

state rather than silicon concentration alone. 

This hypothesis can be validated by comparing anode capacity and consumption rate as functions 

of both silicon content and quantified Mg₂Si morphology descriptors. 

5.3.5 Hypothesis H4: Heat Treatment Enhances Anodic Activity but Reduces Anode 

Efficiency at High Silicon Levels 

“T6 heat treatment enhances anodic activity by shifting corrosion potential to more negative 

values; however, at high silicon contents, it increases anode consumption rate by disrupting 

favorable as-cast Mg₂Si morphologies.” 

Potentiodynamic polarization results indicate that T6 heat treatment shifts corrosion potential 

(Ecorr) to more negative values for all alloys, enhancing anodic driving force (Table 4.8). Despite 

this increased activity, anode performance data (Table 4.10) reveal that efficiency does not 

uniformly improve. 

The Al-6.5Mg-6Si alloy exhibits the most pronounced degradation, with consumption rate 

increasing from 3.14 to 5.21 kg/Amp·year after T6 treatment. Microstructural analysis shows that 

heat treatment dissolves the beneficial Chinese-script Mg₂Si network and reprecipitates it as fine 

β″ particles, increasing electrochemical homogeneity but weakening local passivation. 

This hypothesis states that excessive anodic activation without preservation of favorable 

microstructure leads to accelerated but inefficient dissolution. 
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5.3.6 Hypothesis H5: Uniform Anodic Dissolution Governs Long-Term Anode Efficiency 

“Uniform anodic dissolution, rather than minimum corrosion rate or maximum anodic activity, is 

the primary determinant of long-term sacrificial anode efficiency.” 

Surface examinations of tested anodes reveal that alloys exhibiting uniform surface recession 

achieve higher anode capacities and more stable consumption behavior (Figure 4.24). In contrast, 

alloys experiencing localized pitting and deep crevice formation show rapid mass loss and reduced 

current efficiency. 

This explains why certain alloys with relatively high corrosion current densities such as the as-cast 

6% Si alloy, outperform intermediate-Si alloys in practical anode tests. Uniform dissolution 

ensures sustained current delivery and preserves structural integrity over service life. 

The hypothesis emphasizes that dissolution morphology is a more critical performance parameter 

than instantaneous electrochemical metrics alone. 

5.3.7 Hypothesis H6: Coupled Microstructure–Electrochemical Performance Relationship 

“The sacrificial behavior of Al-Mg-Si alloys is governed by a coupled interaction between 

microstructural state, electrochemical response, and dissolution morphology, rather than by 

individual parameters such as silicon content or corrosion current density alone.” 

Integrated analysis of weight-loss corrosion data (Tables 4.6 and 4.7), polarization results (Table 

4.8), anode performance testing (Table 4.10), and surface examination confirms that no single 

parameter independently predicts sacrificial performance. 

Instead, performance emerges from the interaction between Mg₂Si morphology, electrochemical 

characteristics (Ecorr and Icorr), and long-term dissolution uniformity. This hypothesis formalizes 

the multi-parameter mechanism governing sacrificial behavior and provides a predictive 

framework for rational alloy optimization. 

To consolidate the hypothesis development presented in above, Table 5.1 summarizes the clear 

linkages between the research contributions, the formulated hypotheses, and the corresponding 
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experimental evidence derived from Chapter 4. This integrated overview reinforces the data-driven 

nature of the proposed hypotheses. 

5.4 Summary  

This chapter consolidated the experimental outcomes of Chapter 4 into a coherent contribution–

hypothesis framework. Key research contributions were identified, emphasizing the dominant role 

of silicon-controlled Mg₂Si morphology in governing corrosion behavior and sacrificial anode 

efficiency of Al-6.5Mg-xSi alloys. Based on these findings, six interrelated hypotheses (H1–H6) 

were formulated to explain the effects of silicon content, Mg₂Si continuity, micro-galvanic 

interactions, heat treatment, and dissolution morphology on electrochemical response and anode 

performance. 

The hypotheses collectively establish that sacrificial behavior arises from a coupled interaction 

between microstructural state and electrochemical mechanisms rather than from alloy composition 

alone. This chapter thus provides a mechanistic and predictive framework for alloy optimization, 

forming a logical transition to the subsequent chapter focused on validation and interpretation of 

these hypotheses. 
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CHAPTER 6                                      

CONCLUSIONS AND SCOPE FOR FUTURE 

WORK 

6.1 Conclusions 

Based on the experimental results and analysis presented in this thesis, the following major 

conclusions are drawn: 

 Increasing silicon content significantly modifies the as-cast microstructure of Al–6.5Mg alloys, 

promoting a transformation from fine, flake-like intermetallic morphologies at low silicon 

levels to a refined Chinese-script Mg₂Si eutectic structure at 6 wt% Si. XRD and EDS analyses 

confirm the presence of α-Al and Mg₂Si as the dominant phases across all compositions. 

Increasing silicon content reduces the α-Al volume fraction while increasing the Mg₂Si fraction 

and phase continuity. 

 T6 heat treatment effectively dissolves coarse as-cast Mg₂Si structures and reprecipitates them 

as a high density of fine, intermittent β″ precipitates. While this treatment enhances 

microstructural homogeneity and precipitation strengthening, it disrupts favorable as-cast 

Mg₂Si morphologies that are beneficial for sacrificial anode performance. 

 Alloy hardness increases systematically with silicon addition and artificial aging. The Al-

6.5Mg-6Si alloy achieves a peak hardness of approximately 107 HV after T6 treatment, 

compared to 83 HV in the as-cast condition. This strengthening is attributed to combined solid-

solution strengthening and the formation of fine, coherent β″ precipitates that effectively 

impede dislocation motion. 

 Potentiodynamic polarization studies reveal that T6 heat treatment shifts the corrosion 

potential (Ecorr) toward more active values, enhancing anodic driving force. The most negative 

Ecorr value (~ −946 mV) is observed for the 6 wt% Si alloy. However, this increased anodic 

activity is accompanied by higher corrosion current densities (Icorr), indicating accelerated 

dissolution rates in the heat-treated condition. 

 Corrosion preferentially initiates at Mg₂Si particles due to selective magnesium dissolution, 

followed by localized attack on the surrounding aluminum matrix. Increasing silicon content 
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promotes deeper, more irregular pitting through enhanced micro-galvanic coupling, passive 

film breakdown, and occluded cell formation. The electrochemical role of Mg₂Si evolves 

during exposure, contributing to dynamic corrosion behavior. 

 Intermediate silicon additions reduce anode efficiency due to unfavorable Mg₂Si morphologies 

and localized corrosion. In contrast, the as-cast Al-6.5Mg-6Si alloy demonstrates exceptional 

sacrificial performance, achieving a very high anode capacity of 2781.49 Ah/kg-significantly 

exceeding conventional Al-Mg anodes and the lowest consumption rate of 3.15 kg/Amp·year. 

 Although T6 heat treatment maximizes hardness, it significantly degrades anodic efficiency in 

high-silicon alloys. For the 6 wt% Si alloy, heat treatment increases the consumption rate from 

3.15 to 5.21 kg/Amp·year, corresponding to an approximate 65% reduction in sacrificial 

performance. 

 The as-cast Al-6.5Mg-6Si alloy is identified as the optimal composition for cathodic protection 

applications requiring high anode capacity, low consumption rate, and long service life. 

Conversely, the T6-treated Al–6.5Mg–6Si alloy is better suited for structural applications 

where high mechanical strength is the primary requirement. 

6.2 Future Scope of The Study 

While the present investigation establishes clear relationships between silicon content, Mg₂Si 

morphology, electrochemical behavior, and sacrificial anode performance of Al–6.5Mg–xSi 

alloys, several research directions emerge for extending and strengthening the proposed 

mechanistic framework. 

6.2.1 Effect of Cold Working on Microstructure–Electrochemical Coupling 

Chapter 5 proposed that sacrificial anode performance is governed by coupled interactions between 

microstructure, electrochemical response, and dissolution morphology (Hypothesis 6). Cold 

working introduces high dislocation density, residual stresses, and sub-grain refinement within the 

α-Al matrix, which are expected to modify Mg₂Si particle distribution, phase continuity, and local 

electrochemical homogeneity. Future studies may systematically investigate the influence of 

varying degrees of cold deformation (e.g., 10–40% thickness reduction) on corrosion potential 

(Ecorr), corrosion current density (Icorr), and anodic dissolution uniformity. Such work would 
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clarify the role of deformation-induced microstructural features in controlling micro-galvanic 

interactions and long-term sacrificial efficiency. 

6.2.2 Combined Effects of Cold Working and Heat Treatment 

Hypothesis 4 highlighted that T6 heat treatment, although beneficial for anodic activation, can 

adversely affect sacrificial efficiency at high silicon levels due to disruption of favorable as-cast 

Mg₂Si morphologies. Future research may explore controlled thermo-mechanical processing 

routes, such as cold working followed by partial or modified aging treatments, to balance 

mechanical strengthening with anodic efficiency. This approach could provide insight into 

optimizing processing parameters that preserve beneficial Mg₂Si morphologies while maintaining 

sufficient anodic driving potential. 

6.2.3 Interaction Between Cold Work and Mg₂Si Morphology 

Hypotheses 1 and 2 emphasized the dominant influence of Mg₂Si morphology and phase continuity 

on corrosion initiation and micro-galvanic behavior. Cold working may fragment coarse Mg₂Si 

networks or induce preferential particle alignment, thereby modifying micro-galvanic coupling 

intensity at the Mg₂Si/α-Al interface. Detailed microstructural characterization using SEM and 

EBSD, combined with localized electrochemical techniques, could elucidate how deformation-

induced changes in Mg₂Si morphology influence corrosion initiation sites and localized dissolution 

behavior. 

6.2.4 Advanced Electrochemical and Modeling Approaches 

The hypotheses formulated in Chapter 5 may be further validated using electrochemical impedance 

spectroscopy (EIS), scanning Kelvin probe force microscopy (SKPFM), and computational 

modeling to quantify the influence of deformation-induced microstructural heterogeneity on 

galvanic interactions. 

6.2.5 Three-Dimensional Corrosion Evolution and Cross-Sectional Characterization 

Although the present study successfully correlates surface corrosion morphology with 

electrochemical behaviour, the subsurface evolution of localized corrosion and pit propagation 
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through the Mg₂Si/α-Al interface remains unexplored. Future investigations employing cross-

sectional scanning electron microscopy (SEM), focused ion beam (FIB-SEM) sectioning, or X-ray 

computed tomography (micro-CT) could provide three-dimensional insight into pit initiation, 

propagation pathways, and the role of intermetallic phases during long-term exposure. Such studies 

would further validate the corrosion mechanisms proposed in the present investigation. 

6.2.6 Time-Dependent Electrochemical Transformation of Mg₂Si 

The present work indicates that Mg₂Si morphology strongly influences sacrificial anode 

performance; however, the electrochemical transformation of Mg₂Si from anodic to cathodic 

behaviour during prolonged chloride exposure has been inferred primarily from published 

literature. Future studies employing localized electrochemical techniques such as Scanning Kelvin 

Probe Force Microscopy (SKPFM), Scanning Vibrating Electrode Technique (SVET), or 

Localized Electrochemical Impedance Spectroscopy (LEIS) could quantify the temporal evolution 

of Mg₂Si electrochemical activity and validate the proposed corrosion mechanism. 
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