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Abstract 

The effect of pre-ageing condition on the hardness and corrosion characteristics of double-

thermally aged treatment (DTAT) chill cast Al-Si-Mg alloys in simulated seawater 

environment using elemental sodium-modifier has been studied. This was with a view to 

improving the precipitation response and corrosion resistance of the Al-Si-Mg alloy. The 

temper conditions are DTAT at 90oC, 105oC and 120oC with variable pre-ageing time 1-5 

h respectively. These were compared with the as-cast and single thermally aged (STA) 

treated samples. The hardness of the Al-Si-Mg alloy was determined using the Rockwell-F 

scale hardness tester, while the corrosion characteristics was evaluated using weight loss 

and linear polarisation corrosion techniques in 3.5% NaCl solution. Within the α-

aluminium solid solution, the elements are indicated by the Energy Dispersive Spectrum 

(EDS). From the results DTAT samples showed better hardness values as compared with 

the STAT and as-cast samples. The DTA treatment produced increased hardness value of 

the samples more than 100%. These significant improvements were evidenced in the 

DTAT at 120oC for 3 h (with a hardness value of 18.2 HRF) and DTAT at 120oC for 4 h 

(with a hardness value of 9.8 HRF). Improvement in the hardness can be attributed to fine 

coherent clusters precipitates which serve as obstacle to dislocation movement. The 

corrosion of the DTAT samples in all temper conditions in the simulated seawater showed 

a higher improvement in corrosion resistance than the as-cast and conventional STAT 

alloy. From the Optical Microscope (OPM) results of as-corroded samples, it is obvious 

that the type of corrosion that occurred in this alloy is pitting/uniform corrosion. The 

hardness results of some selected samples after weight loss corrosion in simulated seawater 
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also showed a decrease in hardness value as compared with its hardness before corrosion 

attack. The linear polarisation of some of the thermally treated samples demonstrated a 

higher corrosion potential and linear polarisation resistance with lower current density 

compared to the as-cast and STAT samples. It can be deduced that the thermal treatment 

have improved the hardness and corrosion resistance of the alloy under the studied 

condition.  
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CHAPTER ONE 

INTRODUCTION 

Aluminium metal is alloyed with elements like Mg, Si, Cu, Mn, Fe and Zn to produce a 

variety of wrought products for beverage cans to aircraft structural parts, to cast products 

like engine blocks and steering knuckles for automobiles (Hassan and Aigbodion, 2009). 

The alloys produced have achieved wide usage in automobile, aerospace and other 

applications because of their high strength to weight ratio and good corrosion resistance 

(Kumar et al, 2007; Li et al, 2006; Zhen, 1997; Sun et al, 1999). 

 Al-Si-Mg alloy is a group of heat treatable cast Al-Si alloys which exhibit good castability 

and corrosion resistance (Kumar et al, 2007). However, the pursuit of high quality castings 

with consistent mechanical properties depend upon the proper processing of the alloy, 

including grain refinement, modification and precipitation heat treatment (Kumar et al, 

2007). 

Silicon imparts to Al-Si-Mg alloy good fluidity, resistance to hot cracking and thermal 

expansion, while magnesium improves its strength-to-weight ratio and yield stress by 

combining with silicon to form the age-hardening phase (Mg2Si) which precipitates from a 

supersaturated solid solution during heat treatment (Birol, 2009). 

The addition of alloying elements to aluminium improves its mechanical properties but its 

corrosion resistance may sometimes be reduced due to precipitation of these elements 

along the grain boundaries after ageing (Abdulwahab, 2011; Wang et al, 2007). Though 

certain alloying elements can simultaneously improve strength and corrosion resistance 

(Abdulwahab, 2007). 
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1.1   Statement of Research Problem 

The disadvantages of Al-Si-Mg alloy are its low elastic modulus and precipitation 

hardening response/ behaviour in the T6 temper; Solution Heat Treatment (SHT) and 

artificial ageing conditions (Leo and Cerri, 2003; Abdulwahab, 2011).Experiments have 

shown that ageing for a sufficient time at temperature above about 150oC significantly 

increase the resistance to corrosion, but reduced strength/hardness in the T6 temper 

condition of some aluminium alloys as a result of coarsening of precipitates (Abdulwahab, 

2011; Wang et al, 2009). 

One-step ageing (Single Thermal Ageing Treatment; STAT-T6) of aluminium alloys has 

been reported in several studies concerning Al-Si-Mg alloy in the T6 temper condition 

(SHT + artificial ageing) (Leo and Cerri, 2003; Haghshenas et al, 2008b; Zhang et al, 

2005; Haghshenas et al, 2008). For the purpose of this study a two step ageing (Double 

Thermal Ageing Treatment; DTAT-T7) was developed for A356.0-type Al-Si-Mg alloy. 

The T7 temper has been defined in this research as alloy that has undergone solution heat 

treatment, a variation in the pre-ageing temperature and time with ageing for stabilization.  

1.2 Aims and Objectives 

The present study was aimed at investigating the effect of double thermal ageing treatment 

on the hardness and corrosion characteristics of Al-Si-Mg alloy in simulated seawater 

environment. To achieve this aim, the following specific objectives were pursued. 
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1. To produce A356.0 type Al-Si-Mg alloy and subject the alloy to STAT, DTAT temper 

with variable pre-ageing temperatures and times. 

2. To study the hardness of the thermally treated and as-cast samples.  

3. To investigate the corrosion characteristics of the alloys after thermal ageing using 

weight loss and electrochemical corrosion method in simulated seawater environment.  

4. To study the microstructure of the thermally treated alloys and as-cast with 

OPM/SEM-EDS respectively.  

5. To correlate microstructural changes with corrosion characteristics. 

1.3 Justification of the Research  

The final properties of an alloy are not due only to its chemical composition, but also to its 

metallurgical history. It is possible to use lot of different treatments so as to change the 

properties of an alloy. Thus, finding the optimal treatment conditions is of fundamental 

importance in achieving the desired properties (Fracasso, 2010). The Al-Si-Mg alloy offer 

hardening possibilities that leads to specific properties and applications in automobile, 

aerospace and marine industries. Since precipitation hardening has been outlined as one of 

the major treatments that are mostly used for the purpose of increasing strength/hardness in 

aluminium alloys (Abdulwahab, 2011; Birol, 2009; Juang and Wu, 2008) methods for 

enhancing this treatment remained top research focus in order to make the alloy 

competitive in future applications. 
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1.4 Scope of Work 

The scope of this research work covers; production of sodium modified Al-Si-Mg alloy 

through chill casting method, artificial ageing/double thermal ageing treatment with 

variable pre-ageing temperature and time of the produced alloy, hardness measurement 

(HRF), corrosion characteristics and microstructure characterization of the alloys. The 

microstructures were examined using OPM and SEM-EDS.  

1.5 Contribution to Knowledge  

To the best of my knowledge, no previous work on the variable effect of pre-ageing 

thermal condition under double-thermal ageing treatment of sodium-modified Al-Si-Mg 

alloy have been reported. The hardness value and corrosion resistance of the STAT-T6 

were enhanced via varying pre-ageing temperature and time of the Al-Si-Mg alloy studied.  



5 
 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

Cast Al-Si-Mg alloys have been widely used in automotive and aircraft industries for their 

good properties and high strength-to-weight ratio (Ma, 2006). Some of their attractive 

properties are good extrudability, relative high strength, good corrosion resistance, 

excellent casting characteristics, light weight and acceptable cost (Lozano and Voort, 

2010; Svenningsen, 2006; Wei et al, 2005). An intensive study of this cast aluminium 

family has been found in the literature in terms of enhancing the mechanical properties 

(Ma, 2006). It is well known that heat treatment is one of the important methods for 

improving the mechanical properties of aluminium alloys. The heat treatment of the age-

hardenable aluminium alloys involves solutionizing the alloys, quenching, and either 

ageing at room temperature (natural ageing) or at elevated temperature (artificial ageing) 

(Ma et al, 2006). 

Generally, the mechanical and microstructural properties of aluminium cast alloys are 

dependent on the composition, melt treatment conditions, solidification rate, casting 

process and the applied thermal treatment (Seifeddine, 2007). The mechanical properties of 

Al-Si-Mg alloys depend, on the distribution and shape of silicon particles rather than of 

magnesium content. Alloys in which the silicon particles (eutectic or primary) are small, 

round and evenly distributed are usually highly ductile, while those in which the silicon 
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particles are faceted and acicular are usually much less ductile but exhibit slightly higher 

strength (Seifeddine, 2007).  

2.2 Aluminium alloy  

Aluminium alloys are alloys in which aluminium (Al) is the predominant metal 

(international Aluminium institute; 2008). The typical alloying elements added to 

aluminium are Zinc, Magnesium, Copper, Silicon, Iron, Lithium, Manganese, Nickel, 

Argon, Tin and Titanium (Rashid, 2010). Because of their varying solid solubilities, some 

are used as solid solution strengtheners, while others are added to form various desirable 

intermetallic compounds (Rashid, 2010). 

2.2.1 Classification of Aluminium Alloy 

Most commercial Aluminium alloys belong to one of two families (i) wrought alloys and 

(ii) casting (or foundry) alloys (Joseph, 2009 and Choundary, 2007). 

Wrought alloys are cast into billets and then mechanically worked into their final shape by 

forging, extrusion, rolling, or drawing. The chemical composition of wrought alloys is 

tailored to provide the material with sufficient ductility and workability during the plastic 

deformation required (Ernst, 2006). During the process of shaping, the material undergoes 

cold or hot work (Ernst, 2006). 

Casting or foundry alloys are designated to be cast right into their final shape (Choundary 

2007). The chemical composition of casting alloys, therefore, is usually tailored for good 

casting properties (Ernst, 2006). Each of these families of alloys can be subdivided into 
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heat treatable and non heat treatable (International Aluminium Institute, 2008; Choundary 

2007). Heat treatment of castings results in improved mechanical properties and temper 

designations (e.g. O, T4, T6, and T7) are used to identify the heat treatment circle. While 

as cast alloys are identified by a suffix F following the alloy number (Rashid, 2010). 

2.2.2 Aluminium Cast Alloy Designations 

Table 2.1: Aluminium Alloy classification system 

 

 

 

 

 

 

 

 

 

 

* 190.x indicates commercially pure aluminium with 99.90% purity 

* Digit on the right of decimal point indicates the product form: 0 – castings     1 – ingots 

Source: Rashid, 2010 

 

1xx.x Unalloyed composition  

(Al 99.0 or greater) 

2xx.x Copper  

3xx.x Silicon with magnesium and/or 
copper  

4xx.x Silicon  

5xx.x Magnesium  

6xx.x Magnesium and Silicon 

7xx.x Zinc  

8xx.x Tin  

9xx.x Unused  
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2.3 Al-Si Foundary Alloys  

Al-Si alloys can be cast using a variety of techniques: the most commonly used techniques 

are sand casting, gravity die casting and injection mould casting (Lozano and Voort, 2010). 

Sand casting is the most versatile technique and permits manufacturing of the largest 

castings-weights approaching 10,000 kg is possible. Infact, sand casting is best for larger 

castings and low production runs. The surfaces are the roughest of these methods and 

dimensional tolerances are the greatest (Rashid, 2010).  

Die casting is the highest productivity method of the three. Molten metal is injected into a 

cavity made from heat treated tool steel under pressures up to 140 Mpa. Castings are often 

smaller than 5 kg but larger castings up to 50 kg are possible, depending upon the 

equipment available. Die cast parts have smooth surfaces and require little, if any, 

machining. Die castings permits production of thinner walls than the other methods 

(Lozano and Voort, 2010). Permanent mould casting is performed using either gravity or 

pressure feeding of the liquid metal into a permanent mould. Casting sizes may be 

somewhat larger than for die casting. Surfaces are also quite smooth. Both die casting and 

permanent mould casting produce rapid solidification rates that yield fine microstructures 

and good properties (Lozano and Voort, 2010). 

Cast Al-Si alloys usually have casting defects such as porosity and inclusions, which can 

greatly degrade the mechanical properties of the materials (Bangyikhan, 2005). A pore is a 

kind of stress concentrator, and thus can lead to micro-crack initiation and propagation. 

Microporosity usually results from absorption of dissolved gas from the melt and or failure 

of interdendritic feeding. 
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Solubility of hydrogen in Al-Si melts increases as temperature increases (Ye, 2003; 

Bangyikhan, 2005). When molten Al-Si alloy solidifies, the hydrogen atom precipitates 

from the melt and form molecular hydrogen. If alloy solidifies faster than the molecular 

hydrogen escapes from the melt, gas porosity will be generated in the solid alloy (Ye, 

2003). On the other hand, a lot of dendritic structures form in Al-Si alloys during its 

solidification and reduce the fluidity of melt (Bangyikhan, 2005). Thus the shrinkage in the 

melt between the dendrites cannot be fully filled, and microporosity is formed along these 

dendrites after the melt solidification (Ye, 2003). 

Alloying elements greatly influence porosity formation via a few mechanisms. First, an 

alloying element can change the freezing range of Al-Si alloys so that the porosity can be 

changed. When the freezing range is decreased, the “mushy zone” in the solidifying 

material is reduced and thus the porosity is reduced. Second, alloying element can form 

dendritic intermetallic during solidification. Porosity can form along these intermetallic 

dendrites (Ye, 2003). 
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Figure 2.1: Al-Si cast alloy phase diagram (Jacobs, 1999) 

The melting points of Al and Si are respectively 660oC and 1414oC, while the eutectic 

reaction occurs at 12.7 wt% Si. The maximum solubility of Si in Al occurs at the eutectic 

temperature and is 1.65 wt% (Lozano and Voort, 2010). When the eutectic point is 

reached, the eutectic Al-Si phase nucleates and grows until the end of solidification. At 

room temperature, hypoeutectic alloys consist of a soft and ductile primary aluminium 

phase and a hard and brittle eutectic silicon phase (Ye, 2002; Jacobs, 1999). Hyper eutectic 

alloys usually contain coarse, angular primary silicon particles as well as a eutectic silicon 

phase (Ye, 2002). Modifiers like Na shift the eutectic to a higher Silicon content around 
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14wt%, preventing precipitation of proeutectic Si while refining the structure of the 

eutectic (Lozano and Voort, 2010).  

2.4 Ternary diagram in Al-Si-Mg alloy 

Ternary diagrams enable more expedient alloy compositions to be selected and help 

Metallurgist to understand the various processes that occur in such systems (Choundary, 

2007). The description of equilibrium in a two-component system at a fixed pressure is 

represented by a plane figure, since only two variables are required i.e. Temperature and 

Composition. For a system at constant pressure in a ternary diagram, three compositions 

variables (two of them independent) and a temperature variable must be represented. The 

description of phase equilibra relating composition and temperature to the phases presented 

necessitates the use of a three-dimensional diagram (Schaffer et al, 1999). 

Al-Si-Mg is an alloy with ternary phase diagram. In particular, any alloy has a unique 

liquidus temperature for each composition of the solid. An important difference from the 

two component cases is that, in systems of three or more components, the temperature does 

not uniquely define the solidus and liquidus composition, in general. The simplest example 

is that of a ternary alloy system, compositions in ternary systems are usually represented as 

points on or in an equilateral triangle ABC. The corners of the triangle correspond to the 

three pure components, and the edges represent the three binary system. Each point within 

the triangle corresponds to a definite composition. The ratio of the three components for 

the P is equal to the ratio of the distances a, b, c of % from the three sides of the triangle. 
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The sum of these three distances is constant for a given equilateral triangle (Abdulwahab, 

2011). 

In a three-component system therefore, there must be a line on a liquidus surface that 

corresponds to any particular temperature; the ties line are mostly used to indicate the 

equilibrium relationships. 
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Figure 2.3 Ternary Phase diagram for a composition base for an ABC (Choundary, Figure 2.3 Ternary Phase diagram for a composition base for an ABC (Choundary, 

Figure 2.2 Representation of ternary composition (Abdulwahab, 
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The point X is on an iso-composition line AD and thus the % of A in the alloy is 40%. In a 

seminar manner, draw a line DE and determine that the % of B in the alloy is also 40%. A 

thick line OF is drawn and the % of C in the alloy is determined to be 20%. Thus the 

composition of the ternary alloy at point X is 40%A, 40%B and 20%C. Actually only 

percentages need be determined since the third can be obtained by subtracting the sum of 

two from 100% (Choundary, 2007) 

2.5 Al-Si-Mg alloys 

Aluminium cast alloys can be given, by adding a proper amount of Mg, a very strong heat 

treatment response. Thermal treatment of these Al-Si-Mg alloys allow Mg and Si to 

dissolve in the aluminium matrix; while upon ageing, Guiner-preston zones or highly 

dispersed Mg2Si particles precipitate in the matrix, thereby significantly enhancing the 

tensile strength (Seifeddine, 2007). 

Zhong-Wei et al, 2005 reported the effect of Mg on the eutectic Si microstructure and 

mechanical behaviour of Al-Si-Mg casting alloys. They said that the eutectic Si particles 

are larger in the alloys with increase in Mg content, and the yield stress increases. The 

tensile ductility is decreased with increase in Mg content.  

2.6 Heat Treatment 0f Cast Al-Si-Mg alloys 

Heat treatment is one of the major factors used to enhance the mechanical properties of 

heat-treatable Al-Si-Mg alloys, through an optimization of both solution and ageing heat 

treatments given to these alloys. The solution treatment homogenizes the cast structure and 
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minimizes segregation of alloying elements in the casting. The segregation of solute 

elements resulting from dendritic solidification may have an adverse effect on mechanical 

properties (Tash, 2007). Typical heat treatment process for cast Al-Si-Mg alloy is T6-

temper condition, which consist of a solution heat treatment, quenching and ageing at an 

elevated temperature (Ma, 2006). Basically it is a two steps procedure; first a single phase 

supersaturated solid solution is produced by heating the material at a temperature where 

the phase diagram exhibits a maximum solubility, generally at a eutectic temperature, 

followed by rapid quenching at room temperature. This step is then followed by an ageing 

procedure consisting in maintaining the sample at a room temperature (natural ageing or 

T4) or a higher temperature generally around 200oC (artificial ageing or T6) where a 

hardness peak is observed. This process produces precipitates evolving from the so-called 

Guinier-Preston zones to coarse incoherent precipitates (β) when the equilibrium is 

reached. The hardness peak is for the most part due to the presence of fine intermediate 

(coherent/semi-coherent) precipitates (β’/β”) which harden the matrix upon a subsequent 

deformation process (Dirras, 2010). 

2.6.1 Effect of Solutionizing Temperature and time on Al-Si-Mg alloy  

A solutionizing treatment of cast Al-Si-Mg alloys in the range of 400-560oC dissolves the 

hardening agents (Mg2Si particles) into the α-Al matrix, reduces the micro-segregation of 

magnesium, cupper, manganese, and other addition elements in aluminium dendrites, and 

spheroidizes the eutectic Silicon particles to improve the ductility (Fracasso, 2010; Ma, 

2006). The amount and rate of dissolution increase with increasing solution treatment 

temperature, but the temperature is limited by the solid temperature (Ma, 2006). The 
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desired solutionizing treatment time and temperature to a great extent depend on the 

casting method, the extent of modification and desired level of spheroidization and 

coarsening of Silicon particles (Ma, 2006). 

Fracasso, 2010 discovered that the required time has to be enough to arrive at an entirely 

homogenous structure, the time depends on several parameters, as chemical composition, 

temperature, structure coarseness, casting method and phases to dissolve. 

2.6.2 Effect of quenching rate 

The objectives of quenching are to suppress the precipitation and to retain solute atoms and 

quenched-in vacancies in solution (Ma, 2006). The quenching help to preserve the 

structure existing at high temperature. The main intension is to avoid formation of 

precipitates or second phases during cooling (Fracasso, 2010). 

According to Fracasso, 2010, the phases require different time to start their formation. If 

the cooling rate is fast enough to avoid the formation of second phases, the final structure 

will be a unique solution made of uniformly distributed solute atoms inside the matrix. 

The quenchants used for aluminium alloys include water, brine solution and polymer 

solution (Bangyikhan, 2005). Water quenching is mostly used for aluminium alloys, but it 

causes distortion, cracking and residual stresses (Ma, 2006). This problem can be tackled 

in two ways; one method is increasing the water temperature so that the temperature 

gradient between water and the part being quenched can be reduced. The other method use 
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the polymer solution as a quenchant which is widely employed since the distortion 

problem can be effectively reduced by varying the polymer concentration (Ma, 2006).     

2.6.3 Effect of ageing time and temperature 

During the early ageing stages of an Al-Si-Mg alloy, the saturated solid solution first 

develops solute clusters. However, the supersaturation of vacancies allows diffusion, thus 

leading to the formation of GP zones. A state of under ageing can be maintained. This state 

is known to be associated with a microstructure consisting primarily of needle-shaped or 

spherical GP zones, needle-like �t�[�[ (Mg2Si) and rod-like β1  (Mg2Si) transitional phases 

(Tash, 2007). 

According to Tash 2007, the hardness increases with ageing temperature up to 180oC (peak 

temperature) for 356 alloys in the unmodified and modified conditions, followed by a 

decrease in hardness at 200 and 220oC (over ageing). The coherent rods or needles of β1 

(Mg2Si) and incoherent equilibrium β phase dominate the microstructure.  

After the common thermal treatments, these alloys contain three phases; (i) the Al matrix, 

(ii) Si (large particles, coarse dispersion), and Mg2Si (small particles, fine dispersion). The 

precipitation sequence of alloy with an atomic ratio Mg:Si of 2:1 is Supersaturated α – G.p 

zones – β1 – β (Mg2Si) (Ernst, 2006) 

 G.P zones – is an abbreviation for Guiner-preston zones; an early stage of precipitates 

characterized by an enrichment of solute atoms (Si, Mg) on the lattice sites of the matrix 
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(Al). In the case of Al-7% Si-0.3% Mg alloys, these first particles have the shape of 

needles, oriented along <100> directions of the Al-matrix (Ernst, 2006). 

The particle that form in the next stage of the decomposition process, β1 particles, already 

have the composition Mg2Si. The crystal structure is face centred cubic. The particles are 

rod-shaped, with the long axis parallel to the <100> directions of the Al-matrix (Ringer 

and Hono, 2000). The equilibrium phase, β (Mg2Si), finally, has a face centred cubic 

crystal structure. It is generally believed that the transformation β1_β is diffusionless with 

only minor atomic-re-arrangement and some change in the degree of coherency between 

the precipitate and the matrix (Ernst, 2006). 

2.7 Hardness Measurement of Al-Si-Mg alloy 

Hardness is a measurement of the resistance of a metal to a permanent plastic deformation 

(Kokani, 2004). The hardness of Al-Si-Mg alloy is measured by compressing an indenter 

on its surface. The indenter, that is usually a sphere, pyramid or a cone, is constituted by a 

material harder than the material on test. The materials commonly used for indenters, for 

example, are tempered steel, tungsten carbide or diamond. There are three different 

methods for the hardness measurement: Brinell, Vickers and Rockwell (Avner, 1997). 

With each tests, the resultant hardness value is determined, in order to have an estimation 

of the characteristics of resistance of a material to plastic deformation and to have a 

method of control of quality, particularly to verify the efficiency of the hardening treatment 

of the materials (Fracasso, 2010). 
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2.7.1 Rockwell hardness test 

The test consists of penetrating into a piece at two times and with two different loads 

(initial and total), a unified indenter (diamond cone or tempered steel sphere) and to 

measure the increase of depth between the initial imprint and the final in the suitable time 

(Fracasso, 2010). Four sizes of hard ball from   to  ball and the diamond 

penetrator are most commonly used. The penetrator chuck is mechanically connected to a 

dial indicator which responds to vertical motion of the penetrator. Since the penetrators are 

small, the specimen should be ground smooth and clean (Avner, 1997).The specimen is 

placed on the anvil of the machine and the penetrator seated by means of 10 kg minor load. 

The dial indicator is zeroed and then a major load of 60,100 or 150 kg is applied, forcing 

the penetrator into the specimen. Upon removal of major load, the indented specimen 

recovers slightly, and the final depth of penetration is registered directly on the dial 

indicator as a hardness number (Avner, 1997).The two commonest scales are the HRB 

scales and the HRC scales respectively, standing for the 1/16” ball with 100 kg load, and 

the diamond penetrator with the 150 kg major load. In general, very hard materials are 

tested with the diamond penetrator. 

2.8 Microstructure of Al-Si-Mg alloy  

Microstructure of Al-Si-Mg alloys depends strongly both on composition and the casting 

process. The rapid cooling in pressure die casting causes fine eutectic structure, small 

primary aluminium dendritic cells and arm spacing, and reduced grain size. Slower rates 

encountered in permanent mould and sand casting necessitates the use of modifiers such as 
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strontium or sodium to obtain a finely dispersed eutectic silicon phase (Rashid, 2010). The 

microstructure of Al-Si-Mg alloys in the as-cast state consist of primary grains of α-Al 

solid solution with interdendritic regions of Al-Si eutectic, in which various intermetallic 

phases are present (Kliauga et al, 2008). Modification alters the morphology of the eutectic 

silicon, by changing it from acicular or lamellar to fibrous with the addition of strontium or 

sodium (Ernst, 2006). The microstructure and alloy constituents are necessitated to achieve 

optimum mechanical properties (Zhang et al, 2005). 

2.9 Mechanical Properties of Al-Si-Mg alloy 

In solidification process of Al-Si-Mg alloy, grain refinement is very important. Equiaxed 

grain structures ensures uniform mechanical properties, reduced ingot cracking, improved 

feeding to eliminate shrinkage porosity, distribution of second phases and microporosity 

on a fine scale as well as improved machinability of castings (Zhang, 2005).  Dendrite cell 

size, which is controlled by solidification rate, is another important indicator of the 

mechanical properties of aluminium casting alloys, the ultimate tensile strength and 

elongation are enhanced by the reduction in cell spacing (Jaber et al, 2000). It is well 

known fact that mechanical properties of Al-Si-Mg alloys are strongly related to the size, 

shape and distribution of eutectic silicon present in the microstructure. The eutectic silicon 

morphology, dendrite arm spacing (DAS), grain size all play a vital role when the alloy is 

put into specific use (Kumar et al, 2007). In order to improve mechanical properties, the 

alloy is generally subjected to modification melt treatment, which transforms the acicular 

silicon morphology to fibrous one resulting in a noticeable improvement in elongation and 

strength (Zhang et al, 2005; Kumar et al, 2007; Tash et al, 2007). 
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2.10 Pre-ageing/interrupted ageing treatment in Al-Si-Mg alloy 

Interrupted ageing treatment is a heat treatment that involves interrupting a T6 treatment 

by ageing at a lower temperature (< 180oC) for an extended period of time before the T6 

treatment is resumed until peak hardness is obtained (Risanti et al, 2009).It is reported that 

for most Al alloys, this treatment could display simultaneous improvements in strength and 

fracture toughness (Hong et al, 2006).  

  2.11 Corrosion Properties of aluminium alloys 

Aluminium and its alloys are considered to be highly corrosion resistant under the majority 

of available service condition. The various grades of pure aluminium are most resistance, 

followed closely by the Al-Mg, Al-Mn alloys. Next in order is Al-Mg-Si and then Al-Si 

alloy (Abdulwahab et al, 2011). Since commercial purity aluminium alloys contain 

numerous constituent particles that have electrochemical potentials different from that of 

the matrix, corrosion pits can readily develop at these particles. Once corrosion pits are 

formed, they act as stress concentration sites leading to stress corrosion cracking (Reda et 

al, 2008).Metallurgical factors that can affect corrosion in an alloy include; 

crystallography, grain size and shape, grain heterogeneity, impurity inclusions, and 

residual stress due to cold work (Rawajfeh and Qawabah, 2009).The corrosion resistance 

of Al alloy can be modified by heat treatment (Feng et al, 2008). It is known that Al alloys 

with T6 treatment possess high strength, their localized corrosion resistance is poor (Reda 

et al, 2008; Feng et al, 2008). To increase this corrosion resistance, over-ageing treatments 

have been developed (Reda et al, 2008). However, the strength of Al alloys with this over-
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ageing treatment is decreased (Rawajfeh and Qawabah, 2009; Feng et al, 2008). The Al 

alloy with retrogation and re-ageing treatment posses’ high strength and good SCC 

resistance (Feng et al, 2008). However, the RRA treatment cannot be used for large section 

Al alloy due to its very short retrogression time. To keep strength high and maintain 

corrosion resistance, novel heat treatment has been developed called high temperature pre-

precipitation (HTPP) ageing treatment (Feng et al, 2008). 

2.12 Corrosion Monitoring and Measurement 

There are wide ranges of corrosion monitoring and measurement techniques as follows 

(Kakani, 2004): 

2.12.1 Direct Method 

This method consists of visual/optical measurement and weight loss of coupon. 

2.12.1.1 Visual/Optical Measurement 

This method requires the corroded material to be subjected to visual inspection and 

physical measurement. This is only possible in those areas where access is available and 

when plant is shut-down. 

 

2.12.1.2 Weight loss of coupon 

 This method is used in industry. First, the coupons are measured carefully and their 

physical dimensions are also recorded. The exposed area of coupons to corrosive 
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environment is also recorded. One can obtain the rate of corrosion by putting the coupons 

under actual operating conditions. One will have to inspect these samples at regular 

intervals and record the results. The loss of weight, after removal of corrosion products is 

determined and expressed in mil/year. However, this process is a long and tedious, but 

gives quite reliable results than many of the laboratory tests. 

2.12.2 Linear polarization resistance (LPR) 

 LPR is a widely used electrochemical technique and can be used ‘on line’ to provide an 

instantaneous or continuous measurement of the corrosivity of the process stream (Kakani, 

2004). This is widely used in the oil field particularly in water systems. In order to 

determine the corrosion current density and hence corrosion rate, a small potential or 

current perturbation is applied. To a close approximation, for a corroding electrode, the 

applied potential and current density are linearly related. One can relate their ratio ‘LPR’ 

or polarisation resistance (Rp) to the corrosion current density through the following 

relation (Kakani, 2004): 

Icorr =  

We may note that the above relation only holds if the electrode is polarised well from the 

corrosion potential 

 2.12.3 Electrical Resistance (ER) Equipment 

 This operates on the basic principle that electrical resistance increases as the cross-

sectional area of a metallic conductor decreases. The probe is the heart of an ER 
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equipment, which is introduced in the corrosive environment and with which corrosion 

measurements are made. The probe acts as an in-situ sensor that accumulates the corrosion 

history of the environment and displays or records the corrosion information on an 

instrument. The basic function of an ER instrument is to compare the resistance of an 

element that is exposed to corrosion with the resistance of an element that is protected 

from corrosion. If the resistance of an exposed element is measured directly, the data will 

be affected by element thickness and temperature. With this 

method, temperature changes, that equally affect both elements, are cancelled out and the 

data obtained are inversely proportional to the thickness of the exposed element. This is 

why, the ER probe is often referred to as an electrical coupon. We may note that there is an 

important difference between ER and coupon system, i.e., the coupon has to be removed 

from the pipe to measure the corrosion rate whereas the probe remains in the system at all 

times. To know the corrosion rate, electrical resistance changes are converted into 

thickness changes which can be plotted against time to know the corrosion rate (Kakani, 

2004). 

2.13 Mechanism of electrochemical corrosion 

Electrochemical corrosion involves two half cell reactions; an oxidation reaction at the 

anode and a reduction reaction at the cathode (Abdulwahab 2011, Perez, 2004). For 

corrosion of Aluminium in water with a near neutral pH, these cell reactions can be 

represented as;- 

Anode reaction            Al=Al3+ + 3e-   ................................................2.3 
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Cathode reaction          02 + 2H2O + 4e- = 4(OH) -    ……………...........2.4 

Overall reaction           4Al+302+6H2O = 4Al3+ + 12(OH) - ……………2.5 

There are obviously different cathodic reactions for different alloys exposed to various 

environments. These half cell reactions are thought to occur (at least initially) at 

microscopic anodes and cathodes covering a corroding surface. Microscopic anodes and 

cathodes can develop as corrosion damage progress with time (Abdulwahab, 2011, Perez, 

2004; Abdulwahab et al, 2011; Abdulwahab, 2007). 

In seawater environment, the cell reactions are; 

 Cathode reaction              NaCl = Na+ + Cl-……………………………2.6 

Overall reaction                2Al + 6Cl- = 2Al3+ + 3Cl2…………………...2.7 

2.14 Forms of corrosion 

It is convenient to classify corrosion according to the manner in which it manifests. 

2.14.1 Uniform Attack 

Uniform attack is a form of electrochemical corrosion that occurs with equivalent intensity 

over the entire exposed surface and often leaves behind a scale or deposit. In a microscopic 

sense, the oxidation and reduction reactions occur randomly over the surface. Some 

familiar examples include general rusting of steel and iron and the tarnishing of silverware. 



25 
 

This is probably the most common form of corrosion. It is also the least objectionable 

because it can be predicted and designed for with relative ease (Callister, 2001). 

2.14.2 Pitting 

Pitting is another form of localized corrosion attack in which small pits or holes form 

(Perez, 2004). They ordinarily penetrate from the top of a horizontal surface downward in 

a nearly vertical direction. It is an extremely insidious type of corrosion, often going 

undetected and with very little material loss until failure occurs. The mechanism for pitting 

is probably the same as for crevice corrosion in that oxidation occurs within the pit itself, 

with complementary reduction at the surface. It is supposed that gravity causes the pits to 

grow downward, the solution at the pit tip becoming more concentrated and dense as pit 

growth progresses. A pit may be initiated by a localized surface defect such as a scratch or 

a slight variation in composition. In fact, it has been observed that specimens having 

polished surfaces display a greater resistance to pitting corrosion (Callister, 2001). 

2.14.3 Intergranular Corrosion 

 Intergranular corrosion occurs preferentially along grain boundaries for some alloys and in 

specific environments. The net result is that a macroscopic specimen disintegrates along its 

grain boundaries. This type of corrosion is especially prevalent in some stainless steels. 

When heated to temperatures between 500 and 800oC for sufficiently long time periods, 

these alloys become sensitized to intergranular attack (Callister, 2001). It is believed that 

this heat treatment permits the formation of small precipitate particles of chromium carbide 

(Cr23C6) by reaction between the chromium and carbon in the stainless steel. Both the 
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chromium and the carbon must diffuse to the grain boundaries to form the precipitates, 

which leaves a chromium-depleted zone adjacent to the grain boundary. Consequently, this 

grain boundary region is now highly susceptible to corrosion. Intergranular corrosion is an 

especially severe problem in the welding of stainless steels, when it is often termed weld 

decay (Callister, 2001). 

2.14.4 Stress Corrosion 

Stress corrosion, sometimes termed stress corrosion cracking, results from the combined 

action of an applied tensile stress and a corrosive environment; both influences are 

necessary (Perez, 2004). In fact, some materials that are virtually inert in a particular 

corrosive medium become susceptible to this form of corrosion when a stress is applied. 

Small cracks form and then propagate in a direction perpendicular to the stress, with the 

result that failure may eventually occur. Failure behavior is characteristic of that for a 

brittle material, even though the metal alloy is intrinsically ductile. Furthermore, cracks 

may form at relatively low stress levels, significantly below the tensile strength. Most 

alloys are susceptible to stress corrosion in specific environments, especially at moderate 

stress levels. For example, most stainless steels stress corrode in solutions containing 

chloride ions, whereas brasses are especially vulnerable when exposed to ammonia.  

The stress that produces stress corrosion cracking need not be externally applied; it may be 

a residual one that results from rapid temperature changes and uneven contraction, or for 

two-phase alloys in which each phase has a different coefficient of expansion. Also, 

gaseous and solid corrosion products that are entrapped internally can give rise to internal 

stresses (Callister, 2001). 
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2.14.5 Hydrogen Embrittlement 

Various metal alloys, specifically some steels, experience a significant reduction in 

ductility and tensile strength when atomic hydrogen (H) penetrates into the material. This 

phenomenon is aptly referred to as hydrogen embrittlement (Kakani, 2004). The terms 

hydrogen induced cracking and hydrogen stress cracking are sometimes also used. Strictly 

speaking, hydrogen embrittlement is a type of failure; in response to applied or residual 

tensile stresses, brittle fracture occurs catastrophically as cracks grow and rapidly 

propagate. Hydrogen in its atomic form (H as opposed to the molecular form, H2) diffuses 

interstitially through the crystal lattice, and concentrations as low as several parts per 

million can lead to cracking (Callister, 2001). Furthermore, hydrogen induced cracks are 

most often transgranular, although intergranular fracture is observed for some alloy 

systems. A number of mechanisms have been proposed to explain hydrogen embrittlement, 

most of them are based on the interference of dislocation motion by the dissolved 

hydrogen. Hydrogen embrittlement is similar to stress corrosion in that a normally ductile 

metal experiences brittle fracture when exposed to both a tensile stress and a corrosive 

atmosphere (Callister, 2001). 
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Table 2.2:  Methods for Corrosion Measurement 

S/N Methods Techniques 

1 Non –Destructive testing 
(NDT) 

Intelligence testing, ultrasonic testing, radiography testing, 
thermography, eddy current, magnetic flux 

2 Analytical method pH measurement, dissolved gases (CO2, H2, O2)  

3 Fluid electrochemistry Ac impedence, potential, potentiostatic, potentiodynamic 
measurement 

4 Operational data Pits, pressure, temperature, velocity or flow rate 

5 Corrosion monitoring Weight loss coupons, hydrogen penetration, galvanic current, 
electrical resistance, linear polarization 

    Source: (Abdulwahab, 2011) 

2.15 Applications of Aluminium and its alloys 

Aluminium and aluminium alloys are extensively used for commercial applications due to 

its desirable properties, such as, low density, high thermal conductivity, good corrosion 

resistance, high castability, high machinability and formability, low cost (International 

Aluminium Institute, 2008; Haghshenas et al, 2008; Leo and Cerri, 2003; ASM, 1978). 

The wide range of application of aluminium and its alloys include;- 

1 Its application for the manufacture of domestic cooking utensils, such as kettles, 

cooking pots, frying pans, spoons and plates. This is possible due to its high 

thermal conductivity and good corrosion resistance. 

2 Used as electrical conductors, for example, in electricity transmission lines. 
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3 Used extensively in the agricultural industry, particularly in food industries, as 

containers for food packaging. 

4 In the alloy form, it is mostly used for mechanical applications such as for the 

manufacture of engine blocks for cars and motor cycles, and manufacture of car 

bodies. 

5 Extensively used for building construction example, as roofing, casement windows 

and in the form of paint to protect other metals like steel from atmospheric 

deterioration (Umaru, 2009).  

Basically, A356 alloy find application in automobile and marine. In the auto-industry, 

the alloy is used as brake callipers, carburettor parts, etc. While in marine they are 

useful as drill pipes. 
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CHAPTER THREE 

MATERIALS AND METHOD 

3.1 Materials and equipment 

Some of the materials and equipment used in this research are listed below 

3.1.1 Materials 

The materials used in this research include; high purity aluminium wire (Al), pure silicon 

powder (Si), Magnesium (Mg), iron (Fe), Copper (Cu), Zinc (Zn), Titanium foil (Ti), 

Ferromanganese and elemental sodium (Na). Others are bentonite, moulding boxes and 

crucible sourced from the Department of Metallurgical and Materials Engineering, 

Ahmadu Bello University, Zaria.  

3.1.2 Equipment 

The following equipment were used; Muffle electrical resistance furnace (used for the heat 

treatment with capacity of 1200oC), Labotech water heater (comprised of heating coil, used 

to heat up the water for quenching), Rockwell hardness tester (Indentee universal hardness 

tester 8187.5KLV) used for the hardness determination, Digital weighing balance, 

Polishing machine, Optical microscope, SEM machine (it output are basically either back 

scattered electrical image or secondary electron image. It can be equipped with EDS). 
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3.2 Methods 

3.2.1 Casting of the samples 

The Al-Si-Mg alloy with charge calculation values as presented in Table 3.1 was produced 

in this work. Using the method described in Abdulwahab 2007, the high purity aluminium 

wire was melted using a muffle resistance furnace that was allowed to heat to 750oC. The 

crucible was then removed from the furnace, and the alloying elements added before 

returning to the furnace for further 30 minutes, during which the furnace temperature was 

raised to 800oC for superheat to occur. Elemental sodium (0.01% Na) was then added and 

stirred thoroughly before pouring into the mould. The cast samples which were machined 

to hardness and corrosion samples dimension (i.e. 20mm by 10mm) were used. 

Table 3.1: Charge calculation of the Al-Si-Mg alloy produced (wt %). 

3.2.2 Heat treatment of the Al-Si-Mg alloy  

A total of three hundred and thirty six samples for hardness, corrosion, SEM and OPM 

were solution heat treated at a temperature of 540oC for 1h in an electrical heat treatment 

furnace and then rapidly quenched in warm water (65oC). The quenched samples were 

given double-thermal ageing; by varying the pre-ageing temperatures and time, DTA and 

single thermal ageing, STA treatments as described below.  

 

Al Si Mg Fe Cu Mn Zn Ti Na 

92.14 7.0 0.3 0.08 0.03 0.03 0.03 0.03 0.01 
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3.2.2.1 Double Thermal Ageing Treatment (DTAT) 

Three hundred and fifteen Samples were given a double-thermal ageing treatment 

consisting of pre-ageing at temperatures of 90oC, 105oC and 120oC for 1-5 h each, and then 

finally aged at180oC for 2 h i.e. 

 

 

 

 

 

 

Fig 3.1: Schematic diagram of the DTAT heat treatment cycle indicating pre-ageing 
regions 

The conventional heat treatment was performed on twenty one samples, by heating to 

540oC for 1h, after which the samples were quenched in warm water. The samples were 

further aged to 180oC for 2 h.  

3.2.3 Hardness measurement 

The hardness characteristic of 17 samples (15 for DTAT, 1 for STAT and 1 for as-cast) 

was measured using a Rockwell hardness tester with a minor load of 10 kgf and a total 

load of 60 kgf. The (scale F: HRF) was used in order to obtain a reliable average hardness 

180oC /2 h/ 

90, 105, 120oC (1-5h) 

1 h 540 
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reemploying 1/16 diameter ball indenter with 100 kg load in accordance with the report 

elsewhere (Aye et al, 2008). 

3.2.4 Electrochemical Corrosion Technique 

The electrochemical corrosion techniques used in this research are: weight loss and linear 

polarisation corrosion study.  

3.2.4.1 Weight loss 

A total of 340 coupons were used for the test; 300 each for DTAT, 20 each for STAT, and 

20 each for as-cast samples respectively. Before immersion, the coupons were cleansed, 

weighed and stored in the desiccator. Sets of same concentration of simulated seawater 

were made, by providing a solution containing 3.5g of NaCl in 100mL of distilled water. 

The cleaned coupons were suspended into the simulated seawater with the aid of threads. 

The weight losses of the coupons were taken at interval of two days over a period of forty 

(40) days. After removal from the solution, each coupon was weighed. The surface was 

scrubbed with brush in distilled water, rinsed in ethanol and then air-dried. 

3.2.4.1.1 Corrosion Rate Determination 

 The weight loss method of estimating the corrosion rate was employed. The weight loss 

was determined by finding the difference between the initial weights of the coupons and 

the final weights after two days interval using the following relationship. 

W = W0 - Wf ……………………………………………………..3.1 
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The corrosion rate was determined in mm per year (mm/yr) using the relationship 

(Abdulwahab, 2007). 

Corrosion rate (mm/yr) = …......................................................3.2 

Where;-  

W= weight loss (mg)            

            D= density of the materials, g/cm3 

A = exposed surface area (cm2)            

 T = total time of immersion (hr) 

W0 = initial weight of coupons           

Wf  = final weight of coupons 

3.2.4.2 Linear Polarisation corrosion study 

The electrochemical potentiodynamic technique was used to characterize the corrosion rate 

(current densities) of some samples which consist of cyclic polarization scan employing 

the linear polarization technique according to ASTM G 3-89 and ASTM 5-94 standards. A 

potentiostat coupled to a computer system, a glass corrosion cell kit with graphite rods as 

the counter electrodes and a saturated Ag/AgCl 3M KCl electrode as the reference 

electrode (SCE) were used. The conventional three electrode electrochemical cell system 

was used. The electrochemical cell was made of 500 ml Pyrex glass conical flask suitable 
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for the conventional three-electrode system. The cover of the cell had five holes for the 

reference electrode, working electrode, counter electrode, temperature measurement and 

aeration/de-aeration. The working electrodes consist of the thermally treated samples. The 

samples were positioned at the glass corrosion cell kit, leaving a 3.808 cm2 alloy surfaces 

in contact with the solution. Polarization test were carried out in a 3.5wt% NaCl solution 

(3.5 g in 100 mL of distilled water) at room temperature (RT) in a static solution for a 

period of 30 minutes each using a potentiostat. The polarization curves were determined by 

stepping the potential at a scan rate of 0.003V/sec. The polarization curves were plotted 

using Autolab data acquisition system. Electrochemical measurements were carried out 

with the General Purpose Electrochemical Software (NOVA 3.0) package. The corrosion 

rate and potential were estimated by the Tafel extrapolation method (corrosion rate 

analysis) using both the anodic and cathodic branches of the polarization curves. All the 

measurements were made at room temperature using 3.5 % NaCl solution. The polarisation 

corrosion study was done in centre for scientific and industrial research, nano structured 

centre, Pretoria- South Africa.   

3.2.4.3 Linear Polarisation corrosion Measurement 

When a metal/alloy electrode is immersed in an electrolytically conducting liquid of 

sufficient oxidizing power, it will corrode by an electrochemical mechanism. This process 

involves two simultaneous complementary reactions. At anodic sites, metal will pass from 

the solid surface into the adjascent solution and, in so doing, leave a surplus of electrons at 

the metal surface. The excess electrons will flow to nearby sites, designated cathodic sites, 
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at which they will be consumed by oxidizing species from the corrosive liquid (Auwal, 

2012). 

The corrosion current (ICORR), generated by the flow of electrons from anodic to cathodic 

sites, could be used to compute the corrosion rate by the application of a modified version 

of Faraday’s Law. 

C =  x 128.67    ............................................................................       3.1 

Where: 

C = Corrosion rate in “mils per year” (mpy) 

E = Equivalent weight of the corroding metal (g) 

A = Area of corroding electrode (cm2) 

D = Density of corroding metal (g/cm3) 

However, anodic and cathodic sites continually shift position, and they exist within a 

continuously conductive surface, making direct measurement of ICORR impossible. Small, 

externally-imposed, potential shifts (∆E) will produce measurable current flow (∆I) at the 

corroding electrode. The behaviour of the externally imposed current is governed, as is that 

of ICORR, by the degree of difficulty with which the anodic and cathodic corrosion processes 

takes place. The greater the difficulty, the smaller the value of ICORR , and the smaller the 

value of ∆I for a given potential shift. In fact, at small values of ∆E, ∆I is directly 
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proportional to ICORR, and hence to the corrosion rate. This relationship is embodied in the 

theoretically derived Stern-Geary equation: 

 =    .........................................................................       3.2 

The numbers ba and bc are empirical constants, the Tafel constants, so the relationship can 

be further expressed as  

ICORR =  ×constant.  

The value  is known as the Polarisation Resistance (Auwal, 2012) 

3.2.5 Microstructural examination 

Metallographic specimens were cut from the DTAT, STAT and as-cast alloys. The cut 

specimens were then mounted in Bakelite and mechanically ground progressively on 

grades of SiC impregnated emery paper (80-600 grits) size using water as the coolant. The 

ground specimens were then polished using one-micron size alumina polishing powder 

suspended in distilled water. Final polish was done using 0.5-micron alumina polishing 

powder suspended in distilled water. Following the polishing operation, etching of the 

polished specimen was done using Kellers reagent and the micrographs obtained were then 

recorded using an optical microscope with built in camera and a Field Emission scanning 

electron microscope equipped with energy dispersive spectrometer (FE-SEM/EDS) with 

model: Joel JSM-7600F. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 RESULTS 

The hardness of Al-Si-Mg alloy in the as-cast, unmodified and modified in various heat 

treated condition are shown in Tables 4.1 - 4.5. Table 4.6 shows data on corrosion rate of 

treated samples and as-cast, while Table 4.7 shows hardness of some samples after 

corrosion in simulated sea water environment. Tables 4.8 - 4.10 show values of the kinetic 

corrosion parameters at different temper conditions. Figures 4.1 - 4.4 represent the 

hardness variation with thermal treatment of samples, while Figures 4.5 - 4.8 represent the 

correlation of corrosion characteristics with thermal treatment. The FE-SEM/EDS 

microstructures of some treated alloys can be found in Plates 1 - 4. The OPM of the as-cast 

and solution heat treated (SHT) samples is presented in Plates 5a and 5b, while that of 

some as-corroded samples are presented in Plates 6 a-d. 
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Tables 4.1: Hardness value of Al-Si-Mg alloy after DTAT at 90oC 
 

                   Ageing time (h)                                   HRF 

1                                        4.8 

2                                                 5.1 

3                                                 6.7 

4                                                 5.0 

5                                                4.2 

 

 

Tables 4.2: Hardness value of Al-Si-Mg alloy after DTAT at 105oC 
 

Ageing time (h) HRF 

1 

2 

3 

4 

6.4 

5.1 

6.2 

7.4 

5 7.2 
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Tables 4.3: Hardness value of Al-Si-Mg alloy after DTAT at 120oC 
 

Ageing time (h) HRF 

1 

2 

3 

4 

7.0 

4.7 

18.2 

9.8 

5 4.0 

 

 

Tables 4.4: Comparison of peak ageing time for DTAT at different ageing 
temperatures and STAT Al-Si-Mg alloy 
 

Ageing temperature (oC) Peak ageing time (h), tp 

90 

105 

120 

3 

4 

3 

STAT 180-2h 2 
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Tables 4.5: Comparison of peak hardness for DTAT at different ageing temperatures, 
STAT and as-cast Al-Si-Mg alloy 
 

Ageing temperature(oC) Peak hardness (HRF), Hp 

90 

105 

120 

STAT 180-2h 

6.7 

7.4 

18.2 

4.2 

As-cast 3.8 
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Table 4.6: Comparative study of corrosion rate from weight loss in simulated sea 
water after 40days for DTAT-T7, STAT-T6 and as-cast Al-Si-Mg alloy 
 

Ageing condition (oC)/Time (h) Corrosion rate (mm/yr) 

                         As-cast 

                        STAT 180-2 h                                                                          

                        DTAT 90- 1 h 

                        DTAT 90- 2 h 

                        DTAT 90- 3 h 

                        DTAT 90- 4 h 

                        DTAT 90- 5 h 

                        DTAT 105- 1 h 

                        DTAT 105- 2 h 

                        DTAT 105- 3 h 

                        DTAT 105- 4 h 

                        DTAT 105- 5 h 

                        DTAT 120- 1 h 

                        DTAT 120- 2 h 

                        DTAT 120- 3 h 

                        DTAT 120- 4 h 

                  0.11298 

                  0.10491 

                  0.07532 

                  0.06994 

                  0.05918 

                  0.05380 

                  0.04035 

                  0.08608 

                  0.06725 

                  0.05918 

                  0.05380 

                  0.05111 

                  0.09684 

                  0.06725 

                  0.05111 

                  0.04842 

                        DTAT 120- 5 h                   0.04842 
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Table 4.7: Hardness values of some selected Al-Si-Mg alloys after exposure to weight 
loss corrosion study 

Description Hardness (HRF) 

DTAT90-3 h 

DTAT105-4 h 

DTAT120-3 h 

STAT180-2 h 

5.3 

6.3 

17.4 

4.1 

As-cast 3.6 
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Table 4.8: Comparative study on Linear Polarisation Corrosion data obtained for as-cast, STAT and DTAT Al-Si-Mg 
alloy in simulated seawater environment after pre-ageing at 90oC 
 

 

 

 

 

 

Samples ba (V/dec) bc (V/dec) Ecorr, Calc 

(V) 

Ecorr, 

Obs (V) 

jcorr 

(A/cm²) 

icorr (A) Corrosion rate 

(mm/year) 

Polarization 

resistance (Ω) 

E Begin 

(V) 

E End  

(V) 

As-received 

180/2 h 

90/1 h 

90/2 h 

0.062881 

0.13504 

0.063822 

0.05879 

0.14153 

0.3217 

0.22206 

0.20422 

-1.0616 

-1.2676 

-1.2487 

-1.2339 

-1.0387 

-1.2128 

-1.2193 

-1.2064 

7.58E-06 

6.24E-06 

1.17E-06 

1.15E-06 

1.52E-05 

1.25E-05 

4.45E-06 

2.30E-06 

0.073489 

0.060469 

0.011057 

0.011126 

1247.2 

3311.3 

4837.6 

8637.3 

-1.0971 

-1.2436 

-1.2704 

-1.2631 

-0.94818 

-1.0776 

-1.0922 

-1.0776 

90/5 h 0.12128 0.14212 -1.1283 -1.1394 2.33E-06 4.66E-06 0.022595 6096.7 -1.2436 -1.058 
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Table 4.9: Comparative study on Linear Polarisation Corrosion data obtained for as-cast, STAT and DTAT Al-Si-Mg 
alloy in simulated seawater environment after pre-ageing at 105oC 
 

 

Samples ba 

(V/dec)  

bc  

(V/dec) 

Ecorr, 

Calc (V)  

Ecorr, 

Obs (V)  

jcorr  

(A/cm²) 

icorr  (A) Corrosion 

rate  

(mm/year) 

Polarization 

resistance  

(Ω) 

E Begin 

(V)  

E End (V) 

(V) 

Asreceived 

180/2h 

105/1h 

105/2h 

0.062881 

0.13504 

0.037355 

0.15317 

0.14153 

0.3217 

0.18736 

0.047975 

-1.0616 

-1.2676 

-1.2309 

-1.1587 

-1.0387 

-1.2128 

-1.2091 

-1.1394 

7.58E-06 

6.24E-06 

1.72E-06 

1.75E-06 

1.52E-05 

1.25E-05 

3.44E-06 

3.50E-06 

0.073489 

0.060469 

0.016695 

0.016964 

1247.2 

3311.3 

3927.3 

4533.4 

-1.0971 

-1.2436 

-1.2534 

-1.1826 

-0.94818 

-1.0776 

-1.1093 

-1.0361 

105/3h 0.13222 0.059814 -1.154 -1.1394 1.61E-06 3.21E-06 0.015575 5566.3 -1.1996 -1.0556 
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Table 4.10: Comparative study on Linear Polarisation Corrosion data obtained for as-cast, STAT and DTAT Al-Si-Mg 
alloy in simulated seawater environment after pre-ageing at 120oC 

 

 

Samples Ba 

(V/dec) 

bc (V/dec) Ecorr, 

Calc 

(V) 

Ecorr, 

Obs (V) 

jcorr 

(A/cm²) 

icorr (A) Corrosion 

rate 

(mm/year) 

Polarization 

resistance 

(Ω) 

E 

Begin 

(V) 

E End (V) 

As-received 

180/2h 

120/1h 

120/3h 

0.062881 

0.13504 

0.074668 

0.17888 

0.14153 

0.3217 

0.25195 

0.050518 

-1.0616 

-1.2676 

-1.2006 

-1.1872 

-1.0387 

-1.2128 

-1.1676 

-1.1676 

7.58E-06 

6.24E-06 

3.86E-07 

2.86E-07 

1.52E-05 

1.25E-05 

1.47E-06 

1.09E-06 

0.073489 

0.060469 

0.003647 

0.002706 

1247.2 

3311.3 

17041 

15705 

-1.0971 

-1.2436 

-1.2167 

-1.1996 

-0.94818 

-1.0776 

-1.0361 

-1.0556 

120/5h 0.060875 0.23044 -1.1212 -1.0887 3.84E-07 1.46E-06 0.003633 14303 -1.1264 -0.94818 
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4.2 Discussion 

In this study, the first set of experiments was designed to characterize the effect of a pre-

ageing temperature and time on the hardness of as-cast, STAT and DTAT Al-Si-Mg alloy. 

The results are shown in Tables 4.1 - 4.6. 

4.2.1 Hardness Measurement and Thermal Ageing Treatments 

The Hardness measurement of DTA and STA treatment samples was done with a 

Rockwell hardness tester (indentee universal) with the HRF scale and discussed below  

4.2.1.1As-cast and Single-Thermal Ageing (STAT) Al-Si-Mg alloy 

From the Hardness results obtained (Table 4.4), the hardness value of STAT and as-cast 

were 4.2 HRF and 3.8 HRF respectively. It is obvious from the results shown in Figure 4.1 

that as-cast Al-Si-Mg alloy has the lowest hardness value. This infers that modification 

treatment have an appreciable influence on precipitation strengthening of this alloy. 

 

 

 

 

 

Figure 4.1: Hardness of Al-Si-Mg alloy under different condition of ageing  
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In the unmodified condition, the acicular eutectic Si particles acted as internal stress raiser 

in the microstructure and provided a crack initiation sites. The nucleation of sub-surface 

crack and their propagation to the surface becomes delaminating on worn surfaces. The 

elemental sodium modifier changed the microstructure from acicular (large plates with 

sharp sides and ends) to fibrous (with a fine, apparently globular morphology) structure. 

The change in the morphology of eutectic Si reduced the stress concentration at Al/Si 

interface and delaminating on the worn surfaces leading to a higher hardness upon heat 

treatment (Lee et al, 2012;  Zhang et al, 2005; Leo and Cerri, 2003; Ernest, 2006). 

The result of STAT (hardness value of 4.2HRF) is lower than the values obtained for 

DTAT in all ageing condition except at DTAT 120-5 h, which is similar to the results 

elsewhere (Abdulwahab, 2011; Waterloo et al, 2001; Risanti et al, 2009). The reason is 

probably because in the DTA treatment, finer dispersion of GP zones and Precipitates 

occurred.  

4.2.1.2 Double-Thermal Ageing (DTAT)-T7 treatment 

The result in Table 4.1 shows that the hardness increases as ageing time increases up to 3 h 

i.e. peak hardness of 6.7 HRF. Beyond this peak hardness, the value of hardness decreased 

with increasing ageing time. 
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Figure 4.2: Variation of hardness with ageing time of Al-Si-Mg alloy after DTAT at 
90oC 
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Figure 4.3: Variation of hardness with ageing time of Al-Si-Mg alloy after DTAT at 
105oC 
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Figure 4.4: Variation of hardness with ageing time of Al-Si-Mg alloy after DTAT at 

120oC 

The reasons for the increase in hardness can be as a result of an increase in the size and 

density of clusters in pre-aged microstructure. Usually, after solution at a sufficiently high 

temperature followed by quenching to room temperature, there will be a supersaturation of 

vacancies and alloying element leading to formation of the vacancy-rich clusters (VRC) 

(Waterloo et al, 2001).On subsequent artificial ageing, the clusters (�t�[�[��nuclei) produced by 

pre-ageing slower the process of natural ageing and accelerate the precipitation of �t�[�[ phase 

during subsequent artificial ageing (Hong et al, 2006).The reduction in hardness resulting 

from pre-ageing at 90oC can be attributed to lower density of small hardening precipitates. 

The result of DTAT in almost all ageing condition is higher compared to the STAT result 

of 4.2 HRF, which is similar to the results (Abdulwahab, 2011; Waterloo et al, 2001). 
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The difference in hardness at lower pre-ageing time for example DTAT at 105oC after 3 

and 4 h was 6.2 HRF and 7.4 HRF respectively. The difference may be that the incoherent 

precipitates appeared in the early hours of (3 h) and dissolve later probably due to diffusion 

of the precipitates and homogenization of the matrix. However, since diffusion 

/precipitation processes are slower at lower temperatures than higher temperatures, the 

precipitates appeared in the aluminium matrix only after higher ageing time (Callister, 

1997; Abdulwahab, 2011).  

The increase in hardness with ageing time when the Al-Si-Mg alloy was pre-aged at 120oC 

was rapid with the peak hardness (18.2 HRF) at 3 h ageing time. At this pre-ageing 

temperature, the heat treatment might have resulted into a fine Al12Mg17, AlFeSi, Al8Mg3, 

FeSi6 strengthening phases which are coherent along with the semi-coherent clusters. The 

alloy at this peak ageing temperature and time produces hardness value that is attributed to 

formation of Mg2Si and other strengthening phases as observed by (Abdulwahab, 2011). 

This structure however indicates a spheroidized structure of silicon eutectics in the matrix 

of aluminium and the grain sizes are smaller and coherent with the matrix. That is the 

solute atoms form clusters which served as barrier to the movement of dislocation, and 

hence the higher hardness was obtained. This agrees with the work of several other 

researchers (Hong et al, 2006; Wang et al, 2008; Zhen and Kang, 1997; Abdulwahab, 

2011). 

Comparing of peak hardness values as a result of pre-ageing at 105oC (i.e. 7.4 HRF at 4 h 

of ageing) and 120oC (i.e. 18.2 HRF at 3 h of ageing), show that at the high ageing 

temperature, the alloy is expected to develop hardness at shorter ageing time because of the 
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faster rate of precipitation of the second phase particles. With the presence of the particles 

of the second phase precipitates, solute atoms tend to increase grain boundaries and higher 

hardness is expected (Dieter, 1987). 

 
4.2.1.3: Comparative study between DTAT, STAT and as-cast Al-Si-Mg alloy studied 

From the hardness results and discussions made, it is obvious that heat treatment have 

increased the hardness of this alloy under study. The DTAT treatment gave the alloy a 

higher hardness compared with the STAT treatment. In the DTAT treatments considered in 

this research, the DTAT at 120oC for 3 h of ageing gave the alloy a higher hardness and 

may as well be adopted in substitute for the conventional STAT treatment of ageing at 

180oC for 2 h. 

4.2.2 Correlation between Microstructures, Hardness and Corrosion Characteristics of Al-
Si-Mg alloys 

The as-cast microstructure as shown (Plate 5a) consists of α-aluminium solid solution with 

the flaky eutectic silicon phase. Modification treatment has changed the eutectic silicon 

phase to fibrous (Plate 5b). Within the α-aluminium solid solution, the elements are 

indicated by the EDS (Plates 1-4). This possibly indicates phases like Mg2Si, Al12Mg17, 

AlFeSi, and Al8Mg3FeSi6 can be said to be present in the thermally treated alloy. 

Considering Plates 3 and 4 i.e. microstructure of as-cast and STAT samples, it is obvious 

to conclude that there is an irregular distribution of eutectic phase formed which gives an 

understanding of the lower hardness obtained at this stage. The DTAT treatment gives 



53 
 

some microstructure with a better dissolution of the intermetallic (white phase) and the α-

aluminium solid solution (black phase). This implies that the DTAT treatment has 

modified the microstructure of the Al-Si-Mg alloy studied, hence increasing the hardness 

and corrosion characteristics of the alloy within the time considered. 

The corrosion resistance of DTAT Al-Si-Mg alloys seem to be strongly associated not only 

with the extensive distribution of eutectic, which is dependent on the interdendritic 

spacing, but also with the fineness of the eutectic interphase spacing as observed in this 

research. 

 

Plate 1: SEM microstructure and EDS spectrum of Al-Si-Mg alloy after pre-ageing at     
              90oC for 3 h. 
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Plate 2: SEM microstructure and EDS spectrum of Al-Si-Mg alloy after pre-ageing at 
120oC for 3 h 

 

Plate 3: SEM microstructure and EDS spectrum of as-cast Al-Si-Mg alloy  
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Plate 4: SEM microstructure and EDS spectrum of Al-Si-Mg alloy after STAT-T6 

treatment at 180oC for 2h 
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4.2.3 CORROSION CHARACTERISTICS AND THERMAL AGEING TREATMENT 

4.2.3.1 Weight loss 

The corrosion rates of Al-Si-Mg alloy in various heat treatments are as shown in Table 4.6. 

From the results obtained, the as-cast Al-Si-Mg alloy has the highest corrosion rate.  

 

Figure 4.5: Corrosion characteristics of Al-Si-Mg alloy under different condition of ageing with 

the as-cast 

This implies that the corrosion susceptibility of this alloy is greatly dependent on the heat 

treatment. Also, DTAT-T7 treatment has demonstrated a remarkable decrease in the 

corrosion rate than STAT-T6 samples at all the ageing time considered. This agrees with 

the works (Feng et al, 2008; Reda et al, 2008; Uhlenhaut et al, 2009; Abdulwahab, 2011). 
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 Figure 4.6: Variation of corrosion rate with ageing time for DTAT-T7 at 90oC 

 

Figure 4.7: Variation of corrosion rate with ageing time for DTAT-T7 at 105oC 
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Figure 4.8: Variation of corrosion rate with ageing time for DTAT-T7 at 120oC 

The reason for the higher corrosion resistance of the DTAT samples is that DTAT 

promotes coarse precipitates of the equilibrium phase β in the grains and sub-grains 

boundaries, while maintaining a fine distribution of β1 in the grain interiors. These coarse 

intermetallic particles then act as hydrogen trapping sites, locally reducing the hydrogen 

concentration in the matrix around the grain boundary. Similar results have been obtained 

elsewhere (Reda et al, 2008). 

From the hardness measurement, it is expected that samples with higher HRF should have 

greater corrosion rate. At higher HRF, grain size of the sample is finer and such structures 

are more susceptible to corrosion than coarse ones, especially when the precipitate on the 



59 
 

grain boundaries of the alloy becomes coarser (Feng et al, 2008; Abdulwahab, 2011). But 

this did not hold for this work. Abdulwahab (2011) have shown that this is possible and 

may be attributed to the Al13Cr4Si4 phase which usually enhances strength/hardness and 

precipitate more as the ageing time increases, thus reducing the corrosion rate. 

The corrosion rate of DTAT decreases with an increase in ageing time. Usually, the DTAT 

treatment is a two –step ageing treatment. During the first ageing process for increasing 

time, the phase of β1 is precipitated within the grain. Then during the second ageing at a 

higher temperature, the β1 precipitates coarsen and their density is reduced. 

Feng et al, 2008 showed that the corrosion potential of the η-precipitate was negative with 

respect to that of the alloy base at its adjacent periphery, and its corrosion current density 

was much greater, indicating that the η precipitate was more sensitive to corrosion than the 

alloy base. The preferential corrosion of the η precipitate at the grain boundary is in 

agreement with the electrochemical behaviours of the precipitate of η and the alloy base. 

Therefore, as the Al-Si-Mg alloy is immersed in the 3.5% NaCl solution, the β precipitates 

will act as anodic zones and be preferentially attacked. However, the alloy base at their 

adjacent periphery is protected as a cathodic zone. The precipitates of βare distributed 

continuously at the grain boundaries of the Al-Si-Mg-T6 alloy. Therefore, there exists an 

active corrosion path resulting from the galvanic reaction between the anodic precipitates 

of β at the grain boundary and the alloy base at their adjacent periphery, which leads to its 

greatest susceptibility to corrosion. 
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The difference in corrosion rate between the DTAT samples at the same time, like DTAT 

at 90oC/1 h (0.07532 mpy) and DTAT at 105oC/1 h (0.08608 mpy) could be that as the 

precipitates of βat the grain boundaries are distributed discontinuously in the Al-Si-Mg 

alloy, corrosion path exists in these alloys and their susceptibility to corrosion is decreased. 

Also, when the spacing between the β precipitates at the grain boundaries of the alloy is 

largest; its susceptibility to corrosion is decreased.  

4.2.3.2 Linear Polarisation Corrosion  

Tables 4.9 - 4.11 give the values of kinetic corrosion parameters as the corrosion potential 

Ecorr, corrosion current density Icorr and Tafel slopes (bc and ba) for the corrosion of as-cast, 

STAT and some DTAT Al-Si-Mg alloy in 3.5% NaCl solution. The corrosion current 

densities were estimated from the Tafel extrapolation of the cathodic and anodic curves. 

The as-cast Al-Si-Mg alloy has the highest current density and corrosion rate followed by 

the STAT samples, then DTAT sample in all the pre-ageing conditions considered. From 

the linear polarisation resistance value, Rp, the DTAT temper has the highest Rp  and 

corrosion potential (Ecorr) followed by the STAT temper and lastly the as-cast samples. I.e. 

DTAT 90oC 1 h (Rp is 4837.6 Ω and Icorr is 0.00000117 A/cm2), DTAT 105oC 1 h (Rp is 

3927.3 Ω and Icorr is 0.00000172 A/cm2), DTAT 1200C 1 h (Rp is 17041 Ω and Icorr is 

0.000000386 A/cm2), STAT 180oC 2 h (Rp is 3311.3 Ω and Icorr is 0.00000624 A/cm2) as-

cast (Rp is 1247.2 Ω and Icorr is 0.00000758 A/cm2). Generally, an increase in polarisation 

resistance, Rp leads to a decrease in the current density, Icorr. The increase in Rp  generally 

suggested an improvement in the corrosion resistance of the alloy as a result of the temper 
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treatment. The DTAT treatment can be said to have improved the corrosion resistance of 

the Al-Si-Mg alloy studied. This is in agreement with the previous studies (Abdulwahab, 

2011). 

From Figures 4.9-4.11, the anodic and cathodic branches changes with a change in the 

temper treatment were presented for some thermal treated samples. 

 
Figure 4.9: Linear polarisation of as-cast, STAT and DTAT Al-Si-Mg alloy after pre-
ageing at 90oC 
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Figure 4.10: Linear polarisation of as-cast, STAT and DTAT Al-Si-Mg alloy after 
pre-ageing at 105oC 

 

 

 

 

 

 

 

Figure 4.11: Linear polarisation of as-cast, STAT and DTAT Al-Si-Mg alloy after 
pre-ageing at 120oC 
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This shows that the temper treatment reduces anodic dissolution and retards the hydrogen 

evolution reaction. The current densities (corrosion rate) and their corresponding corrosion 

potentials are also shown in the figures. Such result permit to observe that the corrosion 

rate is very similar for all the examined alloy. This is so because such alloys were 

solidified in similar conditions of cooling rate and as a consequence a same order of 

magnitude of dendritic spacing should be expected. Osorio et al, 2007 have shown that the 

dendritic spacing plays an important role on the corrosion resistance of binary alloys. The 

temper at DTAT 120-3 h showed the lowest corrosion rate for the period of time 

considered in this experiment. This is possible because grain boundaries are often more 

susceptible to corrosion than the grain interior because of the heterogeneity associated with 

the grain boundaries. It is expected that samples with higher corrosion have pronounced 

grain boundaries, as such higher hardness is expected for such sample as is the case in this 

research. 

 

 

 

 

 

 

Plate 5a: Microstructure of unmodified Al-Si-Mg alloy showing silicon flakes within 
aluminium matrix (x300) 
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Plate 5b: Microstructure of elemental sodium modified Al-Si-Mg alloy showing the 
breakdown/spheroidization of silicon flakes (x300) 
 

 

 

 

 

 

 

Plate 6a: As- Corroded microstructure of DTAT-90/3 h Al-Si-Mg alloy after 30 days 
immersion in simulated sea water (x300) 
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Plate 6b: As- Corroded microstructure of DTAT-105/3 h Al-Si-Mg alloy after 30 days 
immersion in simulated sea water (x300) 

 

 

 

 

 

 

 

Plate 6c: As- Corroded microstructure of DTAT-120/3 h Al-Si-Mg alloy after 30 days 
immersion in simulated sea water (x300) 
 

 



66 
 

 

 

  

 

 

 

 

Plate 6d: As- Corroded microstructure of DTAT-180/2 h Al-Si-Mg alloy after 30 days 
immersion simulated sea water (x300) 
 

 

 

 

 

 

 

 

Plate 6e: As- Corroded microstructure of as-cast Al-Si-Mg alloy after 30 days 
immersion in simulated sea water (x300) 
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CHAPTER FIVE 

SUMMARY, CONCLUSION AND RECOMMENDATIONS 

5.1 Summary 

The effect of pre-ageing conditions on the hardness and corrosion characteristics of 

double-thermally aged chill cast Al-Si-Mg alloys in simulated sea water environment has 

been studied. The temper conditions are DTAT at 90oC, 105oC and 120oC with variable 

pre-ageing time. These were compared with the conventional treatment of this alloy 

(STAT). The as-cast Al-Si-Mg alloy was also studied. Within the α-aluminium solid 

solution, the elements are indicated by the EDS. This possibly indicates phases like Mg2Si, 

Al12Mg17, AlFeSi, and Al8Mg3FeSi6 which can be said to be present in the thermally 

treated alloy. The hardness of the Al-Si-Mg alloy was observed using the Rockwell-F scale 

hardness tester, while the corrosion characteristics was evaluated using weight loss and 

linear polarisation techniques in 3.5% NaCl solution.  

From the results (Figure 4.1), DTAT samples showed better hardness value as compared 

with the STAT and as-cast samples. The DTAT treatment has increased the alloy by more 

than a 100% in two temper conditions i.e. DTAT at 120oC for 3 h (with a hardness value of 

18.2 HRF) and DTAT at 120oC for 4 h (with a hardness value of 9.8 HRF) as compared 

with the conventional STAT treatment (with a hardness value of 4.2 HRF). 

The corrosion of the DTAT treated samples in all temper conditions in the simulated sea 

water showed a higher improvement in corrosion resistance than the as-cast and 

conventional STAT alloy. From the OPM results of as-corroded samples, it is obvious that 
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the type of corrosion that occurred in this alloy is pitting/uniform corrosion. The hardness 

results of some selected samples after weight loss corrosion in simulated sea water also 

showed a decrease in hardness value as compared with its hardness before corrosion attack. 

The linear polarisation of some of the thermally treated samples demonstrated a higher 

corrosion potential and linear polarisation resistance with lower current density as 

compared with the as-cast and STAT samples. 

5.2 Conclusion 

From an energy savings point of view, research has been focusing on examining the 

possibility of shortening the heat treatment cycle, especially reducing the solutionizing 

and ageing time without sacrificing mechanical properties to a great extent (Ma et al, 

2006). In this research, the variation in pre-ageing conditions of the DTAT samples has 

greatly improved the hardness value with more than a 100% as a result of a low 

temperature ageing at 120oC for 3 h and 4 h. However, significant results have been 

obtained with higher corrosion resistance in the DTAT-temper condition than the 

STAT temper. In line with the above, the following conclusions are made;  

1- DTAT treatments with varying pre-ageing thermal treatment have been shown 

as one of the possible ways to improve hardness value and corrosion resistance 

of Al-Si-Mg alloy within the studied pre-ageing temperatures and times. 

2- The peak hardness value of 18.2 HRF was achieved from DTAT treatment 

comprising of a low temperature ageing at 120oC for 3 h of ageing, followed by 

ageing at 180oC for 2 h. The hardness obtained at 180oC for 2 h of ageing (4.2 
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HRF) is also lower than other DTAT treatment temperatures like DTAT at 

90oC for 1, 2, 3 and 4 h of ageing, also DTAT at 105oC for 1, 2, 3, 4 and 5 h of 

ageing and DTAT at 120oC for 1, 2, 3, and 4 h of ageing for the alloys 

considered in this study.  

3- The improvement of hardness with the DTAT treatment can be attributed to the 

finer dispersion of precipitates obtained as a result of the low temperature ageing, 

which was further retained and fully transformed to finer particles at higher ageing 

temperature and time.  

4- The results of weight loss of Al-Si-Mg alloy in simulated sea water environment 

has shown that the corrosion resistance of DTAT Al-Si-Mg alloy has been 

enhanced significantly as compared to those observed in the STAT temper 

condition. 

5- From the results of corrosion rate determined from weight loss of coupons, it was 

shown that the corrosion rate decreases at all pre-ageing temperatures and time. 

The corrosion of the DTAT samples in simulated sea water showed higher 

corrosion resistance than the STAT samples. 

6- Results from linear polarization had a better corrosion resistance for the DTAT 

samples as compared with the STAT and as-cast Al-Si-Mg alloy and DTAT 120oC 

for 3 h indicated the highest corrosion rate. 
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5.3 RECOMMENDATIONS FOR FURTHER WORKS 

1- The effect of DTAT on Al-Si-Mg alloy using other casting technique like 

investment die casting and permanent mold casting should be studied. 

2- TEM study of the crystal orientation and GP zones of the alloy is recommended. 

3- XRD of this alloy after thermal treatment is also recommended for further study. 
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