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Abstract 

    Not only alloying additions may affect the corrosion resistance of aluminum alloys, but 

also practices that result in a nonuniform microstructure may introduce susceptibility to 

some forms of corrosion, especially if the microstructural effect is localized. This work 

was intended to study the effect of aging time at 225, 185 and 140 °C and  the effect of 

constant aging time ( 24 hrs ) in the temperature range 100 - 450 °C as well as the 

influence of the solution pH on the corrosion characteristics of 6061 aluminum alloy, (Al-

Mg-Si alloy) containing 0.22 wt% Cu. The investigation was performed by standard 

immersion corrosion test according to the British Standard BS 11846 method B and  by 

applying potentiodynamic polarization technique in neutral deaerated 0.5 % M NaCl 

solution as well as in alkaline NaOH solution (pH = 10). The susceptibility to corrosion 

and the dominant corrosion type was evaluated by examination of transverse cross 

sections of corroded samples after the immersion test and examination of the corroded 

surfaces after potentiodynamic polarization using optical microscope. Analysis of the 

polarization curves was used to determine the effect of different aging parameters on 

corrosion characteristics such as the corrosion current density Icorr, the corrosion potential 

Ecorr, the cathodic current densities and the passivation behavior. 

    Results of the immersion test showed susceptibility to intergranular corrosion in the 

underaged tempers while pitting was the dominant corrosion mode for the overaged 

tempers after aging at 225 and 185 °C. 

   Analysis of the potentiodynamic polarization curves showed similar dependence of Icorr 

and cathodic current densities on the aging treatment in the neutral 0.5 %M NaCl solution 

and in the alkaline NaOH solution. It was observed that Ecorr values in the NaCl solution 

were shifted in the more noble direction for the specimens aged before peak aging while 

it decreased again with aging time for the overaged samples. However, the values of Ecorr 

in the NaOH solution were shifted to more active values with increasing aging time for 

the underaged tempers and increased again in the more noble direction for the overaged 

specimens. The Icorr values were higher in the alkaline solution for the same aging 

treatment. The Ecorr values were shifted to more active values in the alkaline solution 
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relative to the NaCl solution for all aging treatments. The results were discussed in terms 

of type, volume fraction, size and distribution of the precipitate particles. 
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  الملخص

      تتأثر مقاومة سبائك األلومنيوم للتآآل ليس فقط بالعناصر السبائكية المضافة وإنما أيضًا 

 تسبب عدم تجانس فى البنية المجهرية سواًءية التى تؤدى إلى نشوء اطوار ثانوية بالمعالجات الحرار

 والتى ربما تزيد قابلية هذه السبائك توزيع هذه األطوارمن حيث الترآيب الكيميائى أو من حيث 

ومن هنا آان الهدف من هذا البحث . يًالبعض أشكال التآآل خاصًة إذا آان توزيع هذه األطوار موضع

م ، وتأثير ثبوت زمن عملية  °140، 185، 225دراسة تأثير تغير زمن عملية التشيخ عند هو 

قيمة م ، وآذلك تأثير  °450 إلى 100فى مدى من درجات الحرارة يتراوح بين )  ساعة 24( التشيخ 

(    6061 على خصائص التآآل لسبيكة األلومنيوم )آآل لوسط الت ( للمحلولاألس الهيدروجينى 

أجرى البحث عن طريق اإلختبار ). نحاس  % 0,22 سيليكون تحتوى على - ماغنسيوم-الومنيوم

، وآذلك بإستخدام طريقة )  الطريقة ب 11846( القياسى للتآآل بالغمر طبقًا للمعايير البريطانية 

  )جزيئى % 0,5( اإلستقطاب الديناميكى للجهد فى آل من محلول آلوريد الصوديوم المتعادل 

وقد تم تقدير القابلية للتآآل ). 10= األس الهيدروجينى (ومحلول هيدروآسيد الصوديوم القاعدى 

وشكل التآآل الغالب عن طريق فحص قطاعات متعامدة على األسطح المتآآلة للعينات بعد إختبار 

 بإستخدام الغمر ، وآذلك فحص األسطح المتآآلة بعد إنتهاء زمن إختبار اإلستقطاب الديناميكى للجهد

وآذلك فقد تم تحليل منحنيات اإلستقطاب لتحديد تأثير متغيرات عملية . الميكروسكوب الضوئى

التشيخ المختلفة على خصائص التآآل مثل آثافة تيار التآآل و جهد التآآل و آثافات التيار الكاثودى و 

  .  سلوك السالبية

 للتآآل بين الحبيبى فى المراحل األولية من يكةهذه السب قابلية   وقد أظهرت نتائج إختبار الغمر    

عملية التشيخ قبل الوصول إلى القيمة العظمى للصالدة ، فى حين أصبح التآآل النقرى هو النوع 

  .م بعد القيمة العظمى للصالدة °185، 225الغالب فى المراحل المتأخرة من عملية التشيخ عند 

اب إعتماد آل من آثافة تيار التآآل و آثافات التيار       آما أوضحت تحاليل منحنيات اإلستقط

 % 0,5(الكاثودى على متغيرات عملية التشيخ بدرجة مماثلة فى آل من محلول آلوريد الصوديوم 

وقد لوحظ أن قيم جهد التآآل فى محلول آلوريد . و محلول هيدروآسيد الصوديوم القاعدى ) جزيئى

جابية مع زيادة زمن عملية التشيخ قبل الوصول إلى القيمة الصوديوم تزاح فى اإلتجاه األآثر إي

 ، بينما تزاح قيم جهد  مع زيادة زمن التشيخالعظمى للصالدة ، ثم تنقص تدريجيًا بعد هذه القيمة

  ث
 



عملية التشيخ قبل الوصول للقيمة مع زيادة زمن التآآل فى اإلتجاه االآثر نشاطًا فى المحلول القاعدى 

آما وجد أن قيم . ثم تصبح أآثر إيجابية فى المراحل األخيرة من عملية التشيخالعظمى للصالدة ، 

محلول آلوريد الصوديوم مثيلتها فى  أعلى مقارنًة ب تكون دائمًاآثافة تيار التآآل فى المحلول القاعدى

ًا فى عملية التشيخ ، أما قيم جهد التآآل فقد أزيحت فى اإلتجاه األآثر نشاطمتغيرات المتعادل لنفس 

. محلول آلوريد الصوديوم لكل ظروف معالجات التشيخالقيم المناظرة فى المحلول القاعدى مقارنًة ب

هذا وقد تم تفسير هذه النتائج اعتمادًا على نوع و حجم و آمية و توزيع حبيبات األطوار المترسبة 

  . أثناء عملية التشيخ

       

 

 

  ج
 



Chapter (1) 

Introduction 

     Aluminum and its alloys offer a wide range of properties that can be 

engineered precisely to the demands of specific applications, such as in 

aerospace, advanced nuclear reactors, surface coating and metal/air batteries, 

through the choice of alloy, temper condition and fabrication process. By 

utilizing various combinations of its advantageous properties such as strength, 

lightness, corrosion resistance, recyclability and formability, aluminum is being 

employed in an ever-increasing number of applications. This array of products 

ranges from structural materials through thin packaging foils [1]. Aluminum 

alloys have been employed as the cladding material for some research reactors, 

because of its small cross section for neutron absorption, good corrosion 

resistance against cooling water, good toughness even after long term exposure in 

a neutron field, and short life-time of the radioactive nuclei produced by nuclear 

reactions [2].     

    Treatments that are carried out to change the shape and achieve a desired level 

of mechanical properties in aluminum alloys may also modify corrosion 

resistance, largely through their effects on both the quantity and the distribution 

of micro-constituents [3]. 

     Precipitates that form as a result of the exposure of alloys at elevated 

temperatures (for example, during production, fabrication and welding) often 

nucleate and grow preferentially at grain boundaries. If these precipitates are rich 

in alloying elements that are essential for corrosion resistance, the regions 

adjacent to the grain boundary are depleted of these elements. The alloy is thus 

sensitized and is susceptible to intergranular attack in a corrosive environment. 

Impurities that segregate at grain boundaries may promote galvanic action in a 

corrosive environment by serving as anodic or cathodic sites. Therefore, this 

would affect the rate of the dissolution of the alloy matrix in the vicinity of the 

grain boundaries. During exposure to chloride solutions, the galvanic couples 
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formed between these precipitates and the alloy matrix can lead to severe 

intergranular attack. Susceptibility to intergranular attack depends on the 

corrosive solution and on the extent of intergranular precipitation, which is a 

function of alloy composition, fabrication and heat treatment parameters [4]. 

    When aluminum surfaces are exposed to the atmosphere, a thin invisible oxide 

skin forms immediately, this protects the metal from further oxidation. This self-

protecting characteristic gives aluminum its high resistance to corrosion. Unless 

exposed to some substance or condition that destroys this protective oxide film, 

the metal remains fully protected against corrosion [5]. But the oxide film is not 

homogeneous and contains weak points. Breakdown of the oxide film at weak 

points leads to the onset of localized corrosion. The oxide film becomes more 

nonhomogeneous with increasing alloying content, and on heat-treatable alloys as 

opposed to non-heat-treatable alloys [6]. 

     Heat-treatable wrought aluminum-magnesium-silicon alloys can be 

susceptible to intergranular corrosion (IGC) which is a selective corrosion that 

takes place at grain boundaries or at closely adjacent regions without appreciable 

attack of the grains themselves [5]. IGC is the result of micro-galvanic cell action 

at the grain boundaries, due to formation of grain boundary precipitates, which 

are either more active or more noble than the surrounding solid solution 

aluminum matrix. As a result, preferential dissolution occurs at the sites where 

these precipitates, or the adjacent precipitate-free zone, undergo anodic reactions 

[4]. Therefore, intergranular corrosion (IGC) depends upon grain boundaries 

features such as grain boundary precipitates, alloying element segregation and 

alloying element depleted zones [7]. 

    Finally, thermal treatments (duration, temperature, and rate of temperature 

change) can alter the type, amount, size and distribution of both soluble and 

insoluble intermetallic particles. Depending on the alloy and final temper, this 

can have no effect, or a major effect, on the resistance to certain types of 

corrosion [5, 8, 9, 10]. 
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    The objective of the present investigation is to indicate how certain simple but 

important variations in the thermal processing, such as the  aging parameters, as 

well as differences in solution pH affect the corrosion characteristics of 6061 AA. 

It also aims to investigate the boundaries of IGC zone and pitting zone in order to 

have a clear picture about the localized corrosion behavior of this alloy. 
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Chapter (2) 

Literature survey 

2.1 Aluminum and Aluminum Alloys 

2.1.1 Key Characteristics of Aluminum and Aluminum alloys  

       Aluminum is the most widely available metallic element (about 8%) in the 

solid portion of the earth's crust; but it always exists in a combined form, usually 

a hydrated oxide, of which bauxite is the principal ore. Thermodynamically, 

metallic aluminum is very active and seeks to return to the natural oxidized state 

through the process of corrosion. The activity of aluminum can be appreciated 

when one considers that fine aluminum powder undergoing rapid chemical 

oxidation is the primary fuel in modern aerospace rockets.  

     Aluminum offers a wide range of properties that can be engineered precisely 

to the demands of specific applications through the choice of alloy, temper, and 

fabrication process. In most applications, two or more key characteristics of 

aluminum come prominently into play—for example, light weight combined with 

strength in airplanes, railroad cars, trucks, and other transportation equipment. 

High resistance to corrosion and high thermal conductivity are important in 

equipment for the chemical and petroleum industries; these properties combine 

with nontoxicity for food processing equipment. Attractive appearance together 

with high resistance to weathering and low maintenance requirements have led to 

extensive use in buildings of all types. High reflectivity, excellent weathering 

characteristics, and light weight are all important in roofing materials. Light 

weight contributes to low handling and shipping costs, whatever the application. 

       The mechanical, physical, and chemical properties of aluminum alloys 

depend on composition and microstructure. The addition of selected elements to 

pure aluminum greatly enhances its properties and usefulness. Because of this, 

most applications for aluminum utilize alloys having one or more elemental 

additions. The major alloying additions used with aluminum are copper, 
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manganese, silicon, magnesium and zinc; other elements are also added in 

smaller amounts for grain refinement and to develop special properties. The total 

amount of these elements can constitute up to 10% of the alloy composition 

(percentages given in weight percent unless otherwise stated). Impurity elements 

are also present, but their total percentage is usually less than 0.15% in aluminum 

alloys [5]. 

2.1.2 Alloy and Temper Designation Systems for Aluminum and Aluminum 
Alloys 

       It is convenient to divide aluminum alloys into two major categories: 

wrought compositions and cast compositions. A further differentiation for each 

category is based on the primary mechanism of property development. 

      Wrought Alloy Families. A four-digit numerical designation system is used 

to identify wrought aluminum and aluminum alloys. As shown below in table 2.1, 

the first digit of the four-digit designation indicates the group: 

         For the 2xxx through 8xxx series, the alloy group is determined by the 

alloying element present in the greatest mean percentage. An exception is the 

6xxx series alloys in which the proportions of magnesium and silicon available to 

form magnesium silicide (Mg2Si) are predominant. Another exception is made in 

those cases in which the alloy qualifies as a modification of a previously 

registered alloy. If the greatest mean percentage is the same for more than one 

element, the choice of group is in order of group sequence: copper, manganese, 

silicon, magnesium, magnesium silicide, zinc, or others. 

      Aluminum. In the 1xxx group, the series 10xx is used to designate unalloyed 

compositions that have natural impurity limits. The last two of the four digits in 

the designation indicate the minimum aluminum percentage. These digits are the 

same as the two digits to the right of the decimal point in the minimum aluminum 

percentage when expressed to the nearest 0.01%. Designations having second 

digits other than zero (integers 1 through 9, assigned consecutively as needed) 

indicate special control of one or more individual impurities. 
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Table 2.1 Wrought aluminum alloy series designations [4]. 

Aluminum Association series Types of alloy composition Strengthening method 

1xxx Al Cold work 

2xxx Al-Cu-Mg(1-2.5%) Heat treat 

2xxx Al0Cu-Mg-Si(3-6%) Heat treat 

3xxx Al-Mn-Mg Cold work 

4xxx Al-Si Cold work(some heat treat)

5xxx Al-Mg(1-2.5%Mg) Cold work 

5xxx Al-Mg-Mn(3-6%Mg) Cold work 

6xxx Al-Mg-Si Heat treat 

7xxx Al-Zn-Mg Heat treat 

7xxx Al-Zn-Mg-Cu Heat treat 

8xxx Al-Li-Cu-Mg Heat treat 

      Aluminum Alloys. In the 2xxx through 8xxx alloy groups, the second digit in 

the designation indicates alloy modification. If the second digit is zero, it 

indicates the original alloy; integers 1 through 9, assigned consecutively, indicate 

modifications of the original alloy. Explicit rules have been established for 

determining whether a proposed composition is merely a modification of a 

previously registered alloy or if it is an entirely new alloy. The last two of the 

four digits in the 2xxx through 8xxx groups have no special significance, but 

serve only to identify the different aluminum alloys in the group [11]. 

       Basic Temper Designations 

    Designations for the common tempers, and descriptions of the sequences of 

operations used to produce these tempers, are given in the following paragraphs 

[11]. 

F, As-Fabricated. This is applied to products shaped by cold working, hot 

working, or casting processes in which no special control over thermal conditions 

or strain hardening is employed. For wrought products, there are no mechanical 

property limits. 
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O, Annealed. O applies to wrought products that are annealed to obtain lowest-

strength temper and to cast products that are annealed to improve ductility and 

dimensional stability. The O may be followed by a digit other than zero. 

H, Strain-Hardened (Wrought Products Only). This indicates products that 

have been strengthened by strain hardening, with or without supplementary 

thermal treatment to produce some reduction in strength. The H is always 

followed by two or more digits. 

W, Solution Heat-Treated. This is an unstable temper applicable only to alloys 

whose strength naturally (spontaneously) changes at room temperature over a 

duration of months or even years after solution heat treatment. The designation is 

specific only when the period of natural aging is indicated (for example, W 1/ 2 

h). 

T, Solution Heat-Treated. This applies to alloys whose strength is stable within 

a few weeks of solution heat treatment. The T is always followed by one or more 

digits. 

2.2 Al-Mg-Si alloys (6xxx Series) 

      Alloys in the 6xxx series contain silicon and magnesium approximately in the 

proportions required for the formation of magnesium silicide (Mg2Si), thus 

making them heat treatable. Magnesium and silicon are added either in balance 

amounts to form quasi-binary Al-Mg2Si alloys (Mg:Si 1.73:1), or with an excess 

of silicon above that needed to form Mg2Si. Although they are not as strong as 

most 2xxx and 7xxx alloys, 6xxx series alloys have good formability, weldability, 

machinability and corrosion resistance with medium strength. Alloys in this heat-

treatable group may be formed in the T4 temper (solution heat-treated but not 

precipitation heat-treated) and strengthened after forming to full T6 (solution 

heat-treated plus precipitation heat-treated). Uses of Al-Mg-Si alloys include 

architectural applications, bicycle frames, transportation equipment, bridge 

railings and welded structures [11].  
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2.3 Al-alloy 6061 

    The first digit of the aluminum alloy designation, “6”, means that the Al alloy 

contains magnesium and silicon. The relative weight percentages (wt. %) are 

given by the third and the fourth digits, where “6” means that there is  0.6 wt.% 

Si and “1” means that there is  1.0 wt. % Mg, respectively. The second digit “0” 

means that no other alloying elements were used. The three elements, Al, Mg and 

Si together constitute a two-phase Al alloy since Mg and Si form the single phase 

or compound Mg2Si. The applications and typical uses of Al-alloy 6061 are 

trucks, towers, canoes, railroad cars, furniture, pipelines and other structural 

applications where strength, weldability and corrosion resistance are needed. The 

chemical composition limits of Al-alloy 6061 are 0.40 to 0.8 Si, 0.7 Fe max, 0.15 

to 0.40 Cu, 0.15 Mn max, 0.8 to 1.2 Mg, 0.04 to 0.35 Cr, 0.25 Zn max, 0.15 Ti 

max and bal Al [12]. 

     

   Fig.2.1 depicts the pseudo-binary phase diagram for the 6061 Al system: binary 

means that two phases may simultaneously coexist and pseudo means that there 

are more than two elements that constitute the two phases [3].  

 

 

 

 

 
 

 

 

Fig.2.1 Pseudo-binary phase diagram for the 6061 Al system [3]. 
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2.4 Heat Treatment of Aluminum Alloys 

    Heat treatment in its broadest sense refers to any of the heating and cooling 

operations that are performed for the purpose of changing the mechanical 

properties, the metallurgical structure, or the residual stress state of a metallic 

product. When the term is applied to aluminum alloys, however, its use 

frequently is restricted to the specific operations employed to increase strength 

and hardness of the precipitation-hardenable wrought and cast alloys. These 

usually are referred to as the "heat-treatable" alloys to distinguish them from 

those alloys in which no significant strengthening can be achieved by heating and 

cooling. The latter, generally referred to as "non-heat-treatable" alloys, depend 

primarily on cold work to increase strength [13]. All alloys can be cold worked to 

increase strength. This has little effect on their resistance to corrosion but 

decreases properties such as elongation, forming and toughness. Excessive cold 

working can cause banded slip planes in the metals. These planes are in a higher 

thermodynamic state and can be more susceptible to corrosion. Also they contain 

numerous dislocations that act as sites for localized precipitation leading to 

localized corrosion [6]. Heating to decrease strength and increase ductility 

(annealing) is used with alloys of both types; metallurgical reactions may vary 

with type of alloy and with degree of softening desired. Except for the low-

temperature stabilization treatment sometimes, given for 5xxx series alloys, 

complete or partial annealing treatments are the only ones used for non-heat-

treatable alloys [13]. 

2.4.1 Precipitation hardening heat treatment 

        One essential attribute of a precipitation-hardening alloy system is a 

temperature-dependent equilibrium solid solubility characterized by increasing 

solubility with increasing temperature. Although this condition is met by most of 

the binary aluminum alloy systems, many exhibit very little precipitation 

hardening, and these alloys ordinarily are not considered heat treatable. Alloys of 

the binary aluminum-silicon and aluminum-manganese systems, for example, 

exhibit relatively insignificant changes in mechanical properties as a result of 
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heat treatments. The major aluminum alloy systems susceptible to precipitation 

hardening behavior include : 

·Aluminum-copper system with strengthening from CuAl2. 

·Aluminum-copper-magnesium system (magnesium intensifies precipitation). 

·Aluminum-magnesium-silicon system with strengthening from Mg2Si. 

·Aluminum-zinc-magnesium system with strengthening from MgZn2. 

·Aluminum-zinc-magnesium-copper system. 

      In designing alloys for strength, an approach often taken is to develop an 

alloy in which the structure contains fine particles that impede dislocation motion 

dispersed in a ductile matrix. The finer the dispersion for the same amount of 

particles, the stronger the material. Such dispersion can be obtained by choosing 

an alloy which, at elevated temperature, is single phase, but upon cooling will 

precipitate another phase in the matrix. A heat treatment is then developed to give 

the desired distribution of the precipitate in the matrix. If hardening occurs from 

this structure, then the process is called precipitation hardening or age hardening. 

It is to be noted that not all alloys in which such a dispersion can be developed 

will harden. 

  The basic requirement for an alloy to be amenable to age hardening is a decrease 

in solid solubility of one or more of the alloying elements with decreasing 

temperature. Heat treatment normally involves the following stages [3]: 

- Solution treatment at a relatively high temperature within the single-phase 

region. 

- Rapid cooling or quenching, usually to room temperature, to obtain a 

supersaturated solid solution (SSSS) of these elements in aluminum. 

- Controlled decomposition of the SSSS to form a finely dispersed precipitate, 

usually by aging for convenient times at one and sometimes two intermediate 

temperatures. 
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    Solution heat treatment is complex, but basically it involves a eutectic or 

peritectic alloy in which the solid solubility of the alloying elements in the base 

metal is much greater at high temperature (370 – 545 °C) than at room 

temperature or slightly elevated temperatures. The actual amount of alloying 

element retained in super saturated solid solution by quenching depends on the 

degree of supersaturation, the mobility of particular element and the rate of 

cooling. As the element precipitates out of solid solution, it forms intermetallic 

particles which create new surface. Consequently, these particles tend to form 

first along grain boundaries, which results in susceptibility to intergranular 

corrosion [6].  

   By artificial aging, fine precipitates form not only at the grain boundary, but 

randomly distributed on lattice vacancies throughout the grains. It greatly 

improves mechanical properties and, if the extent of aging is sufficient, improves 

corrosion resistance by eliminating the tendency for localized intergranular 

corrosion. The artificial aging time is inversely proportional to the temperature 

and can vary greatly with individual alloys, even involving multiple step 

treatments. The size, shape and distribution of the intermetallic particles that 

capture the dislocation and act as nucleation sites for precipitation is determined 

by high- temperature treatments early in the fabrication stage [6].  

2.4.2 Precipitation hardening for Al-Mg-Si alloy (6xxx) 

        In the case of 6xxx series hardening is achieved by precipitation of Mg2Si 

particles as the solubility of Mg and Si decreases with temperature. The 

precipitation behavior in Al-Mg-Si system has been extensively studied, although 

there are still disagreement on the sequence, structure, and chemistry of the 

metastable precipitates. It is generally accepted that the precipitation in this alloy 

system can be described as:  

SSSS                   GP (I) clusters                 GP (II) β"              β'                    β            

    G.A. Edwards and K. Stiller [14] depicted the precipitation sequence in alloy 

6061 as follows;  
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Independent clusters of Mg and Si atoms           Co-clusters that contain Mg and 

Si atoms           small precipitates of unknown structure           β" needle shaped 

precipitates of unknown structure             B' Lath-shaped precipitates and β' rod 

shaped precipitates. 

    Three types of clusters of atoms form in the early stage of aging of alloy 6061, 

clusters of Si atoms, clusters of Mg atoms and clusters that contain both Mg and 

Si atoms. It appears that independent clusters of Mg and Si atoms formed first, 

followed by the formation of Co-clusters. It is possible that both Mg-clusters of 

atoms and Si- cluster of atoms are formed immediately after quenching.  Si atoms 

are thought to accompany vacancies when they condense, causing clustering to 

occur very soon after quenching. It is possible that dissolution of clusters of Mg 

atoms also occurs in Al-Mg-Si alloys, with the dissolving Mg then being free to 

combine with the clusters of Si atoms to form co-clusters.                                                       

   Al SSS                Clusters of Si atoms / Clusters of Mg atoms                                                                

Dissolution of Mg clusters                       Formation of Mg/Si co-clusters. 

      Therefore, it is suggested that the nature of the clusters (i.e. co-cluster or 

individual cluster), rather than their size, will be critical for the ability of the 

clusters to act as nuclei for subsequent intermediate phases. This is emphasized 

by the similar compositions of the co-clusters and intermediate phases. It is 

thought that the distribution of hardening intermediate phases will strongly 

depend upon the distribution of co-clusters.                                                                                                

The characteristic behavior of precipitation hardened 6063 AA, aged at 130, 180, 

230 °C for periods of time ranging from 20 min to 96 h, was observed by J.L. 

Cavazos and R. Colas [15], and it was found that the peak hardness was effected 

when the specimens were cooled down from solubilization (at 520 for 4 h) at 

rates slower than 10 C/S. The peak hardness seems to be insensitive at faster 

cooling rates. The behavior in the supersaturated samples is different, as the lower 

hardness recorded in the specimens cooled at faster rates may be due to the lack 

of time for precipitation to take place during cooling, whereas the higher values 
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of hardness in the slow-cooled samples may be indicative of incipient 

precipitation.  

2.5 Corrosion in aluminum and aluminum alloys 

    Aluminum generally has excellent resistance to corrosion and gives years of 

maintenance-free service in natural atmospheres, fresh waters, seawater, many 

soils and chemicals, and most foods [5]. 

    Aluminum, as indicated by its position in the electromotive force (emf)  

series, is a thermodynamically reactive metal; among structural metals, only 

beryllium and magnesium are more reactive. Aluminum owes its excellent 

corrosion resistance to the barrier oxide film that is bonded strongly to its surface. 

The conditions for thermodynamic stability of the oxide film are expressed by the 

Pourbaix (potential versus pH) diagram shown in Fig. 2.2. As shown by this 

diagram, aluminum is passive (is protected by its oxide film) in the pH range of 

about 4 to 8.5. The limits of this range, however, vary somewhat with 

temperature, with the specific form of oxide film present, and with the presence 

of substances that can form soluble complexes or insoluble salts with aluminum. 

Beyond the limits of its passive range, aluminum corrodes in aqueous solutions 

because its oxides are soluble in many acids and bases, yielding A13+ ions in 

acids and AlO2
- (aluminate) ions in bases. There are, however, instances when 

corrosion does not occur outside the passive range, for example, when the oxide 

film is insoluble or     when the film is maintained by the oxidizing nature of the 

solution [4]. 

 
 

 
 
 

Fig.2.2 Pourbaix diagram for aluminum 
showing the conditions of corrosion, 

immunity, and passivation of aluminum 
at 25 °C (77 °F), assuming protection by 

a film of bayerite, Al2O3.3H2O [4]. 
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       The mechanism of corrosion of aluminum and aluminum alloys in neutral 

solutions is based on the dissolution of aluminum atoms from the active sites or 

flawed regions of the naturally formed barrier film. It represents an irreversible 

coupled reaction, the anodic part of which is the metal dissolution and the 

cathodic counterpart is the reduction of water or oxygen to OH-, according to the 

cathodic reactions: 

H2O(s) + e-                H + OH-

And 

H + H2O(s) + e-            H2 + OH-. 

   In oxygen rich solutions (naturally aerated or oxygen saturated), the cathodic 

part occurs through oxygen reduction: 

1/2 O2 + H2O(s) + e-                OHads + OH-

OHads + e-             OH-. 

Where (s) refers to the electrode surface. 

   The anodic reactions are: 

Al(s) + OH-            Al (OH)ads + e-, 

Al (OH)ads + OH-             Al(OH)2ads + e-

And 

Al(OH)2 ads + OH-            Al(OH)3ads + e-. 

  The formation of the adsorbed Al(OH)3, which transforms into Al2O3.3H2O in 

neutral media, leads to the observed passivity. 

    The presence of Cl- ions in neutral solutions leads to reactions of the type: 

Al(s) + Cl-              AlClads + e-, 

AlClads +   Cl-                AlCl2 + e-    And 
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AlCl2 + Cl-             AlCl3soln + e-. 

And thus   Al(s)   +   3 Cl-       AlCl3 + e-. 

AlCl3 goes into the solution and hydrolyzes therein, leaving bare active sites 

available for attack. This explains the observed increase in the rate of corrosion in 

the presence of Cl-. In the case of Al-Cu, the presence of Cu on the material 

surface leads to an increase in the ratio of cathodic area and the formation of 

highly active galvanic couples which lead to an increase in the corrosion rate.  

      The oxide film is naturally self-renewing and accidental abrasion or other 

mechanical damage of the surface film is rapidly repaired. The barrier film 

formed on Al and Al alloys is of duplex nature. It consists of an adherent, 

compact and stable inner layer of oxide film covered with a porous, less stable 

outer layer which is more susceptible to corrosion. At lower and higher pH, 

aluminum is more likely to corrode but by no means always does so. For 

example, aluminum is quite resistant to concentrated nitric acid. When aluminum 

is exposed to alkaline conditions, corrosion may occur, and when the oxide film 

is perforated locally, accelerated attack occurs because aluminum is attacked 

more rapidly than its oxide under alkaline conditions. The result is pitting. In 

acidic conditions, the oxide is more rapidly attacked than aluminum, and more 

general attack should result. The conditions that promote corrosion of aluminum 

and its alloys, therefore, must be those that continuously abrade the film 

mechanically or promote conditions that locally degrade the protective oxide film 

and minimize the availability of oxygen to rebuild it. The acidity or alkalinity of 

the environment significantly affects the corrosion behavior of aluminum alloys 

[6].  

    The electrode potential of aluminum with respect to other metals becomes 

particularly important when considering galvanic effects arising from dissimilar 

metal contact. Comparisons must be made by taking measurements in the same 

solution and in aqueous solution of 53 g/l NaCl and 3 g/l H2O2 at 25 C the value 

for aluminum is - 0.85 V whereas for aluminum alloys it ranges from - 0.69 V to 
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- 0.99 V with respect to the   0.1 M calomel electrode. Magnesium which has an 

electrode potential of - 1.73V is more active than aluminum whereas mild steel is 

cathodic having a value of - 0.58 V [3]. 

    Table 2.2 suggests that sacrificial attack of aluminum and its alloys will occur 

when they are in contact with most other metals in a corrosive environment. 

However, it should be noted that electrode potentials serve only as a guide to the 

possibility of galvanic corrosion. The actual magnitude of the galvanic corrosion 

current is determined not only by the difference in electrode potentials between 

the particular dissimilar metals but also by the total electrical resistance, or 

polarization, of the galvanic circuit. Polarization itself is influenced by the nature 

of the metal/liquid interface and more particularly by the oxides formed on metal 

surfaces [3].  

Table 2.2  Electrode potentials of various metals and alloys with respect to the 0.1 M Calomel 

electrode (Hg-HgCl2, 0.1 M KC1) in aqueous solution of 53 g/l NaCl and 3 g/l H2O2 at 25 C [3]. 

Metal or alloy Potential (V) 

Magnesium - 1.73 

Zinc - 1.10 

Alclad 6061, Alclad 7075 - 0.99 

5456, 5083 - 0.87 

Aluminum(99.95%), 5052, 5086 - 0.85 

3004, 1060, 5050 - 0.84 

1100, 3003, 6063, 6061, Alclad 2024 - 0.83 

2014- T4 - 0.69 

Cadmium - 0.82 

Mild steel - 0.58 

Lead - 0.55 

Tin - 0.49 

Copper - 0.20 

Stainless steel(3xx series) - 0.09 

Nickel - 0.07 

Chromium - 0.49  to + 0.18
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   It is especially important to avoid contact with a more cathodic metal where 

aluminum is polarized to its pitting potential because a small increase in potential 

produces a large increase in corrosion current. In particular, contact with copper 

and its alloys should be avoided because of the low degree of polarization of 

these metals [5].  

    Therefore, contact between aluminum and stainless steels usually results in less 

electrolytic attack than might be expected from the relatively large difference in 

the electrode potentials, whereas contact with copper causes severe galvanic 

corrosion of aluminum even though this difference is less [3]. 

    To minimize corrosion of aluminum in contact with other metals, the ratio of 

the exposed area of aluminum to that of the more cathodic metal should be kept 

as high as possible. Such a ratio reduces the current density on the aluminum. 

Paints and other coatings for this purpose can be applied to both the aluminum 

and the cathodic metal, or to the cathodic metal alone. Paints and coatings should 

never be applied to only the aluminum because of the difficulty in applying and 

maintaining them free of defects. 

    Galvanic corrosion of aluminum by more cathodic metals in solutions of 

nonhalide salts is usually less than in solutions of halide ones because the 

aluminum is less likely to be polarized to its pitting potential. In any solution, 

galvanic corrosion is reduced by removal of  the cathodic reactant. Thus, the 

corrosion rate of aluminum coupled to copper in seawater is reduced greatly 

when the seawater is deaerated. In closed multimetallic systems, the rate, even 

though it might be high initially, decreases to a low value whenever the cathodic 

reactant is depleted [5]. 

2.5.1 Variables Influencing Corrosion Behavior 

   The corrosion resistance of an aluminum alloy depends on both metallurgical 

and environmental variables. Metallurgical variables that affect corrosion are 

composition and fabrication practice. These determine the microstructure, which 

decides whether localized corrosion occurs and the form of attack. 
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   Both chemical and physical environmental variables affect corrosion. The 

chemical influence of the environment depends on its composition and the 

presence of impurities such as heavy metal ions. Physical variables are 

temperature, degree of movement and agitation, and pressure. Another physical 

variable that can cause corrosion of aluminum is the presence of stray electrical 

currents. 

   2.5.2 Forms of Corrosion 

   When corrosion of aluminum and aluminum alloys occurs, it is usually of    a 

localized nature and is most commonly caused by pitting or at points of contact 

with dissimilar metals in a conductive environment (seawater or road splash 

containing deicing salts). Corrosion can also be combined with other processes. 

Examples include the following: 

• Mechanically assisted degradation, which includes forms of corrosion that 

contain a mechanical component (such as velocity, abrasion, and hydrodynamics) 

and results in erosion, cavitation, impingement, and fretting corrosion 

• Environmentally assisted cracking, which is produced by corrosion in the 

presence of static tension stress (stress-corrosion cracking) or cyclic stress 

(corrosion fatigue). 

Uniform or general corrosion of aluminum is rare, except in special, highly acidic 

or alkaline corrodents. However, if the surface oxide film is soluble in the 

environment, as in phosphoric acid or sodium hydroxide, aluminum dissolves 

uniformly at a steady rate. If heat is involved, as with dissolution in sodium 

hydroxide, the temperature of the solution and the rate of attack increase. 

Depending on the specific ions present, their concentration, and their 

temperature, the attack can range from superficial etching to rapid dissolution. 

Uniform attack can be assessed by measurement of weight loss or loss of 

thickness. 
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   Dissolution is most uniform in pure aluminum and then next most uniform in 

dilute alloys and the nonheat-trealable alloys. Highly alloyed heat-treatable alloys 

often show some surface roughness, especially when thick cross-sections are 

etched because variable dissolution rates through thickness result from variations 

in solid solution concentration of the alloying elements as well as variations in 

the distribution of constituent particles. 

  Localized Corrosion. In environments in which the surface film is insoluble, 

corrosion is localized at weak spots in the oxide film and takes one of the 

following forms: 

• Pitting corrosion 

• Crevice corrosion 

• Filiform corrosion 

• Galvanic corrosion, including deposition and stray- current corrosion. (It should 

be noted that while galvanic corrosion most often appears highly localized, 

uniform thinning can occur if the anodic area is large enough and a highly 

conductive electrolyte exists.) 

• Intergranular corrosion 

• Exfoliation corrosion 

• Biological corrosion, which often causes or accelerates pitting or crevice 

corrosion. 

    Localized corrosion has an electrochemical mechanism and is caused by                  

a difference in corrosion potential in a local cell formed by differences in or on 

the metal surface. The difference is usually in the surface layer because of the 

presence of cathodic microconstituents that can be insoluble intermetallic 

compounds or single elements. Most common are CuAl2, FeAl3, and silicon. 

However, the difference can be on the surface because of local differences in the 

environment. A common example of the latter is a differential aeration cell. 
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Another is particles of heavy metal plate out on the surface. Less frequent is the 

presence of a tramp impurity such as iron or copper embedded in the surface. The 

severity of local cell corrosion tends to increase with the conductivity of the 

environment. 

  Another electrochemical cause of localized corrosion is the result of a stray 

electric current leaving the surface of aluminum to enter the environment.  

In almost all cases of localized corrosion, the process is a reaction with water: 

2 A1 + 6 H2O    →       A12O3.3H2O+ 3H2

    The corrosion product is almost always aluminum oxide trihydroxide 

(bayerite). Localized corrosion does not usually occur in extremely pure water at 

ambient temperature or in the absence of oxygen but can occur in more 

conductive solutions because of the presence of ions such as chloride or sulfate. 

An examination of the corrosion product can identify the offending ion and 

consequently the cause of the corrosion [5]. 

2.5.2.1 Pitting Corrosion 

   Corrosion of aluminum in the passive range is localized and is usually 

manifested by random formation of pits. The pitting-potential principle 

establishes the conditions under which metals in the passive state are subject to 

corrosion by pitting. Pitting is the most common corrosion attack on aluminum 

alloy products. Pits form at localized discontinuities in the oxide film on 

aluminum exposed to atmosphere, fresh or salt water, or other neutral 

electrolytes. Since, in highly acidic or alkaline solutions, the oxide film is usually 

unstable, pitting occurs only in a pH range of about 4.5 to 9.0. The pits can be 

minute and concentrated, or they can be widely scattered and varied in size 

depending upon alloy composition, oxide film quality, and the nature of the 

corrodent. Pitting can be locally accelerated by crevices and contact   with 

dissimilar metals. 
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   For aluminum, pitting corrosion is most commonly produced by halide ions, of 

which chloride (Cl-) is the most frequently encountered in service. The effect of 

chloride ion concentration on the pitting potential of aluminum 1199 (99.99+% 

Al) is shown in Fig.2.3. The chloride ion is known to facilitate breakdown of the 

aluminum oxide film. Aluminum chloride (AlCl3) usually is present in the 

solution within pits, and the concentration increases as corrosion progresses or 

during drying in environments that are alternatively wet and dry. A saturated 

A1C13 solution has a pH of about 3.5, so the bottom of corrosion pits and cracks 

often will not repassivate and stop corroding, as long as oxygen and the corrosive 

electrolyte still can migrate to the bottom. Pitting of aluminum in halide solutions 

open to the air occurs because, in the presence of oxygen, the metal is readily 

polarized to its pitting potential. In the absence of dissolved oxygen or other 

cathodic reactant, aluminum will not corrode by pitting because it is not polarized 

to its pitting potential. Generally, aluminum does not develop pitting in aerated 

solutions of most nonhalide salts because its pitting potential in these solutions is 

considerably more noble (cathodic) than in halide solutions, and it is not 

polarized to these potentials in normal service [5]. 

 

 

 

                                                                                              Cl- activity 

Fig.2.3 Effect of chloride-ion activity on pitting potential of aluminum 1199 in NaCl solutions [5].  

   Pit Morphology. While the shape of pits in aluminum can vary from shallow, 

saucer-like depressions to cylindrical holes, the mouth is usually more or less 

round, and the pit cavity is roughly hemispherical. This distinguishes pitting from 

intergranular corrosion, in which attack is confined to subsurface tunnels along 

grain boundaries, usually visible only on metallographic examination of cross 

sections.  
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  Four laboratory procedures have been developed to measure the pitting 

potential, Ep. One is based on fixed current, and the other three are based on 

controlled potential. The most widely used is controlled potential, in which the 

potential of a specimen, usually immersed in a deaerated electrolyte of interest, is 

made more positive. The resulting current density from the specimen is 

measured. The potential at which the current density increases sharply and 

remains high is called the oxide breakdown potential (Ebr). With polished 

specimens in many electrolytes, Ebr is a close approximation of Ep, and the two 

are used interchangeably. At potentials more active than Ep, where the oxide layer 

can maintain its integrity, anodic polarization is easy, and corrosion is slow and 

uniform. Above Ep, anodic polarization is difficult, and the current density 

sharply increases. The oxide ruptures at random weak points in the barrier layer 

and cannot repair itself, and localized corrosion develops at these points. 

2.5.2.2 Intergranular Corrosion 

   Intergranular corrosion (IGC), also referred to as intercrystalline corrosion, is 

selective corrosion of grain boundaries or closely adjacent regions without 

appreciable attack of the grains or crystals themselves. In wrought products with 

a completely recrystallized grain structure, IGC can have a varied appearance and 

significance, depending on the alloy and thermal treatment (Fig.2.4). IGC is the 

result of micro- galvanic cell action at the grain boundaries, due to formation of 

grain boundary precipitates, which are either more active or more noble than the 

surrounding solid solution matrix.  

   The likelihood and severity of this attack depends on the composition and 

structure of the alloy and the corrosivity of the environment. The location of the 

anodic path varies with the different alloy systems. In 2xxx series Al alloys, the 

location of the anodic path is a narrow band on either side of the grain boundary 

that depleted in copper (Fig.2.5); in 5xxx series alloys, it is the anodic constituent 

Mg2Al3 when that constituent forms a continuous path along a grain boundary. In 

copper-free 7xxx series alloys, the path is generally considered to be the anodic 

zinc-bearing and magnesium-bearing constituents on the grain boundary. In the 

22 
 



copper-bearing 7xxx alloys, it appears to be the copper-depleted bands along the 

grain boundaries. The alloys that aren't susceptible to IGC are those which don't 

form second-phase micro-constituent at grain boundary or those in which 

constituents have corrosion potential similar to the matrix [4]. 

 

 

 

 

 

 

 

 
 

Fig.2.4 Corrosion attack representative of various tempers of rolled bar stock of 2024 alloy. Samples were 
immersed for 6 h in 53 g/L NaCl plus 3 g/L H2O2. Note the contrast between the tine, penetrating 
intergranular attack in the T351 temper material and the relatively broad, shaggy network in the T62 and 
T851 tempers. Material in the T351 temper was susceptible to stress-corrosion cracking when stressed 
across the grain, whereas material in the other three tempers was not. Keller's etch. 250x [5]. 

 

 

 

 

 

 

 

Fig.2.5 Schematic of grain boundary region in a 2xxx alloy. Precipitation of the very high copper content 
precipitates on the boundary causes a copper-depleted zone on either side of the boundary. The difference 
in electrochemical potentials of the copper-depleted zone and the copper-rich matrix form a strong galvanic 
cell with a potential difference of about 0.12V. Furthermore, the anodic copper-depleted zone is small in 
area compared with the area of the cathodic grain matrix, resulting in a high driving force for rapid 
intergranular corrosion [5].  
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2.5.3 Corrosion of Al Mg Si alloys (6xxx) 

   Moderately high strength and very good resistance to corrosion make the heat-

treatable wrought alloys of the 6xxx series (Al-Mg-Si) highly suitable in various 

structural, building, marine, machinery, and process-equipment applications. 

However, unfavorable alloying and thermomechanical history may introduce 

susceptibility to localized corrosion. 

2.5.3.1 Effect of Composition and Microstructure 

   Alloying elements may be present as solid solutions with aluminum, or as 

micro-constituents comprising the element itself, e.g. silicon, a compound 

between one or more elements and aluminum (e.g. Al2CuMg) or as a compound 

between two or more alloying elements (e.g. Mg2Si). Any or all of the above 

conditions may exist in a commercial alloy. Table 2.3 gives values of the 

electrode potentials of some aluminum solid solutions and micro-constituents [3, 

16]. 

   In general, a solid solution is the most corrosion resistant form in which an 

alloy may exist. Magnesium dissolved in aluminum renders it more anodic 

although dilute Al-Mg alloys retain a relatively high resistance to corrosion, 

particularly to sea water and alkaline solutions. Chromium, silicon and zinc in 

solid solution in aluminum have only minor effects on corrosion resistance 

although zinc does cause a significant increase in the electrode potential. As   a 

result, Al-Zn alloys are used as clad coatings for certain aluminum alloys and as 

galvanic anodes for the cathodic protection of steel structures in sea water.  

   Micro-constituents are usually the source of most problems with 

electrochemical corrosion as they lead to non-uniform attack at specific areas of 

the alloy surface. Pitting and intergranular corrosion are examples of localized 

attack [3].  

    When the magnesium and silicon contents in a 6xxx alloy are balanced (in 

proportion to form only Mg2Si), corrosion by intergranular penetration is slight in 
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most commercial environments. If the alloy contains silicon beyond that needed 

to form Mg2Si, which is the basis for precipitation hardening, or contains a high 

level of cathodic impurities, such as Cu or Fe, susceptibility to intergranular 

corrosion increases. Copper additions, which augment strength in many of these 

alloys, are limited to small amounts to minimize effects on corrosion resistance. 

Copper reduces the corrosion resistance of aluminum more than any other 

alloying element and this arises mainly because of its presence in micro-

constituents. However, it should be noted that when added in small amounts (0.1 

wt %), IGC of aluminum and its alloys could be avoided [17]. It is also reported 

that this critical level can be as high as 0.4 wt% [3] for some alloy compositions 

and certain corrosive environments. 

Table 2.3 Electrode potentials of Aluminum solid solutions and micro-constituents with respect to 

the 0.1 M Calomel electrode (Hg-HgCl2, 0.1 M KC1) in aqueous solution of 53 g/l NaCl and 3 g/l 

H2O2 at 25 C [3]. 

     
Solid solution or micro-constituent Potential (V) 

Mg5Al8 - 1.24 

Al-Zn-Mg solid solution (4% MgZn2) - 1.07 

MgZn2 - 1.05 

Al2CuMg - 1.00 

Al-5% Mg solid solution - 0.88 

MnAl6 - 0.85 

Aluminum (99.95%) - 0.85 

Al-Mg-Si solid solution(1% Mg2Si) - 0.83 

Al-1% Si solid solution - 0.81 

Al-2% Cu supersaturated solid solution - 0.75 

Al-4% Cu supersaturated solid solution - 0.69 

FeAl3 - 0.56 

CuAl2 - 0.53 

NiAl3 - 0.52 

Si - 0.26 
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      Iron is considered as one of the most important impurity elements that 

degrade the corrosion resistance of Al by increasing the volume fraction of 

intermetallic phase microconstituents. The results of W. A. Badawy et al [18] 

showed that the presence of 0.164 % Fe in Al greatly decreased its corrosion 

resistance which became even lower than that of Al 6061 and Al-Cu alloys. W. 

A. Badawy et al [18] also showed that for the last two alloys the presence of iron 

impurity cannot play a major role in changing their corrosion resistance because 

of the presence of the main alloying elements Mg, Si or Cu in these alloys 

respectively. 

2.5.3.2 Effect of Heat Treatment 

   Variations in thermal treatments such as solution heat treatment, quenching or 

cooling, and precipitation heat treatment (aging) can have marked effects on the 

local chemistry and hence the localized corrosion resistance of high-strength, heat 

treatable aluminum alloys. Ideally, all alloying elements should be fully 

dissolved, and the quench cooling rate should be rapid enough to keep them in 

solid solution. This objective usually is achieved, except when alloying elements 

exceed the solid solubility limit, but a sufficiently rapid quench often is not 

obtained, either because of the physical cooling limitations or the need for slower 

quenching to reduce residual stresses and distortion. Generally, practices that 

result in a nonuniform microstructure will lower corrosion resistance. 

   Precipitation treatment (aging) which is conducted primarily to increase 

strength, lead to precipitation of secondary phases on grain boundary which cause 

IGC. IGC is a selective corrosion that takes place at grain boundaries or at closely 

adjacent regions without appreciable attack of the grains themselves. IGC is the 

result of micro-galvanic cell action at the grain boundaries, due to formation of 

grain boundary precipitates, which are either more active or more noble than the 

surrounding solid solution aluminum matrix. 
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   Some precipitation treatments go beyond the maximum strength condition (T6 

temper) to markedly improve resistance to intergranular corrosion, exfoliation, 

and SCC through the formation of randomly distributed, incoherent precipitates. 

This diminishes the adverse effect of highly localized precipitation at grain 

boundaries resulting from slow quenching, underaging, or aging to peak 

strengths.  

    Overaging may be beneficial; it can reduce, or eliminate, IGC susceptibility, 

however, this may be at the expense of introducing pitting. Reduced IGC 

susceptibility due to overaging appears to be the result of coarsening of the 

particles at the grain boundaries and in the matrix. While the former breaks the 

continuity of the microgalvanic cells, the latter reduces the difference in the 

corrosion potential between the depleted zone and the matrix because solute 

elements are lost to the precipitates formed in the matrix [5]. 

    R. Braun [7] using TEM, examined the microstructure of alloy 6013 sheet in 

the peak-aged T6 temper. Two types of precipitates, needle-shaped β″ and lath-

shaped Q′ precipitates, being precursors of the equilibrium phases β-Mg2Si and 

Q, respectively were found. No significant changes in the matrix precipitation of 

alloy 6013-T6 after thermal exposure at 100 °C for 2000 h were observed. With 

increasing aging temperature to 191 °C, the precipitates grew in length. 

Furthermore, pronounced grain boundary precipitation was observed. 

Potentiodynamic polarization testing in 0.1 M NaCl solution of alloy 6013 in 

these different heat treatment conditions showed no significant changes in their 

electrochemical characteristics (Ecorr and Icorr). Furthermore, all potentiodynamic 

curves showed coincidence of Ecorr and Epit for the different heat treatment 

conditions indicating absence of passivity under these experimental conditions. 

   On the other hand, immersion testing in aqueous chloride – peroxide solution 

showed sensitivity to intergranular corrosion. The extent of IGC was maximum 

for the peak aged T6 condition and decreased with increasing aging parameters. 
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     A clear correlation between the polarization characteristics and the two 

principal filiform corrosion characteristics, i.e. the propagation rate and total area 

of attack after accelerated exposure, was observed by J.M.C. Mol et al [19] for 

the post-extrusion heat and surface treated AA6063 material.  The observed 

correlation is attributed to a pitting corrosion mechanism with a rate depending 

on the Mg2Si precipitate size and fraction. The alloys are most susceptible to 

filiform corrosion in the β` condition. The susceptibility decreases with 

coarsening of the Mg2Si particle distribution taking place during overaging 

treatments. 

    For a fine distribution of particles (in this case Mg2Si) it is likely that other 

fresh cathodic particles are more rapidly reached by the corroded zone around 

these particles, which in turn will participate in the substrate matrix dissolution. A 

large cathodic surface area will participate in the matrix dissolution process for a 

fine distribution of cathodic particles. The increased cathodic area will therefore 

lead to an increasing cathodic current, a rapid spread of the corrosion front and 

thus a high filiform corrosion propagation rate. Such increasing filiform corrosion 

susceptibility was found to be perfectly reflected in an increasing filiform 

corrosion current [19]. The magnitude of the filiform corrosion current was 

determined by a combination of observed trends for the cathodic current in the 

catholyte (NaOH (pH=10)) and the passive range in the anolyte (0.86 M 

NaCl+0.1 M AlCl3+Conc. HCl(33%)(pH=2)) with variation of the particle 

distribution.  

   G. Svenningsen et al [8, 9, 10, 20] presented a series of papers which gave a 

comprehensive study of factors affecting IGC susceptibility of Al-Mg-Si alloys, 

containing about 0.55 wt% Mg and 0.60 wt% Si. A large combination of thermal 

treatments was investigated with the purpose of reaching conclusions about the 

effect of small Cu content and thermomechanical history on the IGC of Al-Mg-Si 

alloys. These authors investigated a number of Al-Mg-Si alloys in which Cu- 

content ranged from 0.12 to 0.0005 wt% (was not exactly identified in the alloy 

composition). Their results showed that Cu plays an important role in 
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determining IGC susceptibility. Low Cu samples (0.0005 wt.% Cu) were 

essentially resistant to IGC. High Cu samples (0.12 wt.% Cu), which were air 

cooled after extrusion, exhibited significant IGC. However, IGC susceptibility 

was reduced significantly as a result of artificial aging to peak strength. Water 

quenched high Cu samples were essentially resistant to IGC. However, slight 

IGC susceptibility was introduced after aging. Q-phase Al4Mg8Si7Cu2 grain 

boundary precipitates were detected for all the variants susceptible to IGC. The 

susceptibility was attributed to microgalvanic coupling between Q-phase grain 

boundary precipitates (noble) and the adjacent depleted zone (active).  

    As indicated above, the water cooled AlMgSiCu extrusions are likely to be 

resistant to IGC since grain boundary precipitation of the Q-phase can be avoided 

or limited. Artificial aging caused precipitation of the Q-phase along the grain 

boundaries and thereby increased susceptibility to IGC. However, the presence of 

coarse Q-phase particles was not sufficient to explain the knife-edge type 

continuous corrosion attack along the grain boundaries. It was demonstrated that 

this type of attack is caused by the presence of a nanoscale thick Cu-rich 

continuous film along the grain boundaries [9]. 

   The effect of artificial aging after air cooling or water quenching for two Al- 

Mg-Si alloys having the same thermomechanical history and Cu contents of 0.17 

and 0.02 wt% on IGC susceptibility was studied by G. Svenningsen and M.H. 

Larsen [10]. The low Cu (0.02wt %) alloy specimens were resistant to IGC while 

the high Cu (0.17wt %) variants were susceptible in certain tempers. Slow 

cooling in air introduced IGC. The IGC susceptibility was reduced and finally 

removed by artificial aging. Large Mg2Si and Q-phase precipitates were formed 

by air cooling, while water quenching prevented grain boundary precipitation.  

    The authors of [9, 10] observed that aging to peak strength rendered the air 

cooled Al-Mg-Si alloys containing Cu more resistant to IGC. This was attributed 

to a coarsening process by which the Cu-rich film retraced, at least locally, to 

form patches of film and discrete platelets along the grain boundaries. Overaing 
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beyond the peak strength condition introduced pitting susceptibility. The IGC 

attack was quite coarse in relation to the knife-edge attack observed on the 

susceptible samples exhibiting uniform IGC. Localized coarse IGC is considered 

more as a precursor to pitting than the type of IGC likely to cause unexpected 

mechanical failure in practice. These results suggest that the observed corrosion 

modes (pitting and localized IGC) are closely related and mainly controlled by 

bulk as well as grain boundary properties. This must be related to a combination 

of the presence of discrete Q-phase precipitates on the grain boundaries and 

precipitation in the matrix. 

    M.H. Larsen and J.C. Walmsley [21] studied the precipitation behavior and 

susceptibility to IGC for two 6xxx Al alloys with and without 0.2 wt% Cu after 

solution heat treatment at 540 C for 30 minutes and aging at 185 C for different 

time periods. Through SEM examination they found grain boundary precipitates 

in the peak aged (5 h) specimens and overaged specimens (24 h) for the alloy 

containing 0.2 wt% Cu. No visible precipitates were found in naturally aged or 

underaged specimens. Using TEM examination, they found extremely fine grain 

boundary precipitates in the order of 10 nm size and a thin continuous Cu- rich 

film along the grain boundaries between the precipitates in the underaged 

specimens (2500 seconds). 

    According to the results of M.H. Larsen and J.C. Walmsley [21], maximum 

susceptibility to IGC was observed for the underaged specimens. This IGC was 

attributed  to the Cu- enriched film at the grain boundaries providing the cathodic 

site relative to the adjacent zone which is relatively active due to depletion in Cu 

compared to the film or the grain bodies. Upon further artificial aging (peak aging 

or overaging) the grain boundary precipitates grow in number and size and 

disruption of the Cu- rich film takes place. This combined with matrix 

precipitation reduces susceptibility to IGC. The almost Cu- free alloy (0.02 wt% 

Cu) did not show any susceptibility  despite excess Si content larger than the 

Mg2Si stoichiometry.  
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    The role of Cu in precipitation behavior of 6000 series aluminum alloys has 

been further investigated by S. Esmaeili and D.J. Lloyd [22]. It has been found 

that Cu addition results in increasing the rate of precipitation when artificial aging 

is applied immediately after solutionizing and quenching. However, Cu has no 

significant effect on the kinetics of precipitation during the same type of artificial 

aging in alloys with pre-aging history, 

   The difference in these artificial aging processes is in the mechanism of 

transformation, with the aging of as-quenched alloys being controlled by both 

nucleation and growth processes and that of the pre-aged materials mainly 

governed by the growth of precipitates. These results suggested that Cu 

influences mainly the nucleation process, and the addition of a moderate level of 

Cu enhances the kinetics of precipitation through increasing the nucleation rate. 

In the case of pre-aged alloys, the nuclei of precipitates form mainly during the 

pre-aging process and then they grow during artificial aging. 

  The above survey of literature relevant to IGC of 6xxx series Al alloys indicates 

that thermal history before artificial aging largely affects the kinetics of 

precipitation. Thermal history includes solution heat treatment temperature and 

time, cooling rate from the solutionizing temperature and the extent of natural 

aging ( if existed ) before the artificial aging. These parameters, in addition to the 

Cu concentration in the alloy, will control the precipitation process and, 

consequently, the localized corrosion behavior of these alloys. Therefore, the 

correlation between type and intensity of corrosion attack from one side and the 

artificial aging parameters from the other side, changes for each set of thermal 

history and artificial aging conditions. The aim of the present work is to study the 

localized corrosion behavior of the Al alloy 6061 containing 0.22 wt. % Cu after 

different conditions of solution heat treatment and artificial aging parameters. 

Following solution heat treatment or any aging treatment the alloy specimens 

were quenched in ice – water. Before artificial aging the quenched specimens 

were kept at subzero temperature to minimize or prevent the effect of natural 

aging before the artificial aging process. 
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Chapter (3) 

Experimental work 

3.1 Materials 

     The study was carried out on 10 mm thick flat plates of 6061 AA received in 

the peak-aged T6 temper. The chemical composition is shown in Table 3.1. The 

plates were cut into samples of 10 mm width   and 15 mm in length by electric 

discharge machine. 

Table 3.1 Alloy composition [wt. %] 

Element Mg Si Cu Fe Cr Mn Zn Ti Al 

Wt. % 0.85 0.6 0.22 0.7 0.17 0.04 0.05 0.07 Bal. 

    3.2 Heat-treatment procedures 

    In order to study the corrosion behavior and the microstructure changes, the 

samples were divided into two groups and were given heat treatment by two 

different procedures. 

    For the first heat treatment procedure, solution heat treatment was carried out 

at 550°C for 2 hrs, followed by water quenching. Some of these specimens were 

tested in the as quenched condition and the other specimens were artificially 

aged. 

     The artificial aging treatment was conducted, as shown in Fig.3.1, at three 

aging temperatures (140, 185, 225°C) [9] for different aging times as summarized 

in Table 3.2. The samples were quenched in water immediately after aging.  

Table 3.2 Aging parameters 

Temperature (°C ) Aging time (Min.) 

140 
185 
225 

90 – 20100 
8 – 1680 
3 - 420 
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Fig.3.1 Heat treatment applied according to the first heat treatment procedure. 

     For the second heat treatment procedure, solution heat treatment was carried 

out at 550°C for 24 hrs, followed by water quenching. Then the specimens were 

divided into five groups; one group was tested in the quenched condition and the 

others were artificially aged. The artificial aging treatment was performed at four 

aging temperatures (450, 350, 210, 100ºC) [8] for 24 hrs, as shown in Fig.3.2. 

The samples were quenched in water immediately after aging.  

    The solution heat treatment was performed using tubular type furnace. The 

temperature of the furnace was measured by thermocable inserted through a small 

hole in the furnace and located very close to the specimen. The temperature was 

controlled to ±1°C of the set temperature. The artificial aging was carried out 

using the electrical muffle furnace (Carbolite furnace), which has been calibrated 

to achieve the required temperature within ±1°C deviation. 
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Fig.3.2 Heat treatment applied according to the second heat treatment procedure. 

3.3 Hardness testing 

     The Vickers hardness number was measured for the samples heat treated 

according the first procedure. The samples were ground on SiC grinding papers 

from 240 till 600 grade, followed by polished on polishing lapped clothe using 1 

µm diamond suspension. Load of 5 kg was applied for hardness measurements 

and the time of loading was 30 Seconds. Ten indentations were made on each 

specimen and the average hardness values were calculated.  

3.4 Corrosion testing 

     Prior to corrosion behavior studies, samples were ground on SiC grinding 

papers from 240 till 1000 grade, followed by polishing on polishing lapped clothe 

using 1 µm diamond suspension. 

3.4.1 Immersion corrosion test 

   According to the immersion test technique of the British Standard BS 11846 

method B [8], the alloy samples heat treated by the first procedure were tested 

using the following steps; 
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-     Degreasing in acetone for 5 minutes.  

-    Alkaline etching in NaOH solution 75 g per liter (pH 12) at 55 - 60ºC for 5 minutes.  

-   Immersion in an acidified sodium chloride solution consisting of 30 g  NaCl and         

10 ml HCl per liter of double distilled water for 24 hr. 

-    Washing in distilled water, rinsing in ethanol and finally drying in cold air. 

-   The susceptibility to IGC was evaluated by examination of transverse cross section 

of corroded samples under optical microscope. Before optical microscopy the 

samples were ground on SiC grinding papers from 240 till 1000 grade, followed by 

polished on polishing lapped clothe using 1 µm diamond suspension. 

 

3.4.2 Electrochemical corrosion testing 

        The electrochemical corrosion behavior of the samples was studied by applying 

the potentiodynamic polarization method using a potentiostat interfaced to a computer 

and     a three-electrode cell with the sample as a working electrode of exposed area 100 

mm2,    a saturated calomel reference electrode (SCE) and two graphite rods as the 

counter electrode. 

     Initially, an attempt was made to carry out the potentiodynamic polarization 

testing for the solution heat treated sample in the acidified sodium chloride solution 

consisting of 30 g NaCl and 10 ml HCl per liter of double distilled water used in the 

immersion test. The potential–current curve was characterized by a very high corrosion 

current density as well as coincidence of the corrosion potential and the breakdown 

potential as shown in Fig.3.3, curve 1. Immediately beyond the corrosion potential the 

current sharply increased when polarizing in the anodic direction. No passive region 

was observed. As a result, the potentiodynamic polarization curves for the different 

heat treatment conditions in this solution are expected to show no sensitivity to 

microsrructural changes induced by different heat treatment parameters. On the other 

hand, electrochemical corrosion testing of solution heat treated specimen in a dilute 

NaCl solution (0.5 % M) resulted a polarization curve exhibiting a relatively wide 

passivity range as shown in Fig. 3.3, curve 2. Therefore, further investigations of the 

effect of different heat treatment parameters on corrosion characteristics of the alloy 

were performed in the deaerated 0.5 % M NaCl (conductivity = 583 µS/cm).  
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Fig.3.3. Potentiodynamic polarization curves in (1) acidified sodium chloride 

solution and (2) deaerated 0.5%M NaCl solution for solution heat treated sample. 

     For Al-alloys in aerated NaCl solutions, the pitting potential (Epit) is near the 

corrosion potential (Ecorr). Therefore, in order to study features of the anodic 

polarization curve and to determine (Epit) accurately, the NaCl solution was 

deaerated by passing high purity nitrogen gas (N2) through the solution for 2 hrs 

prior to the test.  

     The effect of different heat treatment conditions of the first procedure on the 

corrosion characteristics of the alloy was also studied in the alkaline NaOH 

solution of pH 10 (conductivity = 57.4 µS/cm). The pH of the NaOH solution 

was adjusted and controlled by a sensitive pH meter. Potentiodynamic 

polarization measurements were performed according to the following procedure: 

- The polished samples were degreased with ethanol. 

- After the specimen was immersed in the test solution, a delay time of 180 seconds 

was applied to allow the specimen surface to achieve a steady state before the 

potential scan was commenced. 

- The scan rate for the potentiodynamic polarization experiments was 0.5 mV/Sec. 

- The potential scans in the NaCl electrolyte were started at -250 mV with respect 

to Open Circuit Potential (OCP) to +1600 mV with respect to OCP.                    

- In the NaOH electrolyte, the scans were started from (-500 mV to +100 mV) with 

respect to OCP. 
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Chapter 4 

Results 

4.1 Effect of aging time at low aging temperatures 

4.1.1 Hardness measurements 

    Age hardening curves obtained by hardness measurement of the alloy 6061 

specimens after artificial aging of samples at 225, 185 and 140 °C for different 

times are shown in Fig.4.1. This diagram shows the typical behavior of a 

precipitation-hardening alloy, in which hardness first increases up to a peak value 

and then decreases with time. The age hardening behavior was influenced by the 

aging temperature in the usual manner: aging at the higher temperature produced 

an earlier peak hardness compared with aging at the lower temperature. No 

significant change in the value of peak hardness was observed with increasing the 

aging temperature. 

 

 

 

 

 

 

 

 

 

 

    

Fig.4.1. Variation of hardness as a function of  aging time  for  samples aged at 225, 185 
and 140 °C after solution heat treatment at 550 °C for 2 hrs. 
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4.1.2 Immersion corrosion test 

    Results of cross sectional examination of the alloy specimens, after immersion 

corrosion test, using optical microscope, indicated strong dependence on the heat 

treatment route. Samples exposed to solution heat treatment followed by water 

quenching were resistant to localized corrosion, but the susceptibility was 

introduced by artificial aging. So corrosion susceptibility was very much 

dependent on the aging time and temperature. 

    Samples which were solution heat treated followed by water quenching 

exhibited uniform etching, fig.4.2, characterized by shallow, dense pits tightly 

spread over the entire sample surface. Aging parameters had significant influence 

on the corrosion resistance of the alloy, as shown in fig.4.3. At the early stages of 

aging the susceptibility to IGC is evident and reached maximum before the peak 

aging condition for the samples aged at 225, 185 °C. Relatively longer aging 

times were needed for the samples aged at 140 °C to exhibit IGC which was 

characterized by lower intensity of attack compared to the samples aged at 225 

and 185 °C. The intensity of attack increased and appeared as more uniform IGC 

with increasing aging time. Generally, uniform IGC became the dominating 

corrosion mode for samples in the underaged temper at each aging temperature.  

   Longer aging times beyond the peak changed the corrosion mode to more 

localized IGC and / or pitting depending on the extent of overaging. By aging at 

225 and 185°C, pitting susceptibility was introduced after aging times of 420 and 

1680 minutes, respectively. Longer aging time was needed for the transition from 

IGC to pitting corrosion for the specimens aged at 

140 °C where the corrosion mode changed 

completely from IGC to pitting after 20100 minutes.  

 

 

Fig.4.2.   Metallographic cross-section of water 
quenched specimen after immersion corrosion test. 
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(a) 3 min. (b) 10 min. (c) 17 min. (d) 420 min. 
 

225 °C 
 

    
(a) 8 min. (b) 120 min. (c) 330 min. (d) 1680 min. 

 
185 °C 

 
 

    
(a) 90 min. (b) 1680 min. (c) 11400 min. (d) 20100 min. 

 
140 °C 

Fig.4.3. Results of cross-sectional examination by optical microscopy for corroded 
specimens after different aging parameters. 
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       4.1.3 Electrochemical corrosion test 

4.1.3.1 Electrochemical behavior in 0.5%M NaCl solution  

   Potentiodynamic polarization curves in 0.5%M NaCl solution for samples aged 

at 225, 185 and 140°C for different aging times are shown in Fig.4.4. A general 

feature of the potential current density curves for all studied conditions is the 

development of a passive region after some active dissolution range. The extent 

of this passivity range changed with the aging condition and the solution treated 

condition showed the largest passive range compared to all aging conditions. This 

range extended for about 295 mV. Another important aspect observed for all aged 

conditions is the shift in the corrosion potential towards more noble values 

compared to the solution treated condition for all underaged tempers and the 

magnitude of this shift increased with increasing aging up to the peak aging 

condition. The corrosion potential started to shift back in the less noble direction 

when the specimens are overaged.  

    For the specimens aged at 225 °C ( Fig.4.4 a) increasing the aging time did not 

cause significant changes in the slope of the cathodic curve although the cathodic 

current density values showed noticeable increase with increasing aging time in 

the underaged conditions. Overaging, however, decreased again the cathodic 

current densities. No definite relationship was observed between the aging time 

and the passive currents or the pitting potential for specimens aged at 225 °C 

except that the peak aged condition exhibited the shortest passive range. It is 

important to mention that this range is not well developed compared to that of the 

solution heat treated condition. 

    For the specimens aged at 185 or 140 °C (Fig.4.4 b, c) a similar trend was 

observed for the change in corrosion potential with aging time, i.e., a noble shift, 

the magnitude of which increased with increasing aging time in the underaged 

conditions, this shift was reversed again in the negative direction for the overaged 

conditions. The peak aged specimens for both temperatures ( 330 and 11400 

minutes at 185 and 140 °C respectively) exhibited the maximum noble shift in 
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corrosion potential, the shortest passive range and showed the highest cathodic 

current density. On the other hand, no significant changes in the pitting potential 

values were observed as shown in Fig.4.4 b, c. 

 
(a) 

 

(b) 
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(c) 

 

 

 

 

 

 

 

 

 

Fig.4.4. Potentiodynamic polarization curves in deaerated 0.5%M NaCl solution as a 

function of aging time for samples aged at (a) 225, (b) 185 and (c) 140 °C. 

 

       4.1.3.2 Electrochemical behavior in NaOH solution (pH=10)  

    Figure 4.5 shows potentiodynamic polarization curves in NaOH solution (pH = 

10) for aged samples with respect to the solution heat treated sample. The 

corrosion potential, Ecorr, for the solution heat treated sample is -720.6 mV which 

is less negative than for the other aging conditions in the investigated temperature 

range. At the same aging temperature, aging to peak condition shifted the Ecorr to 

more negative value. However, the negativity decreased by further aging in the 

overaged region. The polarization curves tended toward a limiting current as the 

samples were further cathodically polarized. The cathodic polarization curves 

showed a strong dependence on aging time at the same aging temperature with 

the limiting cathodic current increased in the underaged temper before the peak 

condition and then decreased by further aging at 225, 185 and 140 °C.  
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(c) 

 

 

Fig.4.5. potentiodynamic polarization curves in NaOH solution ( pH = 10 ) as a function 

of aging time for samples aged at (a) 225, (b) 185 and (c) 140 °C with respect to solution 

heat treated sample. 

 

      The change in the corrosion current density, Icorr , for the specimens tested in 

NaCl solution after different aging conditions is shown in Fig.4.6. The Icorr values 

initially increased with aging time reaching peak value and then decreased. The 

time to maximum Icorr values increased with decreasing aging temperature. 

    The corrosion current density values derived from the potentiodynamic 

polarization curves in NaCl and NaOH solutions are plotted against aging times 

together with corresponding hardness values and shown in Figures 4.7, 4.8, 4.9 

for the specimens aged at 225, 185 and 140 °C, respectively. Additionally, for 

each aging temperature, the optical metallographic cross-sections for the 

specimens after immersion testing are also given. 
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Fig.4.6. Variation of corrosion current density as a function of time for samples aged at 
225, 185 and 140 °C (0.5 % M NaCl). 

 

      It is clearly seen from these figures that the maximum Icorr values in both test 

solutions correspond to the peak hardness or slightly shifted to a short time 

beyond it for the three aging temperatures. On the other hand, the maximum 

susceptibility to IGC is attained for an underaging condition before the peak 

hardness. This is particularly evident for the specimens aged at 225 and 185 °C in 

Fig.4.7, 4.8. The susceptibility to IGC decreased for the peak aged condition and 

pitting corrosion became dominant for the overaged tempers at 225 and 185 °C.  
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     For the samples aged at 140 °C (Fig.4.9), the maximum in corrosion current 

density in NaCl solution agrees with the peak hardness temper. However, little or 

no tendency for IGC is observed. Instead, pitting is observed. The results of 

Fig.4.7, 4.8, 4.9 clearly indicate that the corrosion current density values at any 

aging condition is remarkably higher in the alkaline solution (pH = 10) than in 

the neutral NaCl solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.7. Hardness and corrosion current density as a function of aging time at 225 °C. 
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Fig.4.8. Hardness and corrosion current density as a function of aging time at 185 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. 9. Hardness and corrosion current density as a function of aging time at 140 °C. 
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    As was previously observed from Fig.4.4, which shows the potentiodynamic 

polarization curves in NaCl solution, all the tested specimens either in the 

solution heat treated or aged conditions showed some passivity behavior to a 

higher or lower extent. 

  

(a)                                                                                                       (b) 

 

 

 

 

                                                (a)                                                                                   (b) 

 

                                          

                                                (c)                                                                                                          (d) 

 

 

 

                                       (c)                                                                                 (d) 

Fig.4.10 Optical micrographs of the exposed surfaces for solution heat treated (a), underaged (b), peak aged 
(c) and  overaged (d) conditions of  the alloy after potentiodynamic  polarization in 0.5%M NaCl. 

   The solution heat treated sample showed the largest extent of passivity while, 

the peak aged specimens showed the least extent. Therefore, optical microscopy 

examination of the exposed surface of the specimens after the polarization 

experiment is expected to show pitting corrosion. An example is shown in 

Fig.4.10 for the specimens aged at 225 °C. The susceptibility to pitting was the 

lowest for the solution heat treated sample (Fig.4.10 a). For the underaged 

condition (Fig.4.10 b), the tendency to pitting increased. Intergranular corrosion 

has also occurred as seen in Fig. 10 b where IGC is propagating ahead of the 

pitting. The tendency to pitting and IGC decreased for the peak aged condition 

(Fig.4.10 c). Pitting became dominant for the overaged condition (Fig.4.10 d). 
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4.2 Effect of constant aging time at different aging temperatures 
on the electrochemical corrosion behavior 

    The characteristic potentiodynamic polarization scans in a deaerated 0.5%M 

NaCl solution for samples aged for 24 hours  in the temperature range 100- 450 

°C are presented in Fig.4.11 together with that of the sample solution heat 

treatment at 550 °C for the same time period. 

                            (a)                                                                                                         (b) 
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Fig.4.11. Typical potentiodynamic polarization curves for samples aged for 24 h at (a)450, 

(b)350, (c)210 and (d)100 °C with respect to solution heat treated sample. 
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     Comparison of the polarization curves of Fig.4.11 shows that the corrosion 

characteristics are significantly affect by the aging temperature. Compared to the 

solution heat treated specimen, increasing the aging temperature in the  range 

100-450 °C shifted Ecorr in the more noble direction, decreased the pitting 

potential Epit to more active values, increased the passive current density values ip 

and increased the cathodic current densities. An exception is noted for the 

specimens aged at 100 °C where the Epit was found to be slightly more noble. The 

change in these four corrosion characteristics became more evident as the aging 

temperature was decreased from 450 to 210 °C (Fig.4.11 a - c). The extent of the 

passive range also followed similar trend as shown in Fig.4.12. 

 

 

 

 

 

 

 

 

 

Fig.4.12. Change of the passive range as a function of aging temperatures. 

    The solution treated specimen showed the highest passive range which 

extended for about 360 mV while the specimen aged at 210 °C showed the 

minimum passive range of about 110 mV. Aging at 350 C or 450 °C gradually 

increased the passive region of potentials. Decreasing the aging temperature from 

210 to 100 °C led to a reverse trend. The specimen aged at 100 °C exhibited less 

noble shift in Ecorr, less forward shift in ip, higher passive range and more noble 

Epit compared the specimen aged at 210 °C (Fig.4.11 c, d).           
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    Overlaying of the polarization curves for the samples aged at different 

temperatures with respect to that for the solution heat treated one, Fig.4.13, 

reveals also that the cathodic curves are shifted to high cathodic current density 

values with decreasing the aging temperature from 450 to 210 °C. 
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Fig.4.13. Potentiodynamic polarization curves in 0.5%M NaCl solution for samples aged 

at (a) 450, 350 °C and (b) 350, 210, 100 °C with respect to solution heat treated sample. 
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Chapter 5 

Discussion 

5.1 Effect of aging time at low aging temperatures 

5.1.1 Age hardening behavior 

     In case of the 6000 series aluminum alloys, hardening is achieved during aging 

by precipitation of Mg2Si particles as the solubility of Mg and Si in the aging 

temperatures is lower than the supersaturation limit. The steps involved in heat 

treatment were solution heat treatment, rapid cooling or quenching and aging or 

precipitation hardening. Solution heat treatment was conducted at 550 °C for 2 

hrs in order to put in solution the alloying elements and obtain a supersaturated 

solid solution (SSSS). Quenching was carried out in ice water to maintain 

supersaturation. Aging was carried out at 225, 185 and 140 °C. 

   The mechanical properties of the 6000 series aluminum alloys, including 

hardness, will change with time, as they are affected by the type, size and 

distribution of the precipitates that can be formed. Another factor that affects 

aging response is the rate at which the alloy cools from the solubilization 

temperature, a feature associated with the amount of supersaturation achieved in 

the alloy [15]. 

   Fig.4.1 showed the change in hardness of the quenched specimens of alloy 6061 

as a result of aging at 225, 185 and 140 °C for different time periods. While aging 

at 225 and 185 °C showed sharp hardness peak, aging at 140 °C showed almost 

flat hardness plateau with slightly lower maximum hardness compared to the 

peak observed at 225 °C. The β″ phase has been observed to be the dominant 

intermediate phase in the Al–Mg–Si and Al–Mg–Si– Cu alloys at early stages of 

aging. It was considered to be responsible for the maximum age-hardening effect 

in alloy 6061 aged close to the peak hardness [14]. Addition of copper to Al–Mg–

Si alloys refines the precipitate structure, induces the formation of the metastable 

precursor Q′ (AlMgSiCu), and increases the hardness [7]. For Al–Mg–Si alloys 

containing about 0.25 wt. % Cu, needle-shaped β″ disappeared with further aging, 
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and β′ and Q′ phases were present in overaged microstructures [7]. Therefore, 

some of the β″ precipitates might be replaced by rod-shaped β′ phase in Al–Mg–

Si–Cu alloys when moderately overaged [7]. As overaging proceeds, the 

precipitates coalesce and grow becoming incoherent therefore leading to decrease 

in hardness [15].  

   In addition to β″ phase, formation of metastable Q´ may also contribute to the 

hardening behavior observed. Transmission Electron Microscopy, TEM, for 

samples of AlMgSiCu alloy 6013 in the peak-aged temper revealed the presence 

of the two types of precipitates, the needle-shaped β″ and the lath-shaped Q´ 

phase [7]. The composition of the Q´ phase is close to Al4Mg8Si7Cu2. Both β″ and 

Q´ were found to be coherent along their longitudinal direction. Based on TEM 

examination and Differential Scanning Calorimetry, DSC, results [7] for 6111 

aluminum alloy containing Cu, the precipitation process for β″ was found to be 

completed at peak aging temper but not complete for Q´ phase. For all Al-Mg-Si 

alloys containing about 0.25 wt% Cu, needle shaped β″ disappears with further 

aging beyond the peak condition and rod-like β´ and Q´ phases were present in 

the moderately overaged microstructures [14, 23]. 

   The maximum age hardening associated with complete precipitation of β″ 

phase is assumed to be attained faster at 225 °C than at 185 or 140 °C as was 

shown by Fig.4.1. Further aging at 225 °C produced much more substantial 

overaging effects compared to the two other aging temperatures. This may be 

attributed to the rapid and effective transformation of the needle-shaped β″ to the 

rod-like β´ phase and the more rapid coarsening of the precipitates in the initial 

stage of overaging at 225 °C compared to 185 or 140 °C. 

5.1.2 Immersion corrosion  

   The immersion test technique of the British Standard BS 11846 method B 

indicated sensitivity of alloy 6061 in some aging conditions to intergranular 

corrosion, IGC. This alloy suffered IGC in the underaged tempers (Fig.4.3), 

whereas only pitting was observed in the extremely overaged samples. 
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   Although the water quenched samples (solution heat treated) were resistant to 

IGC, they suffered uniform etching. It is thought that water quenching of the 

solution heat treated samples was fast enough to keep all the principal alloying 

elements Cu, Mg and most Si in solid solution in the Al matrix. Therefore, this 

heat treatment condition represents the most homogeneous microstructure. This 

homogeneity in microstructure appears to be the main reason behind the uniform 

corrosion observed for the water quenched specimens. Uniform etching of these 

specimens is expected to be accompanied by Cu-enrichment of the specimen 

surface due to selective dissolution of the surrounding matrix [10].  

      Susceptibility to IGC of AlMgSi alloys containing Cu is caused by grain 

boundary precipitates formed during aging after water quenching or slow cooling 

from the solution heat treatment temperature. The grain boundary precipitates can 

be more noble or more active compared to the adjacent zone depending on the 

type of precipitates. If the corrosion potentials of these precipitates are 

remarkably different from that of the matrix, microgalvanic corrosion cells 

between these precipitates and the surrounding solid solution Al matrix are 

developed. According to D.J. Chakrabarti and D.E. Laughlin [24], the Q -phase, 

metallic Si and the β –phase are the expected precipitates in AlMgSiCu alloys 

when the Cu content is in the range 0.2 – 0.5 %. Phase diagrams calculated by 

thermodynamic simulation packages suggested the presence of Q –phase, β –

phase and metallic Si in AlMgSiCu alloys aged at temperatures below 350 °C [8]. 

Grain boundary precipitates of Q –phase, Cu –rich film and β –phase were 

observed on AlMgSiCu alloys after artificial aging [7, 8, 9, 25-29]. 

    Field emission transmission electron microscopy and X-ray elemental mapping 

analysis revealed the presence of discrete β – Mg2Si phase, Q – Al4Mg8Si7Cu2 

phase particles and a continuous Cu –rich grain boundary film in the naturally 

aged or artificially peak aged T6 tempers for AlMgSiCu alloys [9, 20]. 

  Silicon precipitates are expected to form in AlMgSi alloy with excess Si content 

relative to the Mg2Si stoichiometry. However, when present, Si will react with 
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water in the aqueous corrosive solution and will be covered by an insulating layer 

of SiO2. Therefore, Si precipitates will not act as cathodic particles. Nevertheless, 

precipitation of Si renders the matrix in the particle – free zone along both sides 

of the grain boundaries active and susceptible to IGC by microgalvanic action 

[20].     

       Despite extensive precipitation of the Mg2Si-phase along the grain 

boundaries in the underaged tempers, it has been found that this phase does not 

introduce IGC sensitivity, unless present as a continuous film [10]. This may be 

related to the fact that Mg decreases and Si increases the corrosion potential of 

aluminum, and their simultaneous precipitation does not create a significant 

gradient of corrosion potential between the depleted zone adjacent to the grain 

boundaries and the solid solution matrix. Although initially active when brought 

in contact with water, the Mg2Si particle transforms to inert SiO2 as its Mg 

content leaches out [17].  

    Thus, the susceptibility to IGC on AlMgSiCu alloys is attributed, mainly, to 

the presence of Cu – containing Q –phase grain boundary precipitates as well as 

the Cu – rich grain boundary film. Also, the difference in electrochemical 

potentials of the Cu – depleted zone adjacent to the grain boundaries and the Cu – 

rich matrix leads to formation of a strong galvanic cell with a potential difference 

of about 0.12 volts [5]. Furthermore, the anodic Cu depleted zone is smaller in 

area compared to the area of the cathodic grain matrix and this will provide a 

high driving force for rapid IGC. 

     It can thus be postulated that IGC propagates along the narrow anodic solute 

depleted zone on both sides of the grain boundaries with the Q –phase grain 

boundary precipitates, Cu – rich grain boundary film and the corroded grain walls 

acting as the cathodes. The exposed grain walls are expected to act as cathodes 

because they are still solute rich, and therefore nobler than the depleted zone. 

Moreover, in presence of an acidic chloride environment - the test environment – 
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Cu from the Q –phase particles or from the Cu – rich film can dissolve and 

redeposit on the exposed grain walls rendering them more noble. 

      In addition to the Cu content and the Mg to Si ratio of the AlMgSiCu alloys 

series 6000, the degree of IGC attack on these alloys in the underaged or peak 

aged conditions was found to be dependent on the cooling rate after hot extrusion 

or after solution heat treatment in the range 540 – 570 °C [8, 20]. While artificial 

aging to obtain the peak strength T6 condition markedly reduced or eliminated 

the IGC susceptibility of the alloy air cooled after hot extrusion, the same aging 

temper for alloy water quenched following extrusion caused slight susceptibility 

to IGC [8, 20].      

     As was seen in Fig.4.3, short time aging before the peak hardness leads to IGC 

susceptibility after aging at 225 and 185 °C. The intensity of IGC attack is lower 

after aging at 140 °C. This clearly indicates that grain boundary precipitation 

processes start at early stages of aging and the extent of precipitation increased 

with increasing temperature in the investigated temperature range. The reduced 

susceptibility to IGC for the specimens aged at 140 °C (Fig.4.3) may be related to 

the insufficient degree of grain boundary precipitation at this temperature. This is 

supported by the results of R. Braun [7] who found that aging in the temperature 

range 120 – 150 leads to grain boundary precipitation only after about 1000 

hours. Most likely, aging at these temperatures for time periods before the peak 

hardness leads to the optimum volume fraction and distribution of the Cu- 

containing phase at the grain boundaries favoring IGC. For the aging times close 

to the peak hardness or in the overaged region the susceptibility to IGC decreased 

and pitting was introduced for the extremely overaged conditions at 225 and 185 

°C (Fig.4.3). Resistance against IGC is related to coarsening and enhanced 

formation of the precipitates in the matrix by overaging, where increased 

precipitation in the grain bodies consumed their solute content, and thereby 

reduced the compositional difference between the matrix and the grain boundary 

zone [10]. By a coarsening process the Cu-rich film retracts at least locally, to 

form patches of film and discrete platelets along the grain boundaries [9]. 
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    Pitting susceptibility in the overaged conditions can be associated with the 

coarsening of the Q-phase precipitates in the grain bodies as well as the grain 

boundaries, giving a coarse and uniform distribution of noble cathodes on the 

surface in contrast to the prevalence of the grain-boundary precipitation obtained 

in sample variants in the underaged conditions which showed susceptibility to 

IGC [8]. 

5.1.3 Electrochemical corrosion behavior 

     Localized corrosion phenomena in heat treatable Al alloys 6000 series are 

affected by the chemistry, dimension and distribution of the intermetallic 

precipitates formed during heat treatments. Breakdown of the protective surface 

film in the vicinity of the precipitates in or near the surface permits local 

dissolution of the metallic substrate [30, 31, 32]. Studies on particle – induced 

corrosion indicate that the precipitates can be either nobler or active with respect 

to the Al – matrix. Cathodic particles tend to promote matrix dissolution, whereas 

anodic particles tend to dissolve preferentially. Because of possible preferential 

dissolution of particular constituent element from anodic particles and 

redeposition of cathodic elements back on the surface of the alloy during 

corrosion, the electrochemical nature of the precipitates may change during 

corrosion and most precipitates tend to behave cathodically. 

     As shown in chapter 4, the present experimental results have confirmed that 

different aging parameters considerably affected the main corrosion 

characteristics of the investigated alloy including Ecorr, Icorr, the passivity range 

and the cathodic current densities. These effects are associated with changes in 

the type, size, volume fraction and distribution of the precipitates formed during 

different heat treatment conditions.   

    5.1.3.1 Corrosion behavior in neutral 0.5%M NaCl solution 

    The corrosion characteristics in neutral NaCl solution derived from the 

potentiodynamic polarization measurements (Fig.4.4) are listed in Table 5.1 for 

some aging conditions.  
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Table 5.1 The corrosion characteristics in NaCl solution 

E (pit) vs. 
SCE, mV 

E (corr) vs. 
SCE, mV 

I (corr),   
nA/ cm2

Aging 
Time, 
Min 

Aging 
Temp., 

ºC 
No. 

-607.2 -747.6 43.45 3 225 1- 
-576.2 -651.8 176.2 17 225 2- 
-365.2 -656.2 76.35 420 225 3- 
-600.7 -842.6 110.8 50 185 4- 
-612.2 -775.9 284.1 330 185 5- 
-615.9 -853.6 13.83 1680 185 6- 
-608.9 -841.5 65.32 90 140 7- 
-623.8 -837.8 161.8 11400 140 8- 
-625 -839.0 112.3 20100 140 9- 

-580.1 -874.6 40.06 
Solution treated 
at 550 ºC  for 2 

hrs 
10- 

     Increasing the aging time in the underaged region towards the peak condition 

ennobled Ecorr, increased the cathodic current density, increased Icorr and 

shortened the passive region compared to the solution heat treated condition. 

Maximum changes in these characteristics were noted for tempers around the 

peak hardness condition. 

    As discussed before in section 5.1.2, increasing the aging time in the 

underaged region increases the volume fraction of the cathodic precipitates 

particularly the Cu – containing Q – phase ( Al4Mg8Si7Cu2) leading to the 

development of closely spaced fine distribution of these precipitates. This will 

increase the cathodic area fraction on the specimen surface and consequently the 

cathodic reaction rate will be increased. In turn, the anodic reaction will be 

derived at a higher rate giving increasing Icorr values with aging time in the 

underaged region. Because of the fine distribution of precipitates in this region, it 

is expected that other fresh cathodic particles are more rapidly reached by the 

corroding zone around these particles and this will lead to more rapid dissolution 

rate of the matrix reflected as higher Icorr values as manifested in Table 5.1. 
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  As discussed in previous work [7] at peak hardness, the precipitation process is 

complete for the β״( Mg2Si) phase while it is not complete for the Q׳ – phase         

( Al4Mg8Si7Cu2). The latter phase needs more time for complete precipitation. 

This, probably, can explain the observed fact that the maximum in Icorr values is 

seen for samples aged for a short time beyond the peak hardness (Fig.4.7 - 4.9). 

   The noble shift in Ecorr for the underaged specimens tested in neutral deaerated 

NaCl solution and the increase in magnitude of this shift with increasing aging 

time in this range (fig.4.4, Table 5.1) may be attributed to the increase in the 

cathodic area fraction on the specimen surface with aging time. Similar noble 

shift in Ecorr for Al 6061 metal matrix composite were observed after 

potentiodynamic polarization in the same test solution [33]. It has also been 

reported that Cu is one of the elements which can shift Ecorr of Al in the noble 

direction in the neutral NaCl solution [34]. 

      Breakdown of the protective surface film in the vicinity of precipitate 

particles in or near the surface permits local dissolution of the metallic substrate. 

Therefore, increasing the volume fraction of precipitate particles with aging time 

for the underaged tempers is expected to cause the shortening in the passive 

potential range observed in Fig.4.4 with aging time and the minimum height of 

the passive range was recorded near the peak aging condition. Clearly, the 

increase in volume fraction of precipitates with aging time will increase their 

population in or near the surface and this will retard the passive film repair 

kinetics leading to more rapid pitting corrosion. Coarsening in size and 

distribution of the matrix and grain boundary precipitates during overaging 

decreases the density of breakdown points in the passive film and therefore, the 

passive range increase again. Coarsening processes will decrease the number and 

area of cathodic sites on the specimen surface which will decrease the cathodic 

reaction rate and shift the cathodic curve towards lower current density values. 

As a result, the corrosion current density values Icorr decrease with overaging 

(Fig.4.6 and Table 5.1). Decreasing the cathodic area fraction on the specimen 

surface is expected to cause shift in Ecorr back towards more negative values in 
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direction to the solution heat treated condition as observed in fig.4.4 and Table 

5.1.     

5.1.3.2 Corrosion behavior in NaOH solution (pH = 10 ) 

   The corrosion potential, Ecorr and the corrosion current density Icorr of the 

investigated alloy 6061 at different aging conditions derived from the polarization 

curves in NaOH solution are given in Table 5.2. 

Table 5.2. The corrosion characteristics in NaOH solution 

 

 

 

                   

I (corr),    
103 nA/ 

cm2

E (corr) vs. 
SCE,  mV 

Aging 
Time, Min 

Aging 
Temp., 

ºC 
No. 

2.759 -1217 3 225 1- 
3.351 -1301 17 225 2- 
1.094 -820.3 50 225 3- 
1.409 -1149 8 185 -4 
2.621 -1203 330 185 5- 

0.5473 -994.8 1680 185 6- 
0.3241 -983.9 90 140 7- 
0.3867 -990.4 6000 140 8- 
0.4122 -776.9 11400 140 9- 

0.9848 -720.6 Solution treated at 550 ºC  
for 2 hrs 10- 

 

 

 

 

      

         The Icorr values ( Table 5.2) and the cathodic limiting current density values           

( Fig.4.5) showed similar dependence on aging time at 225, 185 and 140 °C as 

that observed in neutral NaCl solution discussed above. The cathodic limiting 

current density increased first with aging time to peak temper due to increase in 

volume fraction of the cathodic precipitates which act as cathodic reaction sites 

on the alloy surface. The presence of more cathodic particles on the surface will 

increase the cathodic reaction rate which in turn will derive the anodic reaction at 

a higher rate giving the highest Icorr values observed in Table 5.2 for the peak 

aged conditions. The corrosion potential in NaOH solution showed negative shift 

with aging time to peak condition (Fig.4.5, Table 5.2). This is contrary to the 

noble shift observed in this range when the specimens were tested in neutral NaCl 
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solution (Fig.4.4, Table 5.1). Generally, the corrosion potential of an Al alloy is 

determined by the composition of the surface in a given corrosion environment. 

In neutral solutions the passive film on Al is stable and the cathodic surface 

precipitates exist as breakdown points in the film. In the alkaline solution, the 

passive film is unstable [35] and the matrix of the alloy constitutes the 

predominant area fraction of the specimen surface. Thus, for the solution heat 

treated specimen in alkaline solution, the Ecorr is determined by the matrix 

composition which is a solid solution supersaturated in Mg, Si and Cu. By aging 

to peak, a shift in Ecorr to more negative values is expected due to depletion of 

solute elements in the matrix caused by the precipitation of the Mg2Si and the 

Al4Mg8Si7Cu2 particles. The specimens overaged at 225, 185 and 140 °C and 

tested in the NaOH solution showed reverse shift in the values of Ecorr and Icorr 

towards the values of the solution heat treated specimen in similar behavior to 

those tested in the NaCl solution. 

     Coarsening in size and distribution of the precipitates is the most probable 

reason for the reverse changes in Ecorr and Icorr in the overaged specimens. In 

addition to the decrease in volume fraction of the precipitates, coarsening is 

expected to be associated with back tracing of some of the alloying elements to 

the matrix enriching it in these elements. Thus, the composition of the matrix 

gradually, with progress in overaging time, approaches that of the solution heat 

treated condition. Consequently, Ecorr becomes less negative and Icorr decreases 

towards those of the solution heat treated state (Fig.4.5, Table 5.2). It must be 

mentioned that these systematic changes were observed for the specimens aged at 

225 and 185 °C. However, for the specimens aged at 140 °C and tested in NaOH 

solution, the cathodic limiting current density showed no noticeable change for 

the underaged, peak aged or overaged tempers (Fig.4.5). Also, the last three aging 

conditions showed Icorr values lower than the solution heat treated condition 

(Table 5.2). Based on Knowledge available in the relevant literature [19], no 

significant changes in matrix precipitation was observed after aging at 100 °C of 

6000 series Al – alloy ( 6013-T6) for about 2000 hours and grain boundary 

precipitation was observed only after aging in the temperature range 120 – 150 °C 
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for 60,000 minutes. This leads to the suggestion that aging at 140 °C for the aging 

times investigated in the present work (20100 minutes) for alloy 6061 containing 

Cu does not lead to significant changes in the precipitation process. This was 

particularly reflected as absence of significant changes in the Icorr values and the 

cathodic limiting current densities in the alkaline solution (Table 5.2 and 

Fig.4.5.c) for the specimens aged at 140 °C compared the solution heat treated 

condition.      

5.1.3.3 Influence of solution pH 

     Overlaying of the potentiodynamic polarization curves in neutral NaCl 

solution and alkaline NaOH solution (pH = 10) for alloy specimens given the 

same aging treatment indicated certain effects of solution pH on the corrosion 

characteristics of the alloy in all aging conditions. Examples of the overlayed 

curves are given in Fig.5.1 a – c for samples aged at 225 °C in the underaged, 

peak aged and overaged conditions while Fig.5.2 a – c shows the overlayed 

curves for specimens aged at 225, 185 and 140 °C in the underaged condition. 

For all aging conditions of Fig.5.1 and 5.2, testing in alkaline solution NaOH 

changed the slope of the cathodic polarization curves, increased the limiting 

cathodic current densities, shifted Ecorr in the active direction and increased the 

corrosion current densities Icorr relative to those in the neutral NaCl solution          

( Fig.5.1 and 5.2). Similar effects were reported in literature for Al alloys AA 

8090 and 2014 [36] where increasing solution pH from 6 to 11 changed the slope 

of the cathodic polarization curves, increased the corrosion current density and 

shifted Ecorr in the active direction. Solution pH normally influences the corrosion 

behavior of Al and its alloys by change the stability of the passive film as 

predicted by pourbaix diagram [35]. Protection of Al and its alloys by a thin 

oxide film is limited to environments in which this film is stable, i.e. for pH 

values between 4 and 9. 

   Therefore, the higher Icorr values in the NaOH solution for all aged conditions, 

compared to the neutral NaCl solution observed in Figs. 7 – 9 is attributed to the 

highly unstable nature of the passive oxide film in the NaOH solution at pH = 10.     
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Fig.5.1 Overlaid  potentiodynamic polarization curves in neutral NaCl and alkaline 
NaOH ( pH = 10 ) solutions for samples aged at 225 °C in (a) the underaged, (b) peak 

aged and (c) overaged conditions. 
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Fig.5.2 Overlaid  potentiodynamic polarization curves in neutral NaCl and alkaline 
NaOH ( pH = 10 ) solutions for samples aged at (a) 225, (b) 185 and (c)140 °C in the 

underaged condition. 

64 
 



    In such alkaline medium Al exists in solution as AlO2
- ions while in the neutral 

solution Al(OH)3 is precipitated on the surface decreasing the corrosion rate. The 

change in slope of the cathodic polarization curve with pH of the test 

environment is attributed to the change in the cathodic reaction at different pH 

levels [36]. In alkaline solution the corrosion of Al proceeds mainly by water 

reduction according to the reaction; 

                    Al   +   3 H2O   +   OH-                   3/2 H2   +   Al(OH)4
-

   In neutral solution, however, oxygen reduction will be the main cathodic 

reaction. In the present work, the oxygen concentration in the NaCl solution was 

considerably decreased by deaeration before the polarization experiments. This, 

in addition to the high availability of (OH)- ions at pH = 10 is believed to be the 

reason for change in slope and the higher cathodic current densities observed in 

the alkaline solution (Figs. 14 and 15). 

    The acceleration of the cathodic reaction and the unstable nature of the passive 

film in the alkaline solution NaOH ( pH = 10 ) can explain the negative shift in 

Ecorr observed with increase of solution pH from about 6 to 10 as shown in 

Fig.5.1 and 5.2. For the specimens aged at 225 °C, the magnitude of the active 

shift in Ecorr changed with the aging condition (Fig.5.1). The values of the 

negative shift were 472.4, 205.3 and 473.8 mV for the specimens underaged, 

peak aged or overaged, respectively. The magnitude of the negative shift in Ecorr 

for the underaged state decreased with decreasing the aging temperature (Fig.5.2). 

The values of these shifts were 472.4, 404.4 and 184.8 mV for the specimens 

aged at 225, 185 and 140 °C, respectively. It seems that Ecorr as thermodynamic 

property of the surface is sensitive to a combined effect of the precipitation 

process and the solution pH for each aging condition. This point needs further 

work for more thorough understanding. 
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5.2 Effect of constant aging time at different temperatures on the corrosion behavior  

     According to the theoretically calculated phase diagram which shows the 

stable phases and its weight fraction at different temperatures for AlMgSiCu 

alloys [8], the relative volume fractions of the equilibrium phases, expected to 

form in these alloys change in the temperature range 500 – 100 °C. Therefore, the 

effect of aging for 24 hours in the temperature range 100 – 450 °C on the 

corrosion behavior of the investigated alloy 6061 containing 0.22 % Cu was 

studied in the present work. The results obtained from potentiodynamic 

polarization measurements in deaerated 0.5 % M NaCl solution for the specimens 

aged in the temperature range 100 – 450 °C revealed clear correlation between 

the corrosion parameters and the aging temperature which determines the type  

and volume fraction of the precipitates ( Figs.4.11, 4.12 and 4.13 ). The noble 

shift in Ecorr, the cathodic current density values and the current densities in the 

passive range (Fig. 4.11) showed maximum values for the specimen aged at 210 

°C. This aging temperature also decreased the height of the passivity range to the 

minimum value compared to the other aging temperatures. Based on the data 

available from the above mentioned equilibrium phase diagram, the β – phase ( 

Mg2Si ) starts to form below 500 °C and reaches maximum volume fraction at 

about 330 C. Thus, decreasing the aging temperature from 450 to 350 °C is 

expected to lead only to increasing the weight fraction of the β – phase from 

about 0.4 % to 0.68 %. This may account for the higher passive current densities 

ip for the specimen aged at 350 °C relative to that aged at 450 °C (Fig.4.11 a, b). 

No other phases are expected to form at 450 or 350 °C expect the α – phase ( 

AlFeSi ) which starts to form below 600 °C and exhibits constant weight fraction 

through out the temperature range 450 – 100 °C. The Q – phase ( Al4Mg8Si7Cu2 ) 

starts formation at temperatures lower than 330 °C and its weight fraction reaches 

about 0.56 % at the expense of β – phase upon aging at 210 °C. At this 

temperature the weight fraction of β – phase decreases from 0.68 % at 350 °C to 

about 0.54 % at 210 °C. Thus, aging at 210 °C gives a total weight fraction for 

the precipitates ( β + Q ) about 1.1 % compared to about 0.68 % β – phase only at 

350 °C. Since the Q – phase contains Cu, it is expected that aging at 210 °C will 
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cause larger noble shift in Ecorr and increase the cathodic current density values 

compared to the samples aged at 450 or 350 °C as observed from Fig.4.11 and 

4.13. The higher cathodic current density values for the specimen aged at 210 °C 

will lead to higher corrosion current densities Icorr  for this specimen. The Icorr 

values were found to be about 265, 205 and 77 nA/cm2 for the specimens aged at 

210, 350 and 450 °C, respectively. The relatively high weight fraction of the β 

and Q phases in the specimen aged at 210 °C decreases the protective effect of 

the passive film and consequently will shorten the passive range. The specimen 

aged at 210 °C showed  a passive range of about 111 mV compared to about 240 

mV for specimens aged at 450 or 350 °C ( Figs.4.12 and 4.13). Based on the 

results presented in section 4.1.3 and discussed in section 5.1.3, aging at 225 °C 

for times longer than 17 minutes introduced the specimen in the overaged 

microstructure. Thus, the specimens aged for 24 hours (1440 minutes) at 450, 350 

and possibly at 210 °C exhibit overaged microstructures. On the other hand, 

aging for 24 hours at 100 °C is not expected to introduce remarkable degree of 

precipitation. This is supported by the results of the present work discussed in 

section 5.1.2 and 5.1.3 as well as those of other authors [7, 19]. Thus, the 

specimens aged at 100 °C represent an underaged microstructure compared to 

these aged at 350 or 450 °C which exhibit overaged microstructures as discussed 

above. Generally and as discussed in section 5.1.3 a, b, upon increasing the aging 

parameters (temperature/time or both), the microstructure changes with passing 

from the underaged to the peak aged and to the overaged states. Accordingly, the 

corrosion parameters change in a certain direction in the underaged condition 

until the peak aged microstructure is attained and then most of the corrosion 

parameters start to show reverse trend in the overaged condition.  

Some corrosion parameters of the specimen aged at 100 °C are close to those of 

the specimen aged at 350 °C; the passive range is about 255 and 240 mV and the 

corrosion potentials are about – 804 and – 840 mV for the specimens aged at 100 

and 350 °C, respectively.    
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Conclusions 

    The results obtained from the present work indicate significant role of the 

aging parameters on the corrosion behavior of alloy 6061 AA quenched in ice – 

water after solution heat treatment. The correlation between aging parameters and 

corrosion behavior was discussed in terms of changes in precipitate type, size, 

volume fraction and distribution as well as solution pH. The following 

conclusions have been drawn;  

• The maximum hardness values were obtained after aging for 17, 330, 11400 

minutes at 225, 185, 140 °C, respectively. No significant differences in the peak 

hardness values were observed.  

• The overaging effects are attained more rapidly with increasing aging 

temperature from 140 to 225 °C. 

• Results of the immersion test showed susceptibility to intergranular corrosion in 

the underaged tempers while pitting was the dominant corrosion mode for the 

overaged tempers after aging at 225 and 185 °C. The maximum homogeneity in 

microstructure obtained by solution heat treatment followed by water quenching 

appears to be the main reason behind the uniform corrosion, observed for the 

water quenched specimens. 

• Analysis of the potentiodynamic polarization curves showed similar dependence 

of Icorr and the cathodic current densities on the aging treatment in neutral         

0.5 %M NaCl solution and in alkaline NaOH solution. However, the changes in 

Ecorr values exhibit different trends in the above two solutions. The Ecorr values 

were shifted in the more noble direction in the NaCl solution for the underaged 

conditions, while they were shifted in the more active direction in the alkaline 

solution for the same aging treatments.  
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• For all aging conditions, testing in alkaline solution NaOH changed the slope of 

the cathodic polarization curves, increased the limiting cathodic current densities, 

shifted Ecorr in the active direction and increased the corrosion current densities 

Icorr compared to those in the neutral NaCl solution. 

• The specimen aged at 210 °C for 24 hrs exhibited maximum values in Icorr and 

cathodic current densities, maximum noble shift in Ecorr and minimum passivity 

range in 0.5 % M NaCl solution compared to the specimens aged at 350 and 450 

°C. This is caused by maximum increase in volume fraction of the precipitates       

(Q׳ -Al4Mg8Si7Cu2 and β- Mg2Si) at 210 °C compared to 350 and 450 °C. Aging 

for 24 hours at 100 °C is not expected to introduce remarkable degree of 

precipitation. 

 

 

 

 

 

 

 

 

 

 

 

 

69 
 



References 

[1] J. Zhang, M. Klasky, B.C. Letellier, Journal of Nuclear Materials, Vol. 384, 

2009, pp. 175–189. 

[2] A. N. Holden, Gordon and Breach Science Publishers, 1965. 

[3] I.J. Polmear, "Light Alloys", E. Arnold, Hodder & Stoughton Ltd. UK, Third 

edition, 1995. 

[4]J. R. Davis,"Corrosion Understanding The Basics", ASM International, 2000. 

[5] "Corrosion of Aluminum and Aluminum alloys", ASM International, 1999. 

[6] P. R. Roberge, Handbook of Corrosion Engineering, McGraw-Hill, 2000. 

[7]  R. Braun, Materials Characterization, Vol. 56, 2006, pp. 85-95. 

[8] G. Svenningsen, M.H. Larsen, J.H. Nordlien, K. Nisancioglu, Corrosion 

Science, Vol. 48 , 2006, pp. 258–272.  

[9] G. Svenningsen and M.H. Larsen, Corrosion Science, Vol. 48 , 2006, pp. 

1528–1543. 

[10] G. Svenningsen and M.H. Larsen, Corrosion Science, Vol. 48, 2006, pp. 

3969–3987. 

 [11] "Properties and selection nonferrous alloys and special- purpose material", 

ASM hand book, 1990, Vol. 2. 

[12] J. R. avis, "Aluminum and Aluminum alloys", ASM Specialty Handbook, 

Metals Park USA, 1994. 

[13] " Heat treatment of Al alloys", ASM Hand book, Volume 4, 1991. 

[14] G.A. Edwards and K. Stiller, Acta mater, Vol. 46, 1998, pp. 3893-3904. 

70 
 



[15] J.L. Cavazos and R. Colas, Materials Characterization, Vol. 47, 2001, pp. 

175– 179.  

[16] "Microstructure of Al alloys", ASM Hand book, Vol. 9, 1990. 

[17] G. Svenningsen, M.H. Larsen,  J.E. Lein, J.H. Nordlien, K. Nisancioglu, 

Materials Forum, Vol. 28, 2004.  

 [18] W.A. Badawy, F.M. Al-Kharafi, A.S. EL-Azab, Corrosion Science, Vol. 41, 

1999, pp. 709-727. 

[19] J.M.C. Mol , J. van de Langkruis , J.H.W. de Wit , S. vander Zwaag, 

Corrosion Science, Vol. 47 , 2005, pp. 2711-2730. 

[20] G. Svenningsen, J.E. Lein, A. Bjrّgum, J.H. Nordlien, K. Nisancioglu, 

Corrosion Science, Vol. 48 , 2006, pp. 226-242. 

[21] M.H. Larsen and J.C. Walmsley, Materials Science Forum, Vols. 519-521, 

2006, pp. 667-671. 

[22] S. Esmaeili and D.J. Lloyd , Materials Science Forum, Vols. 519-521, 2006, 

pp. 169-176. 

[23] L. Sagalowicz, G. Hug, D. Bechet, P. Sainfort, G.A. Lapasset, The 4th Int. 

Conf. on Aluminum Alloys (ICAA4). Georgia, Atlanta, September 11–16, vol. I, 

1994, pp. 636-43. 

[24] D.J. Chakrabarti and D.E. Laughlin, Progress Mater. Sci. Vol. 49, 2004, p. 

209. 

[25] A.K. Gupta, A.K. Jena, M.C. Chaturvedi, Mater. Sci. Technol. Vol. 3, 1987, 

p.1012. 

[26] M. de Hass and J.T.M. De Hosson, Scr. Mater. Vol. 44, 2001, p. 281. 

71 
 



[27] G.C. Weatherly, A. Perovic, N.K. Mukhopakhyay, D.J. Lloyd, D.D. Perovic, 

Metall. Mater. Trans, Vol. 32A , 2001, p. 213. 

[28] L.C. Brabie and S. Sridhar,  Mater. Sci., Vol. 37, 2002, p. 3835. 

[29] S. Graberg, D.H. Bratland,  Grong, O. Reiso, Mater. Sci. Forum, 2002,  p. 

1329. 

[30] Metals Handbook. 9th ed. Corrosion, vol. 13, ASM International, Metals 

Park, OH, 1987, p. 113. 

[31] Z. Szklaraska-Smialowska, Corrosion, Vol. 27, 1971, p. 223. 

[32] J. Zahavi, M. Metzger, Localized Corrosion, in: R.W. Staehle, B.F. Brown, 

J. Kruger, A. Agrawal (Eds.), International Conf. Series, NACE-3, 10–16 

December 1971, Houston, TX, 1974, p. 547. 

[33] H. J. Greene and F. Mansfeld, Corrosion Science Section, Vol. 53, 1997, PP. 

920-927. 

[34] M. Reboul and P. Meyer, in Proceedings of the 4th International 

Aluminium-Lithium Conference, Vol. II, (edited by G. Champier, B. Dubost, D. 

Mianny and L. Sabetay), France, 10-12 June 1987, p. C-3-881. 

[35] M. Pourbaix, NACE, Houston, Texas, 1966, p. 499. 

[36] E. S. Dwarakadasa, Journal Of Applied  Electrochemistry, Vol. 24, 1994, pp. 

911-916. 

 

 

 

 

  

72 
 


