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Abstract 

A research program focused on understanding the intergranular corrosion 

(IGC) and stress corrosion cracking (SCC) behavior of AA6005A aluminum 

extrusions is presented in this dissertation. The relationship between IGC and SCC 

susceptibility and the mechanisms of SCC in AA6005A extrusions were studied by 

examining two primary hypotheses.  

IGC susceptibility of the elongated grain structure in AA6005A exposed to 

low-pH saltwater was found to depend primarily on the morphology of Cu-containing 

precipitates adjacent to the grain boundaries in the elongated grain structure. IGC 

susceptibility was observed when a continuous (or semi-continuous) film of Cu-

containing phase was present along the grain boundaries. When this film coarsened to 

form discrete Cu-rich precipitates, no IGC was observed. The morphology of the Cu-

rich phase depended on post-extrusion heat treatment.  

The rate of IGC penetration in the elongated grain structure of AA6005A-T4 

and AA6005A-T6 extrusions was found to be anisotropic with IGC propagating most 

rapidly along the extrusion direction, and least rapidly along the through thickness 

direction. A simple 3-dimensional geometric model of the elongated grain structure 

was accurately described the observed IGC anisotropy, therefore it was concluded 

that the anisotropic IGC susceptibility in the elongated grain structure was primarily 

due to geometric elongation of the grains.  
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The velocity of IGC penetration along all directions in AA6005A-T6 

decreased with exposure time. Characterization of the local environment within 

simulated corrosion paths revealed that a pH gradient existed between the tip of the 

IGC path and the external environment. Knowledge of the local environment within 

an IGC path allowed development of a simple model based on Fick’s first law that 

considered diffusion of Al3+ away from the tip of the IGC path. The predicted IGC 

velocity agreed well with the observed IGC velocity, therefore it was determined that 

diffusion of Al3+ was the primary factor in limiting IGC velocity. 

The velocity of crack growth in compact tensile (CT) specimens of 

AA6005A-T6 extrusion exposed to 3.5% NaCl at pH = 1.5 was nearly constant over 

a range of applied stress intensities, exposure times, and crack lengths. The crack 

growth behavior oxf CT specimens of AA6005A-T6 extrusion exposed to a solution 

of 3.5% NaCl at pH = 2.0 exhibited similar behavior, but the crack velocity was 

~10.5X smaller than that those exposed to a solution at pH =1.5. Analysis of the local 

stress state and polarization behavior at the crack tip predicted that increasing the pH 

of the bulk solution from 1.5 to 2.0 would decrease the corrosion current density at 

the crack tip by approximately 11.8X. This predicted decrease in corrosion current 

density was in reasonable agreement with the observed decrease in SCC velocity 

associated with increasing the solution pH from 1.5 to 2.0. The agreement between 

the predicted and observed SCC velocities suggested that the electrochemical 

reactions controlling SCC in AA6005A-T6 extrusions are ultimately controlled by the 

pH gradient that exists between the crack tip and external environment.
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1 Introduction and Motivation 

Extruded Aluminum is among the most versatile engineering materials 

available today. Its high strength-to-weight ratio, relatively low associated cost, 

formability, and recyclability have made aluminum alloys appealing materials for use 

in a broad range of applications. The ability to manufacture elongated sections with 

complex two-dimensional profiles makes extrusion an efficient processing route for 

structural components from aluminum alloys. Extruded aluminum alloys have been 

used as the primary construction material in many advanced structures including solar 

power plant frames and aerospace fuselages. To fully realize the range of potential 

applications of aluminum extrusions as structural components, it is essential to 

understand how the material will behave in corrosive service environments, such as 

an industrial marine environment. The research discussed in this dissertation is 

focused on understanding fundamental mechanisms of intergranular corrosion (IGC) 

and stress corrosion cracking (SCC) of extruded AA6005A alloy in simulated marine 

environments.  

The original purpose of the research was to determine if IGC or SCC of 

AA6005A extrusions should be a major design consideration if there material were to 

be used in concentrated solar power plant (CSPP) frames in regions with a marine 

climate, such as Florida. The design lifetime for the CSPP frames was to be 30 years. 
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The specifications of the CSPP frames indicated that the extruded members of 

AA6005A would see a maximum tensile load of approximately 44 MPa (18% Ȫy), 

and maximum compressive load of approximately 46 MPa in severe (hurricane) 

conditions. These design values served as a baseline for beginning the study of IGC 

and SCC of AA6005A, and were used to assess the viability of the material for use in 

the CSPP frames.  
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2 Background  

2.1 Aluminum Metallurgy 

There are eight general classes of wrought aluminum alloys recognized by the 

Aluminum Association (AA). Each series is defined by primary alloying element(s) 

that are added to achieve desired properties of the final product (Table 1). Specific 

alloy designations within each class are defined by concentrations of primary and 

secondary alloying elements. The research presented here will focus on AA6005A 

extrusions. The primary alloying elements in AA6005A are Mg and Si. There is 

limited literature available on intergranular corrosion (IGC) and no literature on 

stress-corrosion cracking (SCC) of AA6005A. Much of the background data relevant 

to the research program is therefore focused on other 6xxx alloys. Relevant 

comparisons to other alloy classes, such as 2xxx and 7xxx, is also used to formulate 

hypotheses and propose research activities.  

 

Table 1: Primary alloying elements in wrought aluminum alloys 
Series 1xxx 2xxx 3xxx 4xxx 5xxx 6xxx 7xxx 8xxx 

Primary 
Alloying 
Elements 

N/A Cu Mn Si Mg Si, Mg Zn 

Other 
(Li, 
Fe, 

(etc.) 
 

The combination of strength, formability, and good corrosion resistance make 

these 6xxx commonly used materials in engineering applications. Mechanical 

strength of solution treated 6xxx alloys can be improved by precipitation hardening 
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(aging). Aging is generally done at intermediate temperatures (~185°C), but some 

degree of strengthening can be achieved by naturally aging the material for an 

extended period of time at room temperature. The primary strengthening phase of 

6xxx alloys, Mg2Si (ȕ�, is formed through a sequence of steps, as shown in Table 2 [1, 

2]: 

Table 2: Precipitation sequence for solutionized 6xxx alloys 
 Precipitate Structure 

1 Saturated solid solution FCC solid solution 
2 Solute rich Guinier Preston zones Clusters of solute species 
3 Coherent ȕ´ (Mg5Si6) precipitates Monoclinic 
4 Semi-coherent ȕ¶�precipitates Structure unknown 
5 Incoherent ȕ�(Mg2Si) precipitates Cubic  

 

The first step in the precipitation sequence for 6xxx alloys is formation of 

small Guinier Preston (GP) zones. The GP zones combine to form coherent 

monoclinic Mg5Si6  (ȕ”) precipitates upon thermal treatment. Further thermal 

treatment causes the ȕ” phase to form semi-coherent ȕ’ precipitates. The structure 

and chemistry of ȕ’ is not well known, but it has been suggested that ȕ’ has a 

hexagonal structure, and forms rod-like precipitates [3]. The final step in the 

precipitation sequence involves the formation of ȕ, which is incoherent and has a 

cubic crystal structure.   

Optimal strength of 6xxx alloys is achieved with a dense, homogeneous 

network of fine ȕ´ precipitates in the material [1]. Adding Mg and Si in a near 5:6 

molar ratio and using a well-controlled heat treatment process can promote 

precipitation of ȕ´. The alloy AA6005A incorporates this Mg:Si molar ratio to yield a 
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near optimal medium strength wrought aluminum alloy. The AA composition 

specification for AA6005A alloy is given in Table 3. Because of this near-optimized 

composition, extruded AA6005A alloy is more easily formed and less quench 

sensitive than some of the other 6xxx alloys with similar mechanical strength 

specifications (e.g. AA6061). In addition to Mg and Si, the AA specification for 

AA6005A allows for up to 0.3 wt. % Cu. The Cu is added to improve the mechanical 

strength of the alloy through precipitation of certain strengthening phases. However, 

it has been demonstrated through a number of reports that Cu in excess of about 0.12 

wt. % can make the alloy susceptible to IGC when the alloy has certain 

thermomechancial histories [4-8]. 

Table 3: Composition specification for AA6005A alloy 

Cr Cu Fe Mg Mn Si Ti Zn Other, 
each 

Other, 
total Al 

����� ����� ����� 0.40- 
0.70 ����� 0.50- 

0.90 ����� ����� ����� ����� Bal. 

 

2.2 Extrusion Metallurgy 

Aluminum extrusion is a high-temperature deformation process in which 

elongated parts with a fixed cross sectional profile are manufactured by pressing a 

pre-heated billet through a precision die. This seemingly simple process is actually 

quite complex because extrusion is a non-steady-state process in which deformation 

mechanisms, heat generation, and friction evolve each extrusion cycle. There are 

several features characteristic of extruded profiles that are pertinent to the present 

study.  
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Extrusions of AA6005A alloy, as with many other extruded alloys, have a 

duplex grain structure consisting of an elongated grain structure in the core of the 

material, and an equiaxed layer near the surface as illustrated in Figure 1. The 

elongated structure in air quenched AA6005A contains fully recrystallized grains that 

are oriented along the extrusion direction. The equiaxed layer consists of randomly 

oriented grains which generally have higher angle boundaries than those found in the 

elongated core structure [9]. A thick recrystallized layer is known to be detrimental to 

the mechanical performance of the final product [10]. Studies have also shown that an 

equiaxed grain structure may be more susceptible to IGC than an elongated structure 

in extruded Al alloys [9]. Limiting the degree of deformation during extrusion, and 

achieving a rapid quench after extrusion can minimize the thickness of the equiaxed 

layer [11].  

 
Figure 1:Typical grain structure of AA6005A extrusions consisting of equiaxed 

grains near the extrusion surface (top of micrograph), and elongated grains 
(near bottom of micrograph) in the core of the extrusion. Direction “1” is 
the extrusion direction, and direction “2” is the through thickness 
direction.  
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The elongated grain structure in aluminum extrusions can give rise to 

anisotropic mechanical properties and anisotropic corrosion behavior [11, 12]. The 

origin of the anisotropic corrosion behavior in the elongated structure of wrought 

aluminum alloys has been extensively reported [12-16]. Researchers have determined 

that texture and grain boundary misorientation angle can have a dramatic effect on the 

grain boundary precipitate structure in wrought aluminum alloys, thereby giving rise 

to anisotropic IGC [9, 12]. 

In many cases, anisotropic IGC has been simply attributed to geometric 

anisotropy of the grains providing a less tortuous path for corrosion attack along the 

deformation direction [15-17]. Zhang et al. studied the relationship between grain 

elongation and preferential attack along the extrusion direction in AA2024-T3 plate 

[15]. Zhang modeled the anisotropic grain structure as a two-dimensional brick wall 

with the edge lengths of the bricks corresponding to the nominal grain size along each 

direction. Zhang quantitatively predict the anisotropic corrosion attack in the 

anisotropic grain structure using this simple geometric configuration, and considering 

the density of initiation sites along different surfaces in the material. Several studies 

have used models similar to Zhang’s to describe anisotropic corrosion attack in 

wrought aluminum alloys [12, 14-17]. 

 
2.3 Corrosion of Aluminum and Aluminum Alloys 

Corrosion is the degradation of a material due to electrochemical interactions 

with the service environment. There are two fundamental chemical reactions that 
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control all corrosion processes in metallic systems. The first is the anodic (oxidation) 

reaction in which metal ions are dissociated from the parent alloy, leaving behind free 

electrons (Equation 1). Electrons created by the anodic reaction are conducted 

through the metal to participate in the cathodic (reduction) reaction, sometimes at a 

significant distance from the location of the anodic reaction. The cathodic reaction 

involves species from the environment (typically ionic) consuming the electrons that 

are produced at the site of the anodic reaction. The most common cathodic reaction in 

acidic environments involves reduction of H+ ions to form H2 gas (Equation 2) [18]. 

The electrochemical driving force for corrosion reactions is the difference in the half-

cell potentials (E) for the anodic and cathodic reactions. The standard state half-cell 

potentials for each of the reactions are given below.  

Equation 1 [19] 
݈ܣ = ଷା݈ܣ + ܧ          3݁ି = െ1.66 ௌܸுா 

Equation 2 [19] 
ାܪ2 + 2݁ି = ܧ          ଶܪ = 0 ௌܸுா  

 The H2 evolution reaction (Equation 2) occurs in three distinct steps [18]. 

First, H+ reacts with an electron from the metal surface to form an adsorbed H atom 

(Hads) at the metal surface (Equation 3). The Hads then combines with another Hads to 

form an adsorbed hydrogen molecule (H2ads) (Equation 4). The H2ads molecules then 

combine to form an H2 bubble at the metal surface. Adding a hydrogen recombination 

poison, such as As3+, to the electrolyte tends to inhibit the recombination of Hads, 

thereby increasing the concentration of atomic H in the material [20, 21]. 
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Equation 3 [18] 
ାܪ + ݁ି =  ௔ௗ௦ܪ

Equation 4 [18] 
௔ௗ௦ܪ2 =  ଶ௔ௗ௦ܪ

The effects of temperature and concentration of ionic species on the half-cell 

corrosion potentials of the reactions listed above can be determined using the Nernst 

equation (Equation 5) [18, 19]. The standard form of the Nernst equation is: 

Equation 5 

ܧ = ௢ܧ െ ܴܶ
ܨ݊ ln ܽ௒

௬ܽ௓௭ …
ܽ஽ௗܽா௘ … 

Where E is the half-cell corrosion potential for a reaction, Eo is the half-cell corrosion 

potential for a reaction when all reactants and products are in their standard states, R 

is the ideal gas constant, T is the absolute temperature of the reaction, n is the number 

of electrons involved in the half cell reaction, F is Faraday’s constant (96,500 C/mol), 

and aX
x is the activity of specific species involved in the half cell reaction. The 

activities of the products of the reaction are in the numerator of in Equation 5, and the 

activities of the reactants are in the denominator. The activity of a dissolved species is 

usually assumed to be equal to its concentration, and the activity of a pure solid or gas 

at atmospheric pressure is unity. The exponents in Equation 5 are the stoichiometric 

coefficients of the corresponding elements in the half-cell reactions.  

Aluminum is an electrochemically active metal, but is generally regarded as 

having good corrosion resistance due to the rapid formation of a passive oxide film on 

the metal surface. The passive film consists of two layers: 1) A continuous 
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amorphous oxide film adjacent to the parent metal and 2) A porous crystalline layer 

between the amorphous layer and the external environment [22]. The passive layer, 

which has the approximate composition of Al2O3, acts as a kinetic barrier that slows 

dissolution of the corroding material. Discontinuities in the Al2O3 film often serve as 

initiation sites for localized corrosion in Al alloys [23].  

A Pourbaix diagram illustrates the range of pH and electrochemical potential 

in which an Al2O3 passive layer is thermodynamically stable on pure aluminum 

(Figure 2). It is evident from the Pourbaix diagram that the passive layer on 

aluminum becomes unstable in acidic or alkaline environments when at higher 

applied potential [19]. The range of pH and potential in which the passive layer is 

stable depends on the concentration of the corrosion product (either Al3+ or AlO2- ) in 

solution. The values of pH at which given concentrations of Al3+ and AlO2
- are in 

equilibrium with the passive layer are determined using the Nernst equation. The 

vertical lines located on the upper left side of the Pourbaix diagram correspond to 

conditions in which Al2O3 and Al3+ are in thermodynamic equilibrium. These vertical 

lines are key features of the Pourbaix diagram that will be used to develop a model to 

describe IGC penetration later in the dissertation.  
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Figure 2: Pourbaix diagram for pure aluminum. The stability of the Al2O3 depends on 
the applied potential, pH, and the concentration of corrosion product.  

 

The corrosion rate and corrosion potential of a material in specific 

environments may be characterized by conducting polarization measurements. 

Polarization measurements are performed by applying a range of known 

electrochemical potentials to a sample and measuring the resulting corrosion current 

density. The output of a polarization measurement is a single curve that contains 

information about both the cathodic and anodic reactions involved in a specific 

corrosion reaction. It is important to note that the observed polarization curves 

actually reflect the electrochemical response of the electrolytic solution adjacent to 

the surface of the sample. 
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The polarization behavior of a corrosion reaction depends not only on the 

equilibrium electrochemical properties of the anodic and cathodic reactions, but also 

on kinetic properties of the reactions. The exchange current density (io) of a half-cell 

reaction is a characteristic value that defines the kinetics of that reaction under 

equilibrium conditions. Changes in ionic concentration and temperature can shift the 

value of io to higher or lower values, thereby altering the observed polarization 

behavior of a corrosion reaction. The kinetics of a reaction may also depend on both 

the surface properties of the alloy. For example, the rate of cathodic and anodic 

reactions may be slowed by the presence of a passive layer on the surface of the 

corroding metal due to poor electrical conductivity of the passive layer [24]. This 

would tend to shift the exchange current density of the cathodic reaction to a lower 

value, thereby changing the observed values of corrosion potential (ECorr) and 

corrosion current density (iCorr).  

Values of corrosion current density are extracted from polarization curves by 

performing Tafel analysis [18, 19, 25]. A simple example of a Tafel analysis is 

illustrated in Figure 3. The solid line illustrates the overall polarization response of 

the material, and the dashed lines illustrate the Tafel curves for the anodic and 

cathodic reactions. Tafel analysis involves extrapolating a region of linear V vs. log(i) 

behavior in the anodic and cathodic portions of the polarization curve. When the 

slope of the V vs. log(i) is near linear, the reaction rate is controlled by activation 

polarization. Activation polarization occurs when the observed polarization behavior 

of the electrochemical reaction reflects the activation energy for electron transfer 
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between the electrolyte and electrode (sample) [19]. The slope of each of the curves is 

the Tafel constant, ȕ. The intersection of the anodic and cathodic Tafel curves 

corresponds to the corrosion current density, iCorr, for a given corrosion reaction.   

 

 

Figure 3: Schematic polarization curve with Tafel analysis. 
 

In practice, Tafel analysis of the anodic portion of a polarization curve is often 

more difficult than the situation illustrated in Figure 3 because there is rarely a 

significant linear region in the anodic portion of the V vs. log(i) curve. A technique 

summarized by Jones can be used to perform Tafel analysis of the anodic portion of a 

polarization curve [19]. Jones’ technique is performed by first determining a region of 

Tafel behavior in the cathodic portion of a polarization curve. A series of points at 
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values of electrochemical potential above the region of linearity in the cathodic curve 

(indicated by hollow circles in Figure 4) are then selected. The values of corrosion 

current density at these points (iExp) are subtracted from values of corrosion current 

density on the cathodic Tafel curve (iC) to determine the anodic corrosion current 

density (iA, indicated by the filled circles in Figure 4) at values of electrochemical 

potential below the open circuit corrosion potential. An anodic Tafel curve is then 

generated by extrapolating the calculated values of iA to higher electrochemical 

potentials.  

 

Figure 4: Method for determining anodic Tafel behavior. 
 

The relative surface areas on which anodic and cathodic reactions are 

occurring can have a significant influence on the overall kinetics of a corrosion 
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reaction [19]. This concept is schematically illustrated with Tafel plots in Figure 5. 

First consider a corrosion reaction in which the cathode to anode area ratio is 1:1. 

Assume the exchange current density of the anodic reaction is ioA, and the exchange 

current density of the cathodic reaction is ioC1 in this case. The resulting corrosion 

current density in this case would be iCorr1. Now consider a case in which the cathodic 

surface area is increased by 100X and the anodic surface area is held constant. 

Increasing the cathodic surface area would increase the exchange current density of 

the cathodic reaction, causing the cathodic Tafel curve to intersect the anodic Tafel 

curve at a higher value of current density and corrosion potential. The resulting 

corrosion current density would therefore be increased to iCorr2.  
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Figure 5: Effect of cathode to anode area ratio on the kinetics of a corrosion 
reaction. 

 

Schematic anodic and cathodic polarization curves for a metal exhibiting 

active-passive behavior (e.g. aluminum) are illustrated as dashed lines in Figure 6. 

The experimentally observed current density (solid black lines) of the alloy is the 

algebraic sum of the cathodic and anodic polarization current, represented by dashed 

lines in Figure 6. The regions of active, passive, and transpassive behavior are 

indicated in Figure 6A. The point at which the anodic and cathodic reactions intersect 

corresponds to the characteristic corrosion rate (measured corrosion current density, 

iCorr ) and open circuit corrosion potential, ECorr, of the reaction. If the cathodic 

polarization curve intersects the anodic polarization curve reaction at a potential 
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corresponding to passive behavior (as shown in Figure 6A), the corrosion rate is 

limited by the presence of a passive film, and is relatively low. If the cathodic 

reaction is shifted such that it intersects the transpassive region in the anodic 

polarization curve, as shown in Figure 6B, the passive layer is not stable, and the 

resulting corrosion rate is larger.  A cathodic reaction in an acidic environment can be 

shifted up or down by changing the pH of the solution, or changing the partial 

pressure of gases involved in the cathodic reaction [18].  

 

 

 

Figure 6: Schematic polarization curves for a metal exhibiting active-passive 
behavior. The dashed lines illustrate the cathodic and anodic reactions, and 
the bold solid lines illustrate the observed polarization behavior. If the 
cathodic and anodic reactions intersect at a potential corresponding to 
passive behavior (as shown in Figure 6A), the corrosion rate (current) is 
much lower than if the cathodic and anodic reactions intersect at a 
potential corresponding to transpassive behavior (Figure 6B).  
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Galvanic corrosion occurs when dissimilar metals are electrically coupled and 

exposed to a corrosive environment. Galvanic coupling can cause the corrosion 

current and corrosion potential to vary significantly from the values of the uncoupled 

metals. The degree of this shift in corrosion behavior depends on the exchange 

current densities, the slope of polarization curves, and the corrosion potential of the 

coupled metals. In general, the metal that has a lower corrosion potential in a given 

environment will act as the anode in the galvanic reaction, and will be preferentially 

corroded. Conversely, the metal which has a higher corrosion potential provides a 

surface on which the cathodic reaction can occur, and will be protected [18, 19, 25].  

Galvanic corrosion can occur on a microscopic scale in multi-phase alloys due 

to differences in the corrosion potentials of their microconstituents.  Intergranular 

corrosion commonly occurs along grain boundaries due to microgalvanic coupling 

between grain boundary precipitates and precipitate free zone (PFZ) [18, 19, 23, 26]. 

The PFZ is a solute-depleted layer adjacent to the grain boundary. Propagation of 

IGC generally requires that the corrosion potential between the grain boundary 

precipitate and PFZ be greater than 100 mV, and that the grain boundary precipitates 

contributing to IGC be continuous along the grain boundary [26]. 

2.4 Stress Corrosion Cracking  

Stress corrosion cracking (SCC) is a slow crack growth (typically < 10-6 m/s) 

phenomenon that occurs when a material is loaded in tension and exposed to a 

specific corrosive environment. SCC is a primary engineering concern, as it generally 

results in brittle failure of a nominally ductile material at relatively low applied 
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stresses. SCC failure often occurs at tensile loads well below the yield strength of the 

bulk material. The tensile stresses may be externally applied or they may be residual 

stresses from the manufacturing process. Because cracks are often not visible, and 

there is rarely macroscopic evidence of mechanical deformation of the bulk material, 

SCC failures often occur without warning. Stress corrosion cracking is broadly 

associated with materials that demonstrate active-passive corrosion behavior, and 

SCC failure generally occurs when a material at an electrochemical potential near the 

transition between active and passive behavior or between passive and transpassive 

behavior [27]. 

Growth of SCC cracks is often divided into three distinct regimes: a) Crack 

initiation and stage I crack growth, b) Steady-state (Stage II) crack growth, and c) 

Stage III crack growth and Catastrophic failure [19, 27]. Figure 3 schematically 

depicts the evolution of SCC crack growth with increasing stress intensity. 

Experimental distinction of the three regimes can be difficult because there is a slow 

and continuous transition between them. SCC initiation occurs when the stress 

intensity reaches a critical value, KISCC. The value of KISCC is dependent upon both the 

material and service environment. SCC initiation sites may be preexisting defects in 

the material (surface scratch, inclusion, intermetallic phase, etc), or they can be 

generated by exposure to a corrosive environment during service (breach in passive 

film, corrosion pits, etc.). Final SCC failure occurs when the crack has grown to a 

length in which the applied stress intensity exceeds the critical stress intensity, KIC, 

for the remaining ligament. [18, 19, 28, 29]. 
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Figure 7: Typical relationship between SC crack growth and stress intensity. The 
three regimes of SCC are indicated.  

 

Stress corrosion cracks are fractographically characterized as having sharp, 

branched crack tips that may be either transgranular or intergranular [19, 25, 30, 31]. 

There is rarely evidence of corrosion products on the fracture surfaces of SCC 

failures. The underlying mechanisms for SCC are not yet fully understood. There are 

two general classes of mechanisms that have been proposed to explain SCC in 

various material systems [19, 27].  

Some researchers argue that SCC is essentially a hydrogen embrittlement 

phenomenon [19, 27, 32-35]. There are two general models that have been proposed 
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to explain hydrogen embrittlement; hydrogen enhanced decohesion (HED), and 

hydrogen enhanced localized plasticity (HELP). According to the HED model, atomic 

hydrogen accumulates at “trapping sites” such as dislocations or cracks and causes a 

localized weakening of the lattice [33, 34, 36]. According to the HELP model 

enhanced plasticity occurs at the crack tip due to absorbed atomic H [32]. Some 

researchers have attempted to test a hydrogen embrittlement mechanism qualitatively 

by adding a hydrogen recombination poison (HRP) to the test environment [14, 21, 

37]. A hydrogen recombination poison slows the recombination of Hads (Equation 4), 

thereby increasing the concentration of atomic H in the material. The increased 

concentration of atomic H in the material tends to magnify the effects hydrogen 

embrittlement. The As3+ ion is a commonly used HRP. Small amounts of As3+ can be 

added to the environment by dissolving As2O3 into the test solution. The solubility 

limit of As2O3 in water is ~20 g/L, though only a small concentration (0.3 g/L) is 

necessary to magnify the effects of hydrogen embrittlement. 
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Figure 8: Schematic of a hydrogen embrittlement of SCC. Atomic hydrogen generated 
by the cathodic reaction is absorbed, and migrates to the crack tip thus 
facilitating crack growth by hydrogen embrittlement. 

 

Other researchers argue that SCC is a highly localized dissolution 

phenomenon caused by a discontinuity in the passive film at a crack tip [19, 30, 35] 

(Figure 9). In dissolution–based models of SCC, the passive film at the crack tip 

ruptures with applied stress, allowing rapid dissolution of the freshly exposed 

material. The dissolution rate at the crack tip is related to local electrochemical 

properties of the material and environment.  
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Figure 9: Schematic of an anodic dissolution mechanism of SCC. The passive film 
becomes unstable at the crack tip, thereby facilitating crack advance due to 
enhanced dissolution at the crack tip. 

 

The local environment within a stress-corrosion crack often behaves as an 

isolated system, and may be much different from that surrounding environment. For 

example, when 7075 aluminum alloy is exposed to an aqueous salt water 

environment, the pH near the crack tip remains relatively constant at pH~3.5 when 

the applied stress intensity factor is greater than KISCC, regardless of the pH of exterior 

environment [38-41]. Some researchers have argued that the isolated nature of the 

crack tip environment lowers the concentration of dissolved O2, thereby reducing the 

local pH if the bulk solution is near neutral [42]. Others have observed that the pH 

within a stress-corrosion crack in an Al alloy is controlled by thermodynamic 

equilibrium between Al3+ and a solid species within the system (such as Al(OH)3 or 

Al2O3) [39, 40, 43, 44]. A gradient in electrical potential has also been observed 
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between the electrolyte near the tip of SC cracks and the electrolyte in the bulk 

environment. [45]. The gradient in potential has been attributed to a difference in 

chemical potential between the active crack tip and the passive crack flanks with 

applied stress. The difference in potential between the crack tip and crack flank is 

thought to lead to enhanced dissolution at the crack tip, or a buildup of atomic H at 

the crack tip. There do not appear to have been any studies on the local environment 

within stress corrosion cracks of AA6005A. 

Although a significant volume of research has been devoted to developing and 

proving a single explanation for SCC, there has been no universal acceptance of any 

single mechanism to explain SCC to date [30, 31]. Such an investigation was beyond 

the scope of the research proposed here, though experiments designed to clarify the 

mechanism of SCC in AA6005A extrusions were performed.  
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3 Hypotheses and Literature Review 

There are two primary hypotheses on which this research program was based. 

These hypotheses are: 

1) Metallurgical and environmental conditions that promote IGC 

susceptibility in the elongated grain structure of AA6005A extrusions, 

will also promote SCC susceptibility.   

2) The mechanism of SCC in AA6005A extrusions is enhanced anodic 

dissolution at the crack tip due to combined effects of applied load and 

local electrochemical reactions at the crack tip. 

3.1 IGC and SCC Susceptibility of AA6005A:  Literature Review  

In aluminum alloys, SCC is an intergranular phenomenon [27]. Furthermore, 

conditions (material and environmental) that promote IGC have been shown to 

promote SCC in a number of different aluminum alloys. Liu et al. observed a 

continuous increase in IGC penetration rate with increasing tensile stress in 

underaged AA2024 when exposed to a neutral saltwater environment [13, 46]. In 

other work, Dymek demonstrated that SCC and IGC resistances in AA2519 alloy are 

simultaneously improved by cold working and decreasing the copper content to 

promote a more uniform distribution of precipitates [47]. This direct relationship 

between IGC and SCC has also been observed in 5xxx and 7xxx alloys [31, 48-51]. 

These observations suggest that metallurgical and environmental conditions that 

promote IGC in AA6005A extrusions will also promote SCC, in accordance with 

 

 

25 



                      

 

hypothesis 1. Though the IGC behavior of 6xxx alloys has been well documented [4-

8, 52-54], no study linking IGC and SCC susceptibility in AA6005A exists to date.   

Nisanciaglu and coworkers conducted a series of studies on the IGC behavior 

of unstressed AlMgSi(Cu) extrusions with compositions similar to AA6005A and 

containing between 0.02 and 0.2 wt.% Cu [4-8]. These studies investigated the effects 

of Cu content and thermal history on the corrosion behavior of the equiaxed grain 

structure at the extruded surfaces. It was determined that the equiaxed grain structure 

EHFRPHV�VXVFHSWLEOH�WR�,*&�LI�WKH�PDWHULDO�FRQWDLQV�PRUH�WKDQ�§������ZW��Cu, is in 

an underaged condition, and is slow quenched from extrusion temperature.  The 

authors suggest that this increased susceptibility to IGC is due to microgalvanic 

coupling between the Q-phase precipitates (Al4Mg8Si7Cu2) and the PFZ along grain 

boundaries. The Q-phase, which has a higher corrosion potential than the aluminum 

matrix, was found to form a semi-continuous film along the grain boundaries in the 

equiaxed grain structure when the material was in an underaged condition. Artificial 

aging coarsened the Cu-rich film to form discrete Q-phase precipitates, which these 

authors suggest interrupts the cathodic path thus improving IGC resistance of the 

material.  

No study on the IGC behavior of the elongated grain structure of at the core of 

AA6005A extrusions exists to date. Press quenched extrusions of AA6005A contain 

approximately 95% elongated grain structure by volume (Figure 1). It is therefore 

necessary to conduct a study on the IGC behavior of the elongated grain structure in 

order to test the first hypothesis. 
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3.2 Mechanism of SCC in AA6005A:  Literature Review  

Burliegh published a broad review of studies on SCC of wrought aluminum 

alloys [30]. A dissolution mechanism was generally favored to explain SCC in 2xxx 

alloys, whereas, whereas a hydrogen embrittlement mechanism was favored for SCC 

of 7xxx alloys. The second hypothesis that was examined by this research was anodic 

dissolution aggravated by applied stress is the mechanism of SCC in AA6005A 

extrusions. 

Those supporting a dissolution mechanism in 2xxx alloys have observed that 

grain boundary dissolution will occur with or without applied stress, but that the 

dissolution is accelerated by applied stress [55] or applied anodic overpotential [56].  

Susceptibility to IGC and SCC in 2xxx alloys is generally attributed to microgalvanic 

coupling between Cu-containing grain boundary precipitates (GBPs) and the Al 

matrix. The GBPs in this case have a higher corrosion potential than the Al matrix, 

thereby act as the cathode in the microgalvanic reaction [13, 30, 46, 47, 57, 58]. It is 

known that AA6005A extrusions with elevated copper content have demonstrated 

IGC susceptibility due to the presence of GBPs that are cathodic relative to the PFZ 

[4-8]. It is thus possible that SCC in AA6005A extrusions will be analogous to 2xxx 

alloys due to these similarities in grain boundary chemistry and corrosion behavior.  

Though the mechanism of SCC in AA6005A is hypothesized to involve 

anodic dissolution, it is necessary to also consider the possibility that a hydrogen 

embrittlement (HE) mechanism may contribute to SCC in AA6005A. Numerous 

studies have been published which studied the effects of ageing treatment and alloy 
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composition HE susceptibility of 7xxx alloys [59-62]. Knight found that decreased 

copper content and underaging tended to increase the open circuit corrosion potential 

near a stress corrosion crack tip in AA7075 and AA7079.  These conditions were also 

found to increase stage II crack velocity. This behavior was attributed to a decrease in 

copper content within GBPs, thereby rendering the GBPs more anodic relative to the 

PFZ. In this case, the GBP was found to act as the anode and the PFZ as the cathode 

in the corrosion reaction. It was argued that this increase in driving force for the 

corrosion reaction accelerated hydrogen production, thereby increasing the likelihood 

that atomic hydrogen may be absorbed into the alloy [62]. In general, susceptibility to 

SCC in 7xxx alloys has been attributed to copper replacing some of the zinc in MgZn2 

in GBPs. The presence of the copper tends to increase the corrosion potential of the 

GBP to a level more similar to that of the PFZ, thereby decreasing the 

thermodynamic driving force for the electrochemical reactions governing SCC.  

It is noteworthy that in the case of 7xxx alloys that thought to be susceptible 

to SCC by a HE mechanism, the grain boundary precipitates are active relative to the 

PFZ, and act as the anode in the microgalvanic reaction. Conversely, in the case of 

2xxx alloys, which are susceptible to SCC by an anodic dissolution mechanism, the 

grain boundary precipitates are noble relative to the PFZ, and serve as a cathode in 

the microgalvanic reaction. From an electrochemical standpoint, extrusions of the 

alloy AA6005A are known to have grain boundary microstructure similar to that of 

2xxx alloys. This similarity in electrochemical behavior at the grain boundaries 

served as the basis for formulated the second hypothesis.  
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There do not appear to have been any studies published on the mechanisms of 

SCC in AA6005A. Therefore experiments designed to test both anodic dissolution 

and hydrogen embrittlement phenomena were carried out to determine the 

fundamental mechanism of SCC in AA6005A. 
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4 Experimental Methods and Results 

4.1 Materials 

Sections of AA6005A extrusion were obtained from a commercial vendor. 

The nominal composition of the material used in the experiments is given in Table 4. 

Note that the elevated Cu content is in the range where IGC susceptibility would be 

expected based on the observations of the Nisanciaglu group [4-8]. The extrusions 

were received in an as-extruded state (i.e. no post-extrusion thermal treatment). The 

sample thickness was 3.175 mm for all materials used in this study. The extrusions 

were air quenched, and the reduction ratio was 44:1.   

Table 4: Composition of AA6005A extrusions used in experiments. All values are in 
weight percent. 

Si Fe Cu Mn Mg Ti Zn Ni Al 

0.590 0.195 0.178 0.115 0.434 0.033 0.000 0.005 Balance 

 

Samples cut from the extrusions were aged in a laboratory furnace to a T4 (0 

hr at 185 °C), T6 (6 hr at 185 °C), or OA (24 hr at 185 °C). The T6 temper tempering 

procedure was found to give maximum hardness for the material tested. The average 

yield and tensile stresses for each of the tempers investigated are given in Table 5.  

Table 5: Yield and tensile stresses for AA6005A extrusions with varied heat 
treatment. 

Age Treatment Yield Stress (MPa) Tensile Strength (MPa) 
T4 155 205 
T6 255 300 
OA 250 300 
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The coordinate system used to describe the different directions in the material 

is illustrated in Figure 10. Direction 1 corresponds to the extrusion direction, direction 

2 corresponds to the through thickness direction, and direction 3 corresponds to the 

transverse direction.  

 

Figure 10: Definition of coordinate system used to describe specimens. Directions 1, 
2, and 3 correspond to the extrusion direction, through thickness direction, 
and transverse direction, respectively. 

  

4.2 Electrochemical Behavior of AA6005A Extrusions 

The first step in characterizing the corrosion behavior of the elongated grain 

structure in AA6005A extrusions was to conduct experiments designed to understand 

the effects of environment and heat treatment on the bulk electrochemical behavior of 

the alloy. It is known that the local environment within an occluded region in an IGC 

or SCC path may differ significantly from that of the external environment. The 

experiments described in this section were therefore designed to give insight to the 

electrochemical behavior of within the occluded regions of the alloy as well as 

understand the bulk electrochemical behavior of the material. The results from these 
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experiments served as a basis for drawing conclusions from IGC and SCC 

experiments. 

4.2.1 Experimental Methods - Polarization Experiments 

The effects of heat treatment and environment on the electrochemical 

behavior of AA6005A extrusions were studied by conducting polarization 

measurements using an EG&G potentiostat/galavnostat. Specimens were aged to a 

T4, T6 or OA condition prior to preparation. The specimens were machined into 1cm 

×1cm squares using a CNC end mill. A small ribbon of stainless steel wire was 

attached to each specimen using conductive silver paste. The stainless steel wire 

served as an electrical lead to the specimen in the polarization experiments, and did 

not contact the electrolyte during the experiments. The prepared specimens were 

mounted in two-part epoxy, and the 1 cm2 exposed surface was mechanically ground 

to a 600g finish in 4 steps to fully remove the equiaxed grain structure. The specimen 

configuration is illustrated in Figure 11.  
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Figure 11: Sample configuration used in polarization experiments for AA6005A 
extrusions. 

 

The experimental setup for the polarization measurements is schematically 

illustrated in Figure 12. The prepared specimens were placed in the aqueous test 

solution, and a 3 mm diameter luggin probe was placed near the specimen surface. 

The luggin probe senses the potential of the solution in the vicinity of the sample, and 

the potentiostat allows the sample to be held at known values of electrochemical 

potential during the polarization experiments. A platinum counter electrode with a 

surface area of 2 cm2 was placed in the test solution near the sample. A saturated 

calomel reference electrode (SCE) was immersed in solution of saturated KCl in a 

separate container. A salt bridge containing saturated KCl solution was used to 

connect the luggin to the SCE reference electrode. The potential between the 

specimen and the SCE was scanned from -2.0 V to 0.5 V vs. SCE to yield both 
 

 

33 



                      

 

cathodic and anodic segments of the polarization curve. The current density of the 

corrosion reaction (i) was measured between the counter electrode and the specimen, 

and was plotted against the applied the potential (V vs. SCE).  

Once the experiment was appropriately assembled, the system was allowed to 

equilibrate for 180 seconds prior to beginning the polarization measurements. Upon 

reaching equilibration, the specimens were held at the starting potential (-2 V vs. 

SCE) for 30 seconds. The potential was then scanned in a stepwise manner. The step 

size was 1 mV and the dwell time was 0.1 s.  

 

Figure 12: Experimental setup for conducting polarization measurements on 
AA6005A extrusions 

 

The polarization experiments were conducted in 3.5% NaCl solutions with 

1.20 < pH < 5.50. The pH was adjusted by adding HCl to the solutions. The pH of the 

solution without HCl addition was approximately 5.5. A small amount (0.3 g/L) of 
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As2O3 was added to the solution for some experiments to study the effects of a 

hydrogen recombination poison on the polarization behavior of AA6005A-T6 

extrusions.    

4.2.2 Results and Discussion – Polarization Experiments 

The effect of pH on the anodic polarization behavior of AA6005A-T6 

exposed to an aqueous solution of 3.5% NaCl is illustrated in Figure 13. The stability 

of the passive layer on AA6005A-T6 depended on pH of the test solution, which is 

consistent with what would be expected from the Pourbaix diagram for Al (Figure 2). 

The material exhibited passive behavior over a large range of applied potential when 

the solution was in the range 3.00 � pH � 5.50. No notable range of passive behavior 

was exhibited when the solution was at pH �������� 
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Figure 13: Effect of pH on the polarization behavior of AA6005A-T6 in aerated 3.5% 
NaCl. The values of average corrosion potential and corrosion current 
density for each solution pH are indicated.  

 

 

The corrosion potential of AA6005A-T6 at each value of solution pH was 

determined by averaging the observed corrosion potentials for at least 5 polarization 

experiments (Figure 14). The standard deviation in these measurements was taken as 

the experimental error. A large decrease (~0.5 V) in corrosion potential was observed 

when the pH of the solution was increased above 2.0. This large shift in corrosion 

potential was explained by considering the effects of pH on the stability of the Al2O3 

passive film. Kaesche noted that the high resistivity of an Al2O3 passive film tended to 

slow the rate of the cathodic reaction at the surface of the material [24]. Slowing the 

 

 

36 



                      

 

rate of the cathodic reaction would tend to shift the exchange current density of the 

reaction to a lower value, thereby causing the cathodic polarization curve to intersect 

the anodic polarization curve at a lower value of potential (similar to Figure 6). When 

pH < 4.0, it is known that the passive film on Al becomes thermodynamically 

unstable (Figure 2), but dissolves very slowly [18]. Therefore, the observed 

polarization behavior of the material can represent the polarization behavior of the 

passive films even when pH < 4.0. The data presented in Figure 14 suggests that 

under the conditions in these polarization experiments a passive film on AA6005A-

T6 dissolves slowly when 3.0 <  pH < 5.5, and is fully dissolved when pH < 2.0.  

 

Figure 14:Effect of pH on the corrosion potential of AA6005A-T6 exposed to an 
aqueous solution of 3.5% NaCl. A sharp decrease in corrosion potential 
was observed when pH > 2.0. 
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The values of corrosion current density, iCorr, were extracted from polarization 

curves using the Tafel analysis procedure described in section 2.3 (Figure 4). Tafel 

analysis was performed on three polarization curves of AA6005A-T6 for each 

solution pH. A representative example of Tafel analysis for a sample of AA6005A-T6 

exposed to an aerated saltwater solution at pH = 2.0 is illustrated in Figure 15. Notice 

the very small range of linearity in the anodic portion of the polarization curve. The 

small range of linearity in the anodic portion of the polarization curve resulted in 

some error in determining values of iCorr. The experimental error in iCorr was 

determined by calculating the standard deviation for at least 5 values of measured 

current density from each of the experimental conditions.  
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Figure 15: Representative Tafel analysis for AA6005A-T6 exposed to a solution of 
3.5% NaCl at pH = 2.0. 

 

The relationship between solution pH and iCorr is illustrated in Figure 16. The 

corrosion current density varied with solution pH. Corrosion current densities were 

found to decrease by approximately 2 orders of magnitude when the pH was 

increased from 1.2 to 2.0. When the solution pH was greater than 2.0, the corrosion 

current remained relatively constant at approximately 5.3 × 10-5 A/cm2 .  
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Figure 16: Effect of solution pH on the corrosion current of AA6005A-T6 exposed to 
an aqueous solution of 3.5% NaCl. The corrosion current decreased by two 
orders of magnitude when 1.2 ��S+��������DQG�UHPDLQHG�QHDU�FRQVWDQW�DW�
approximately 5.3×10-5 when 2.0 ��S+�������  

 

The effect of heat treatment on the polarization behavior of AA6005A 

extrusions was examined by performing polarization measurements on samples in a 

T4, T6, or OA temper in solutions of 3.5% NaCl with 1.20 < pH < 5.50. Figure 17 

illustrates the effects of heat treatment on the polarization behavior of AA6005A 

exposed to a solution at pH = 1.50. Heat treatment does not appear have a significant 

influence on the bulk polarization behavior of the material.  A similar relationship 

was found to be true for solutions with 1.20 < pH <5.50. These results suggest that 
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electrochemical reactions participating in the overall corrosion reaction do not depend 

significantly on the heat treatment of the material.  

 

Figure 17: Effect of heat treatment on the polarization behavior of AA6005A 
extrusions exposed to 3.5% NaCl at pH = 1.50. The overall polarization 
does not vary significantly with heat treatment, which indicates that 
cathodic and anodic reactions involved in the overall corrosion reaction do 
not depend on heat treatment.  

 

The effect of adding a hydrogen recombination poison to an aerated saltwater 

solution on the polarization behavior of AA6005A-T6 is illustrated by polarization 

curves in Figure 18. Adding As3+ to pH =1.50 solution resulted in a slight decrease in 

ECorr and iCorr when the bulk solution pH was 1.50. When the bulk solution pH was 
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3.00, the presence of As3+ resulted in a larger decrease in ECorr and iCorr. Note that 

there is some noise near ECorr in the polarization curve for the sample tested without 

As2O3 at pH = 3.00. This noise is random, and does not represent the actual 

polarization behavior of the material. The presence of a hydrogen recombination 

poison should not alter the operating anodic reaction; therefore these results suggest 

that As3 
 may alter the cathodic reaction slightly.  It is known that dissolved As3+ tends 

to slow the recombination of Hads, thereby slowing the kinetics of the cathodic 

reaction [20, 21, 63]. The results presented in Figure 18B are consistent with this 

assertion; the lower observed values of iCorr and ECorr with the addition of As2O3 to 

the aerated saltwater solutions suggest a decrease in the exchange current density for 

the cathodic reaction. These results also suggest that adding As2O3 to the aerated 

saltwater solutions may be an effective method to test qualitatively for a hydrogen 

embrittlement mechanism of SCC in AA6005A extrusions.  
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Figure 18: Effect of a hydrogen recombination poison on the polarization behavior of 
AA6005A-T6. A) The presence of As2O3 does not alter the overall corrosion 
reaction when pH = 1.50. B) The presence of As2O3 decreases the corrosion 
potential and corrosion slightly current when pH=3.00. The scale for 
current density is shared for A and B.  
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4.3 IGC of the Elongated Grain Structure in AA6005A 

4.3.1 Experimental Methods – IGC of AA6005A 

The effects of heat treatment and environment on IGC susceptibility of the 

elongated grain structure in AA6005A extrusions were studied by conducting 

immersion tests. All immersion tests were carried out in solutions of 3.5% NaCl with 

1.20 < pH < 2.00. The pH was adjusted using HCl. Samples were tested in a T4, T6, 

or OA temper.  

Rectangular samples measuring 2.54 cm × 1.27 cm were machined using a 

CNC end mill. The extrusion surfaces (1-3 planes) were ground and polished to a 

1ȝm finish to fully remove the equiaxed layer. The machined surfaces (1-2, and 2-3 

planes) were polished to a 1ȝm finish to limit the effects of residual stresses created 

from the machining process.   

All samples were degreased in a solution containing 5% NaOH at 50-60°C for 

5 min. This degreasing procedure served two primary purposes: 1) To remove any 

residual organic matter on the surface of the material, and 2) To expose IGC initiation 

sites (e.g. constituent particles). The degreased samples were rinsed in laboratory 

ethanol and water and stored in a desiccator prior to immersion testing. The samples 

were stored for sufficiently long periods of time prior to immersion testing to allow 

repassivation of the alloy. All samples were handled with gloved hands, and care was 

taken to avoid any contamination on the sample surfaces subsequent to degreasing.  

Immersion testing was conducted by suspending the samples in the test 

solution using monofilament fishing line for a times ranging from 2 to 576 hrs. The 
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modes and depths of corrosion attack along all three directions (Figure 10) were 

characterized using standard metallographic practices.  

The structure and morphology of the grain boundary precipitates in the 

elongated grain structure was characterized using transmission electron microscopy 

(TEM) and energy dispersive x-ray spectroscopy (EDS). The purpose of the TEM 

examination was to determine if there is a relationship between grain boundary 

microstructure and IGC susceptibility. TEM foils were prepared by thinning samples 

of all age treatments to approximately 100 ȝP by abrasive grinding and polishing. 

Small (3 mm diameter) disks were punched from the thinned samples. Final thinning 

was conducted using a double-jet electropolisher. The electrolyte was a solution 

consisting of 25% HNO3 and 75% methanol. The temperature of the electrolyte was 

held at -25 °C during electropolishing. Electropolishing was carried out 30 V.  

4.3.2 Results and Discussion – IGC of AA6005A 

The mode of corrosion attack in the elongated grain structure when tested in a 

solution of 3.5% NaCl at pH = 1.20 was found to depend on heat treatment, as 

illustrated in Figure 19. When the alloy was in a T4 temper, uniform IGC was 

observed along directions in the elongated grain structure. When the alloy was in a T6 

temper, a IGC was observed along all directions, though there was some evidence of 

pitting. When the alloy was in an OA temper, local pitting was observed along all 

directions. The relationship between post-extrusion thermal treatment and mode of 

corrosion attack in the elongated grain structure observed here is similar to that 

reported in the equiaxed grain structure [4, 7].  
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Figure 19: Effect of age treatment on the mode of corrosion attack along the 
extrusion direction. All samples were tested in 3.5% NaCl at pH=1.20 for 
24 hrs. A) Pure IGC was observed when the material was in a T4 temper. 
B) IGC with some evidence of pitting was observed when the material was 
in a T6 temper. C) Local pitting was observed when the material was in an 
OA temper.  

 

Transmission electron microscopy revealed that the morphology of the grain 

boundary precipitates in the elongated grain structure depends on heat treatment. A 

continuous film containing an excess of Cu was observed in samples in a T4 

condition (Figure 20). The Cu-rich film was still present when the material was in a 

T6 condition, but there was evidence that the film began to coarsen to form grain 

boundary precipitates adjacent to the film (Figure 21). EDS analysis demonstrated 

that the grain boundary precipitates contained an excess of Cu, Mg, and Si. The Cu-

rich film had completely transformed into discrete grain boundary precipitates 

containing large amounts of Cu, Mg, and Si when the material was in an OA 

condition (Figure 22).  
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Figure 20: Core grain boundary microstructure of AA6005A-T4. A continuous film 
with elevated Cu content was observed along the grain boundaries. 
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Figure 21: Core grain boundary microstructure of AA6005A-T6. Elevated Cu, Mg, 
and Si contents were observed along the grain boundary. The Cu-rich film 
was present along the grain boundaries, but was beginning to coarsen to 
form discrete particles upon aging to a T6 condition.  
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Figure 22: Core grain boundary microstructure of AA6005A-OA. There was no 
evidence of a continuous film along the grain boundary. The Cu-rich film 
had coarsened with the overaging heat treatment to form discrete grain 
boundary precipitates with an excess of Mg and Si. 
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Recall that Nisanciaglu et al. attributed IGC susceptibility in the equiaxed 

grain structure of AA6005A to the presence of a continuous Cu-rich film along the 

grain boundaries [4-7].These researchers determined that the Cu-rich film was a Q-

phase (Al4Mg8Si7Cu2) precipitate, which was noble relative to the PFZ, thereby 

resulting in IGC susceptibility by microgalvanic coupling between the grain boundary 

precipitates and the PFZ. Results presented in Figures 19-22 are consistent with 

Nisanciaglu’s argument. A continuous Cu-rich film was observed along the grain 

boundaries in the elongated structure when the material was in a T4 and T6 temper, 

and the elongated structure was susceptible to IGC in these conditions. When the 

material was in an OA temper, the Cu-rich film was fully transformed into discrete 

grain boundary precipitates and the primary mode of corrosion attack was pitting.     

The effects of pH on the severity of corrosion attack along the extrusion 

direction are illustrated in Figure 23. Increasing the pH of the solution to 1.50 yielded 

similar depth and severity of corrosion attack in the elongated grain structure as was 

observed in when the material was tested in a pH = 1.20 saltwater solution. Negligible 

corrosion attack was observed when the samples were exposed to a saltwater solution 

at pH = 2.00. The large decrease in severity IGC attack with increasing pH is 

consistent with the polarization results that indicated a decrease in corrosion when the 

solution pH was increased to 2.00 from 1.50 (Figure 16).  
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Figure 23: Effect of pH on the severity of IGC in AA6005A-T6 exposed to 3.5% NaCl 
at A) pH = 1.2, B) pH = 1.5, and C) pH = 2.0 

 

 Corrosion testing revealed that the depth of corrosion attack is highly 

anisotropic in the elongated grain structure when the material was in a T4 or T6 

temper (Figure 24). Intergranular attack tended to penetrate most rapidly along 

direction 1, and least rapidly along direction 2. This anisotropic behavior is 

graphically illustrated in Figure 25 and Figure 26. Two possible origins for this 

anisotropic corrosion attack were considered. The first is that the thermomechanical 

processing (extrusion + heat treatment) might result in strong texturing in the 

elongated grain structure, thereby yielding in longitudinal grain boundary structures 

that are more susceptible to IGC due than the grain boundary structures along 

directions 2 and 3. The second possible reason investigated is that the corrosion 

anisotropy simply results from elongation of the grains of the extrusion core. The 

elongated grains provide a less tortuous intergranular path along the extrusion 

direction than in the transverse or through-thickness directions. Experiments designed 

to test these two concepts are detailed in the following paragraphs.  

 

 

51 



                      

 

 

Figure 24: Typical anisotropic IGC attack observed in the elongated grain structure 
of AA6005A-T4. A) IGC along direction 1. B) IGC along direction 2. C) 
IGC along direction 3. 

 

Figure 25: Maximum observed depth of IGC attack in the elongated grain structure 
along directions 1 ( ), 2 ( ), and 3(|) for AA6005A-T4. 
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Figure 26: Maximum observed depth of IGC attack in the elongated grain structure 
along directions 1 ( ), 2 ( ), and 3(|)  for AA6005A-T6. 

 
The texture of the elongated grain structure was determined by generating 

(111), (200), and (220) X-Ray pole figures on a surface normal to direction 2 using 

Cu .Į radiation. Texture analysis was conducted on samples having both T4 and T6 

heat treatments. Electron backscatter diffraction (EBSD) was also conducted on 

surfaces normal to direction 2 in specimens with both T4 and T6 age treatments. The 

EBSD analysis was conducted to supplement the X-Ray pole figure results, and to 

better understand the effects of grain boundary misorientation on the corrosion 

susceptibility of the specimens.  

The (200) X-Ray pole figure of the elongated grain structure in AA6005A-T6 

is illustrated in Figure 27. Clustering of X-Ray intensity near the center of the pole 
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figure and at angles of ĳ = 90°, 180°, 270° and 360° to the extrusion direction 

demonstrate that elongated grain structure has strong cubic texturing with the [100] 

direction being aligned with the extrusion direction. The texture of the elongated 

grain structure in AA6005A-T4 was found to be nearly identical to that of AA6005A-

T6. Similar texture results were found by EBSD analysis. Such strong cubic texturing 

is typical in extruded Al alloys [64]. These results indicate that directions 1, 2, and 3 

are crystallographically equivalent. If grain boundary structure as influenced by 

texture was the primary factor influencing the anisotropic corrosion attack, the 

corrosion attack should be similar along all three directions. Grain boundary structure 

as influenced by crystallographic texturing does not therefore appear to be the 

primary source of the observed anisotropy of corrosion attack in the elongated grain 

structure.  
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Figure 27: (200) X-Ray pole figure of elongated grain structure in AA6005A. “E.D.” 
indicates the extrusion direction, and “T.D.” indicates the transverse 
direction. Clustering of intensities at 180° ,90° ,0°= ׋, and 270° indicates 
that the elongated structure has strong cubic texturing such that directions 
1, 2, and 3 are crystallographically equivalent.  

 

The simple three-dimensional model shown in Figure 28, similar to that 

employed by Zhang [15], was developed to explain the observed anisotropic 

corrosion attack in the elongated grain structure of AA6005A extrusions. In this 

model, grains are represented as three-dimensional rectangular “bricks”, with edge 

lengths corresponding to nominal grain dimension in each direction, stacked upon one 

another. The nominal grain dimensions for the elongated grain structure in 

AA6005A-T4 and AA6005A-T6, as measured using a point intersect technique, were 

186 +/- 88 µm along direction 1, 47+/-5 µm along direction 2, and 117+/-50 µm along 

direction 3. The direction of corrosion penetration in Figure 28 is always along the x-

 

 

55 



                      

 

direction, and the values of dx, dy and dz will change to represent penetration along 

direction’s 1, 2 and 3. This is necessary because in the simple grain arrangement of 

Figure 28, only the x-direction approximates the tortuosity associated with corrosion 

penetration in the real microstructure. Equation 6 relates the length of the corrosion 

path along direction x (Lx) to the nominal dimensions of the grains.  

 

Figure 28: Three-dimensional geometric model used to describe the anisotropic 
corrosion attack in the elongated grain structure of AA6005A extrusions. 
The nominal grain dimensions along directions x, y, and z are dx, dy, and dz, 
respectively. The maximum observed depth of attack along direction x is ax. 
The shortest corrosion path to achieve a depth of attack equal to ax is 
indicated by the bold black line. The heavy black line represents the 
corrosion path length (Lx), as measured by this model, and is given in 
Equation 6. 

 

Equation 6 

௫ܮ = ܽ௫ × (1 + ݀௬ + ݀௭
2݀௫

) 
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The model was tested by comparing the corrosion path lengths (Lx) deduced 

from Equation 6 using the measured grain dimensions along each of the three 

directions and the measured depth of attack, ax. If geometric anisotropy of the 

elongated structure is the only important factor determining the maximum depth of 

attack, the calculated corrosion path lengths, Lx, along the three orthogonal directions 

(1, 2, and 3) should be similar. Table 6 gives the results from testing the geometric 

model for AA6005A in the T4 and T6 conditions.  

 

Table 6: Calculated corrosion path lengths along all directions for samples in a T4 
and T6 temper 

  
T4  T6 

Lx (mm) Lx (mm) 
Exposure Time 

(hr) 1 2 3 1 2 3 

2 
0.264 

+/- 
0.046 

0.258 
+/- 

0.043 

0.262 
+/- 

0.062 

0.184 
+/- 

0.046 

0.124 
+/- 

0.032 

0.114 
+/- 

0.045 

12 
0.408 

+/- 
0.078 

0.648 
+/- 

0.149 

0.444 
+/- 

0.091 

0.324 
+/- 

0.086 

0.276 
+/- 

0.090 

0.408 
+/- 

0.109 

24 
0.552 

+/- 
0.064 

0.840 
+/-  

0.259 

0.480 
+/- 

0.153 

0.456 
+/- 

0.078 

0.384 
+/- 

0.138 

0.408 
+/- 

0.077 
 

The calculated corrosion path lengths for T4 samples agree reasonably well 

directions 1 and 3 for each of the exposure times. The calculated corrosion path 

lengths for T4 samples along direction 2 are larger than along directions 1 and 3 for 

longer exposure times, but still lie within the experimental margin of error. The 

corrosion path lengths for samples tested in a T6 condition are shorter than those of 
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samples tested in a T4 condition, indicating that the rate of IGC is lower with this 

heat treatment. The calculated corrosion path lengths for T6 samples are in good 

agreement along all directions and exposure times. These results suggest that the 

observed anisotropy of corrosion attack in the elongated grain structure of extruded 

AA6005A is related to the geometric anisotropy of the elongated grains, and that the 

maximum depth of corrosion attack is ultimately determined by the tortuosity of the 

IGC path.  

Given that the model described above seems to accurately predict the 

relationship between corrosion path lengths and observed depth of attack, this simple 

model will be used in subsequent sections to understand the relationship between IGC 

and SCC susceptibility of AA6005A extrusions. The calculated corrosion path length 

(Lx) will hereafter be referred to as the “structure-corrected corrosion path length”.  

4.3.3 Effects of Diffusion on IGC Velocity 

Additional IGC experiments were conducted with exposure times up to 576 

hrs to investigate further the observed decay in IGC velocity with exposure time 

(Figures 25-26). All of these experiments were conducted on samples of AA6005A-

T6 exposed to an aerated solution of 3.5% NaCl at pH = 1.50. The maximum depth of 

corrosion attack was measured along direction 1 using optical microscopy. Multiple 

micrographs (at least 5 per sample) were evaluated from three samples to determine 

the maximum depth of attack for each exposure time. 

Figure 29 illustrates the decay in IGC penetration rate with exposure time for 

AA6005A-T6 exposed to 3.5% NaCl at pH = 1.5. The instantaneous IGC velocity at a 
 

 

58 



                      

 

given exposure time was determined by taking the derivative of the logarithmic 

function that was fit to the depth vs. exposure time data. A plot of the structure 

corrected corrosion velocity (VIGC) vs. structure corrected corrosion path length (L) is 

shown in Figure 30.  
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Figure 29: Structure corrected corrosion path length for AA6005A-T6 exposed to an 
aerated solution of 3.5% NaCl at pH = 1.5. The rate of IGC penetration 
decays with exposure time. 

 

 

60 



                      

 

 

Figure 30: Structure corrected IGC velocity of with increasing corrosion path length 
observed in AA6005A-T6 exposed to 3.5% NaCl at pH = 1.5. The velocity 
of IGC decreases by more than 100X with increasing corrosion path length. 

 

If we assume that the anodic (Equation 1) and cathodic (Equation 2) reactions 

involved in the overall corrosion reaction do not vary with corrosion path length, the 

mechanism of dissolution should not change with increasing corrosion path length. 

The large decrease in IGC velocity observed at larger corrosion path lengths must 

therefore be due to some factor that limits the kinetics of dissolution at the tip of an 

IGC path. The effects of diffusion of specific ionic species involved in the corrosion 

reaction in the electrolyte were considered in developing a model to explain the 

observed decay in IGC velocity. 
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It has been established that the local environment within an IGC (or SCC) 

path may be different than that of the bulk environment [39, 40, 44, 62, 65]. Because 

the different local environment within a corrosion path may significantly influence 

the local corrosion behavior of the alloy, experiments were performed to characterize 

the local pH and [Al3+] within an occluded region of AA6005A-T6, and examine how 

these factors may affect the velocity of IGC attack.  

The effect of corrosion path length on the local pH at the crack tip was 

qualitatively examined using the sample configuration illustrated in Figure 31. A 

shallow 5.5 mm wide groove was machined into the surface of the sample to accept a 

piece of litmus paper. A small triangular 0.1 mm deep channel was machined into the 

bottom of the groove. The channel was designed to simulate the dimensions of an 

IGC path. Litmus paper was placed into the groove, and glass slides were attached 

with spring clips to seal the top and bottom surfaces of the sample. The spring clips 

did not contact the sample; therefore any possible galvanic effects were avoided. The 

prepared sample was placed in an aerated solution of 3.5% NaCl at pH=1.50. The 

solution level was maintained at the top of the 0.1 mm deep channel. The change in 

pH vs. distance from the free surface was approximately determined by observing the 

change in color of the litmus paper over time. Typical results of this analysis are 

summarized in Figure 32.  
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Figure 31: Sample configuration used to qualitatively determine the variation in pH 
with corrosion depth. A piece of litmus paper was placed in a shallow 
groove, and the sample was exposed to the test environment. The change in 
color of the litmus paper was used to qualitatively determine the pH 
gradient along a simulated IGC path.  
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Figure 32: Variation in pH with time. A) At t = 0s the pH is approximately 1.5 
throughout the simulated IGC path. B) At t = 600s, only a small region 
(approximately 1.5mm from the free surface) is at pH = 1.50. The 
remainder of the simulated IGC path is at pH > 2.50.  

 

The pH within about 1.5 mm of the free surface appeared to remain relatively 

constant at pH §�������The pH appeared to increase to value of 2.5-3.0 within 2.2 mm 

of the free surface. These results seem to demonstrate that there is a pH gradient 

within an IGC path in AA6005A-T6. Also note that the color of the litmus paper after 

the experiment (Figure 32B) is uniform across its width, and is not constrained to the 

shallow channel milled along the center of 5.5 mm groove. This is due to the solution 

wicking toward the outer edges of the litmus paper during the experiment.  

The results presented in Figure 32 are similar to what has been observed in 

other wrought aluminum alloy systems, in that the pH of the local environment within 

a corrosion path is independent of the pH of the bulk environment [38, 39]. In 

contrast to the results presented in Figure 32, however, most studies of the local 

environment within a corrosion path of wrought aluminum alloys have been 
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conducted with the bulk solution at a near-neutral pH. In these studies, the local pH 

within a corrosion path was found to be lower (~3.5) than that of the near-neutral bulk 

solution.  

The effect of diffusion path length on the local pH was evaluated in a more 

quantitative manner using the sample configuration illustrated in Figure 33. Small 

(0.45 mm diameter) holes were drilled through the thickness of a sample of 

AA6005A-T6 extrusion to simulate an IGC path. The sample was then milled into a 

wedge, such that the final length of the holes ranged from 1.2 mm to 2.67 mm. A 

small circle of filter paper was place atop each of the holes, and the bottom of the 

sample was exposed to a solution of aerated 3.5% NaCl at 1.0 < pH < 5.5. The 

solution filled each of the holes by capillary forces. The sample was allowed to 

equilibrate for 30 minutes, and the pH atop each of the simulated IGC paths was 

measured using a pH microelectrode. Note that these results give the pH at the tip of a 

simulated IGC path of a given length, and do not give any direct information about 

the pH along the length of a given corrosion path. The results of these experiments 

are summarized in Figure 34.  
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Figure 33: Sample configuration used to determine the local pH at varied IGC path 
lengths. IGC paths were simulated by drilling 0.45mm diameter holes into a 
wedge-shaped sample of AA6005A-T6. The pH as a function of IGC path 
length was determined by measuring the pH of solution on a small piece of 
filter paper placed atop each of the simulated IGC paths with a 
microelectrode.  
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Figure 34: Effect of corrosion path length and acidity of bulk environment on the pH 
of the local environment within a simulated corrosion path. The pH within 
an occluded region increases to a value of approximately 2.50 when the 
external pH ��������7KH�S+�ZLWKLQ�DQ�RFFOXGHG�UHJLRQ�LQFUHDVHV�WR�
approximately 4.0 when the bulk pH = 2.50. The pH within an occluded 
region is similar to that of the bulk solution when the external pH = 5.50.  

 

When the pH of the bulk solution was 1.0, the pH at the tip of a simulated 

corrosion path increased approximately linearly to a value of around 2.3 as the 

simulated corrosion path length approached 2.7 mm. When the pH of the bulk 

solution was increased to 1.5, the pH at the tip of a simulated corrosion path increased 

to a maximum value of 2.5 ZKHQ�WKH�VLPXODWHG�FRUURVLRQ�SDWK�ZDV������ mm. 
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Increasing the pH of the bulk solution to 2.5 caused the pH at the tip of a simulated 

corrosion path to increase to 4.0 when the corrosion path length exceeded 1.7 mm. 

The pH at the tip of a simulated corrosion path was similar to that of the bulk 

environment when the pH of the external environment was at 5.50. The results 

illustrated in Figure 34 agree reasonably well with the qualitative results presented in 

Figure 32, and give valuable insight into the decrease in IGC velocity with increasing 

penetration depth when the material is exposed to a low-pH aqueous environment.  

The effects of corrosion path length on the local pH at the tip of a simulated 

corrosion path when the bulk pH was held at 1.5 were considered in developing a 

model to explain the decay in IGC velocity with increasing depth of corrosion attack. 

Equation 7 is an linear fit to the data in Figure 34 for a pH = 1.50 solution. This 

equation gives the relationship between pH at the tip of a corrosion path and 

corrosion path length, L, when AA6005A-T6 is exposed to an aerated saltwater 

solution at pH = 1.5. Equation 7 is only valid for L � 2.3 mm since the pH becomes 

essentially constant at 2.5 at L > 2.3 mm.  

Equation 7 
ܪ݌ = ܮ0.435 +  (݉݉ ݊݅ ݏ݅ ܮ) 1.5

It is not likely that the observed increase in local pH with increasing corrosion 

path length was due to a lack of availability of H+ at the tip of the corrosion path, as 

there is an abundance of H+ in the bulk environment (low pH), and H+ diffuses 

rapidly in saltwater solutions [66, 67]. It is also unlikely that the observed increase in 

local pH with increasing corrosion path length is due to a decrease in dissolved O2 

content near the tip of a corrosion path, as decreased [O2] generally results in a local 
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decrease in solution pH.  The relationship between pH and [Al3+] at the tip of an IGC 

path was therefore examined, and used to develop a model relating Al3+ diffusion and  

IGC velocity in AA6005A-T6 extrusions.  

Several reports have demonstrated that the pH within a corrosion path in 

certain Al alloys is ultimately controlled by precipitation of specific solid compounds 

in the corrosion path [39, 40, 43, 44]. The precipitates controlling the equilibrium pH 

within a corrosion path of an Al alloy could be Al(OH)3 or some form of Al2O3 [43, 

44, 68]. According to these reports, when the solubility product [Al3+][OH]3 reaches 

the solubility constant for a specific solid compound, KSP,  precipitation occurs, and 

the pH within the corrosion path is stabilized at a value corresponding to the 

equilibrium value of [OH-]. The values of KSP for several solid compounds are given 

in Table 7. Note that all values of KSP  in Table 7 are expressed in terms of the 

product [Al3+][OH]3. In his discussion of the stability of Al2O3, Pourbaix indicated 

that aluminum hydroxide gel (Al(OH)3) existing in a corrosion path is often unstable, 

and eventually crystallizes to form a hydrated phase of Al2O3 [68]. Pourbaix stated 

the product [Al3+][OH]3 can be used as a valid approximation to determine the 

solubility constant for various forms of Al2O3 since Al(OH)3 is a precursor to the 

formation of Al2O3.  
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Table 7: Solubility products for several solid species that may control the pH within 
an IGC path in AA6005A-T6 [68] 

Name Chemical Formula KSP, [Al3+][OH-]3 
Hydrargillite Al2O3 . 3H2O 5.01 × 10-37 

Bayerite Al2O3 . 3H2O 3.16 × 10-36 
Böhmite Ȗ�- Al2O3 . 3H2O 1.00 × 10-34 

Corundum Į�- Al2O3 3.98 × 10-34 
Aluminum Hydroxide Al(OH)3 5.01 × 10-33 

  

 Assuming the pH at the tip of an IGC path in AA6005A-T6 is controlled by 

the precipitation of some solid compound when the alloy is exposed to a low-pH 

saltwater solution, [Al3+] at the tip of the IGC path can be estimated as: 

Equation 8 

[ଷା݈ܣ] = ௌ௉ܭ

 ଷ[ିܪܱ]

Where [OH-] is related to the pH at the tip of the IGC path (Equation 7), and KSP is 

the solubility constant for some solid compound in equilibrium with Al3+ (from Table 

7). An expression for [Al3+] at the tip of a corrosion path in terms of corrosion path 

length can be found using Equation 7 and applying the relationship [OH-][H+]=10-14.  

Equation 9 

[ଷା݈ܣ] = ௌ௉ܭ

ቀെ݈݃݋൫14െ ܮ0.435) + 1.5)൯ቁ
ଷ 

With the approximate value of [Al3+] at the tip of an IGC path known, molar 

flux of Al3+ from the tip of an IGC path can be estimated by using a one-dimensional 

application of Fick’s first law: 

Equation 10 

஺௟ଷାܬ = െܦ஺௟ଷା
஺௟ଷାܥ݀
ݔ݀  
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Where JAl3+ is the molar flux of Al3+ (in mol/(area×time) , DAl3+ is the diffusion 

coefficient of Al3+ in the electrolyte, dCAl3+ is the difference between [Al3+] at the tip 

of the IGC path and [Al3+]  in the external environment, and dx is the diffusion path 

length. Assuming that Al3+ diffuses exclusively along an IGC path, dx can be 

estimated as the structure-corrected corrosion path length, L.  

The molar flux of Al3+ can be used to calculate an IGC velocity, supposing 

that IGC penetration is limited by diffusion of Al3+ away from the tip of an IGC path. 

First, assume that the IGC path is a straight-walled rectangular tube with cross 

sectional area A (Figure 35). In order to advance the IGC path a distance dL, the 

volume of Al that must be dissolved is AdL. Multiplying this volume by the molar 

volume of Al (MVAl, 0.1 mol/cm3) gives the total number of moles that must be 

dissolved to advance the IGC path the distance dL. The dissolution rate within the 

volume AdL would then be:  

Equation 11 

߮ = ܯ ஺ܸ௟
ܮ݀ܣ
ݐ݀  

Where ĳ is the dissolution rate (in mol/time), and dt is the increment of time required 

to dissolve the volume AdL. Multiplying the molar flux of Al3+ (Equation 10) by the 

cross sectional area of the IGC path, A, gives the rate at which Al3+ ions are migrating 

through a plane a short distance from the tip of the IGC path, Z (Equation 12). The 

values of Z and ĳ must be equal in order to maintain quasi steady-state one-

dimensional flux (Equation 13). 
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Equation 12 

ܼ = ஺௟ଷାܬ  × ܣ  = െܦ஺௟ଷାܣ
஺௟ଷାܥ݀
ܮ  

Equation 13 

ܼ = ߮ = െܦ஺௟ଷାܣ
஺௟ଷାܥ݀
ܮ = ܯ  ஺ܸ௟

ܮ݀ܣ
ݐ݀  

 

 

Figure 35: Model of IGC path used to determine IGC velocity. The IGC path was 
assumed to be a straight-walled rectangular tube with cross sectional area 
A. The IGC velocity was related to the molar flux by considering the 
conditions necessary to dissolve a volume of the IGC path with a length dL.  

 

By rearranging Equation 13, the value of dL/dt (which is equivalent to IGC 

velocity) can be determined. Notice that the cross sectional area of the IGC path, A, 

cancels when solving for dL/dt, indicating that IGC velocity is independent of the size 

and shape of the IGC path that we have assumed in Figure 35. Inserting the 
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expression for dCAl3+ (Equation 9), and applying known values of DAl3+ (4.2 × 10-6 

cm2 /s, [67]) and MVAl (0.1 mol/cm3), gives an expression for IGC velocity with 

varying corrosion path length (Equation 14).  

 

Equation 14 

ூܸீ஼(ܮ) = െܦ஺௟ଷା
ܯ ஺ܸ௟

቎ ௌ௉ܭ

ቀെ݈݃݋൫14െ ܮ0.435) + 1.5)൯ቁ
ଷ
ܮ
቏ 

The diffusion-based model was tested by plotting VIGC vs. L curves (as 

predicted by Equation 14) using different values of KSP, and comparing the 

experimental VIGC vs. L data (Figure 36). The different values of KSP used in testing 

Equation 14 corresponded to the solubility constants for the different solid species 

that may be controlling the pH within an IGC path of AA6005A-T6 (Table 7).  
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Figure 36: Test of diffusion-based model to predict IGC velocity in AA6005A-T6. The 
model seems to accurately model the observed decay in IGC velocity with 
increasing corrosion path length. However, the observed IGC velocity was 
somewhat lower than the predicted values of IGC velocity.  

 

The general shape of the VIGC vs. L curves predicted by Equation 14 closely 

resembles the experimentally observed decay in VIGC with increasing corrosion path 

length. The good agreement in trend between the predicted and experimental VIGC 

behavior suggests that VIGC in AA6005A-T6 exposed to a low-pH saltwater solution 

is ultimately limited by the ability to transport Al3+ from the tip of an IGC path into 

the external environment. This implies that, at least for the range of corrosion path 

lengths explored here, the mechanisms of electrochemical dissolution within an IGC 

path (anodic and cathodic reactions) do not change with increasing corrosion path 

length.  

 

 

74 



                      

 

Though the diffusion-based model seems to capture the general trend of VIGC 

decay in AA6005A-T6, the observed VIGC is slower than the predicted VIGC for all 

values of KSP in Table 7. There are several possible explanations for this observed 

discrepancy. First, it is possible that there may be some other solid compound that 

controls the pH within an IGC path in AA6005A-T6 that was not considered in this 

work. There are several forms of Al2O3 (such as ș-Al2O3 and Ș-Al2O3) for which the 

solubility constant is unknown. It is possible that the solubility constant for some 

solid compound not considered in this work is much lower, thereby making the 

predicted and observed values of VIGC agree more precisely.  

The difference between predicted and observed values of VIGC may also be 

explained by addressing a key assumption used in developing the diffusion-based 

model. It was assumed that the [Al3+] gradient is linear within the corrosion path with 

[Al3+] being greatest at the tip of the corrosion path and negligible in the bulk 

environment. With this assumption, the model predicts that Al3+ would migrate away 

from the tip of an IGC path in a unidirectional manner. It is not likely that the [Al3+] 

gradient is perfectly linear within a corrosion path. Variations from linearity in the 

[Al3+] gradient within the corrosion may be caused by a number of factors (such as 

IGC branching, dissolution along the IGC path, etc.) not captured with the model. 

Therefore it is likely that Al3+ can migrate toward the tip of the IGC path to some 

degree. Adjusting the model to account for possible “two-way” diffusion of Al3+ 

would tend to decrease the predicted VIGC, thereby giving better agreement between 

the predicted and observed VIGC. 
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4.4 Qualitative measurement of SCC susceptibility in AA6005A 
Extrusions 

4.4.1 Experimental Methods - Qualitative SCC of AA6005A  

The effects of heat treatment and environment on SCC susceptibility of 

AA6005A extrusions were qualitatively examined by conducting breaking load tests 

(BLT) [69]. Breaking load tests involve applying a known tensile stress to a sample 

while exposing the sample to known environment for a prescribed period of time. In 

BLT, test samples are exposed to a corrosive environment with an applied stress, and 

control samples are exposed to a corrosive environment without an applied stress. 

After the samples have been stressed and exposed for the prescribed amount of time, 

the combined effects of applied stress and exposure are evaluated by measuring the 

residual strength of the sample after the exposure. The residual strength of a sample 

in BLT corresponds to the ultimate tensile stress (UTS) after exposure, which is 

measured by performing a standard monotonic tensile stress. The value of residual 

strength is then compared to the UTS of a sample that was exposed to the test solution 

without an applied stress. The residual strength of samples after BLT is reported as a 

percentage of retained UTS vs. the UTS of samples that were exposed with no 

applied stress. A high percentage of retained strength corresponds to good SCC 

resistance, and a low percentage of retained strength corresponds to poor SCC 
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resistance. Breaking load tests have served as a relatively rapid assessment of SCC 

susceptibility in a number of Al alloys [58, 70, 71].  

Tensile loads ranging from 0.7Ȫy to 1.0Ȫy (Vy = the yield strength of the 

alloy) were applied along direction 3 to modified sub-sized tensile bars using 

calibrated proof rings. The sample geometry is illustrated in Figure 37.The proof 

rings were designed to be compliant so that the applied load would remain nearly 

constant over the duration of the experiments, even if the samples elongated slightly. 

The displacement of the proof rings was periodically measured to monitor the applied 

load. The experimental setup is illustrated in Figure 38. 

 

Figure 37: Modified sub-sized tensile bar geometry used for BLT. 
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Figure 38: Experimental setup for conducting breaking load tests. A static tensile 
load was applied to the sample using a calibrated proof ring, and the 
aqueous environment was circulated through environmental chambers 
using a gravity fed system. 

 

For this work, samples having a T4, T6, or OA temper were tested in aerated 

solutions of 3.5% NaCl with 0.5 < pH < 2.0. Samples were also exposed to solutions 

containing 0.3% As2O3 to qualitatively examine the effects of a hydrogen 

recombination poison (HRP) on SCC susceptibility of AA6005A extrusions. The test 

solutions were circulated through environmental chambers using a gravity-fed system 

(Figure 39). The primary reservoir contained 15 L of solution. The solution was 

aerated by bubbling laboratory air through the solution in the primary reservoir. Each 

of the environmental chambers contained ~ 1 L of solution, and the flow-rate in each 

of the chambers was held constant at 0.5 L/min. The grip material was AA6005A to 
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prevent galvanic effects between the samples and grips. The exposure time for all 

samples was 200 hr.  

 

Figure 39: Gravity fed system for conducting qualitative SCC analysis of AA6005A 
extrusions. 

 

4.4.2 Results and Discussion - Qualitative SCC of AA6005A 

The effects of heat treatment on the residual strength of AA6005A extrusions 

exposed to a solution of 3.5% NaCl at pH = 1.00 are illustrated in Figure 40. The 

error bars correspond to the observed standard deviation for each sample condition. A 

 

 

79 



                      

 

modest decrease in residual strength with increasing exposure load was observed 

when the samples were in a T6 and OA temper. The combined effects of an applied 

load and exposure to the corrosive environment had a negligible influence on the 

residual strength of samples tested in a T4 temper. These results suggest that 

AA6005A-T6 and AA6005A-OA may be mildly susceptible to SCC when exposed to 

a low-pH aqueous saltwater environment with large applied tensile loads.  

The magnitude of the stresses applied to the samples in these experiments was 

much larger than the maximum design stress for the CSPP solar frames (See section 

0). The solutions used in these experiments was also much more aggressive than a 

typical industrial marine environment. Since there only a minor (~15%) decrease in 

residual strength was observed in these experiments, it seems that AA6005A 

extrusions will be suitable for use in CSPP frames in a typical industrial marine 

environment.  
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Figure 40: Effect of heat treatment on the residual strength of AA6005A extrusions 
exposed to 3.5% NaCl at pH=1.0. Increasing the applied load during 
exposure tended to decrease the residual strength in samples tested in a T6 
(�) and OA (S) temper. Negligible decrease in residual strength was 
observed when the samples were tested in a T4 (�) temper. These results 
suggest AA6005A may be susceptible to SCC when in a T6 and OA temper.  

 

Figure 41 compares the combined effects of exposure and applied stress to the 

effects of exposure alone for AA6005A-T6 samples exposed to acidified saltwater 

with pH ranging from 0.5 to 2.0. The applied stress for the loaded samples was 100% 

ıy (250 MPa). The combined effects of load and exposure did not result in a decrease 

in residual strength when pH = 0.50, suggesting that bulk dissolution of the material 

was the dominant factor in determining the loss in strength in this environment. A 
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small, but statistically significant decrease in residual strength between the loaded and 

unloaded samples was observed when the material was exposed to a solution with pH 

= 1.00, suggesting that AA6005A-T6 is most susceptible to SCC in these conditions. 

When the pH was raised to a value of 2.00, an insignificant decrease in residual 

strength was observed. These results indicate that AA6005A-T6 may be mildly 

susceptible to SCC in 3.5% NaCl when 1.00 � pH < 2.00. 

 

 

Figure 41: Effect of pH on SCC susceptibility in AA6005A-T6. The combined effects 
of exposure and applied load did not decrease the residual strength when 
pH = 0.50. The combined effects of load and exposure resulted in a 
decrease in residual strength when pH = 1.00. A negligible decrease in 
residual strength was observed when pH = 2.00. These results indicate that 
AA6005A-T6 may be susceptible to SCC when 1.00 � pH < 2.00 
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The presence of an HRP in a solution containing 3.5% NaCl at pH = 1.00 

actually improved the residual strength of AA6005A-T6 (Figure 42). These results 

suggest that As2O3 effectively slows the cathodic reaction to decrease the rate of 

dissolution. Also, since As2O3 would tend to magnify the effects of hydrogen 

absorption during exposure, these results suggest that hydrogen embrittlement is 

likely not the primary operating mechanism of SCC in AA6005A. Experiments 

designed to quantify the effects of a hydrogen recombination poison on the SCC 

susceptibility of AA6005A-T6 are summarized in section 4.5.2. 

 

Figure 42: Effect of a hydrogen recombination poison on SCC susceptibility of 
AA6005A-T6. A minimal decrease in residual strength was observed with 
the presence of As3+ in the test environment. These results suggest that 
hydrogen embrittlement is not an operating mechanism of SCC in AA6005A 
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4.5 Quantitative measurement of SCC in AA6005A Extrusions 

Although the results from a qualitative assessment of SCC in AA6005A using 

breaking load tests indicated that the material was only mildly susceptible to SCC, 

additional experiments to quantify the crack growth behavior of AA6005A-T6 

extrusions exposed to an aggressive aqueous environment were conducted  

4.5.1 Experimental Methods – Quantitative SCC of AA6005A  

Crack growth rate (SCC-CGR) studies were performed on fatigue pre-cracked 

compact tensile bars of AA6005A-T6. The value of KIC for the sample configuration 

used in this work was 30.68 +/- 0.78 MPaҀm, as measured by conducting fracture 

toughness tests of the samples in an ambient environment. The thickness of the 

extruded profiles used in this study were 3.125 mm, which was not sufficient to 

satisfy plane strain conditions up to fracture, so the data presented here is applicable 

only to materials of similar thickness. Figure 43 illustrates the sample geometry of the 

compact tensile (CT) specimens. The CT specimens were prepared using wire 

electrical discharge machining (EDM). The wire diameter was 0.254 mm. Wire EDM 

allowed the specimens to be produced without introducing residual stresses that could 

be present with conventional machining techniques.  

The total crack length, a, prior to fatigue pre-cracking was 14.605 mm. This 

initial value of crack length corresponds to the distance between the loading points 

and the end of the wire EDM notch. The width of the notches before fatigue pre-

cracking was ~0.254 mm (approximate width of notch formed by wire EDM). A 
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cyclic tensile load with an amplitude of 2225 N and load ratio R = 0.1 was applied to 

the CT specimens to induce fatigue pre-cracks. The lengths of the fatigue pre-cracks 

were approximately equal to the thickness of the samples.  

All samples were loaded along the 3 direction, and crack growth along 

direction 1 was measured for the SCC-CGR experiments. Most SCC-CGR 

measurements were conducted in aerated 3.5% NaCl with pH = 1.50. Some 

experiments were performed in an aerated solution of 3.5% NaCl at pH =2.0. In 

addition, the possible significance of a hydrogen embrittlement mechanism was 

examined by adding 0.3% As2O3 to a pH = 1.50 test solution for a few experiments.  
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Figure 43: Sample geometry of CT specimens used for crack growth rate 
measurements. The COD gauge which was used to precisely measure the 
crack opening displacement, d, was mounted at the mouth of the CT 
specimen.  

 

The samples were loaded using proof rings instrumented with strain gauges. 

The strain gauges were mounted on the ID and OD of the proof rings at the 3 o’clock 

and 9 o’clock positions. Load (F) vs. strain (İ, as measured by strain gauges on proof 

rings) curves were constructed by applying a range of loads and recording the 

measured strain. The F vs. İ calibration was performed for each of the proof rings. 
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Instrumenting the proof rings with strain gauges allowed the applied load, F, to be 

continually monitored throughout the duration of a SCC-CGR experiment using data 

acquisition equipment. The compact tensile specimens were instrumented with crack 

opening displacement (COD) gauges to precisely measure the crack opening 

displacement (d) at the crack mouth.  

Crack length (a) was determined from the effective specimen modulus, ME. 

The modulus is defined as: 

Equation 15 

ாܯ = ܨ
݀ ×  ݐ 

Where t is the specimen thickness. As the crack length increased, the modulus of the 

sample decreased. The M vs. a relationship for the CT specimens used in this work 

was determined by performing modulus measurements on a sample of known 

thickness with crack lengths ranging from 14.605 mm to 23.85 mm. The results of this 

calibration are shown in Figure 44.  
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Figure 44: Modulus vs. crack length calibration of the sample configuration used in 
this work. 

 

The values of F and d for the samples were recorded throughout the duration 

of the SCC-CGR experiments using data acquisition software. These values were 

used to calculate the modulus of each sample. The values of modulus were correlated 

to a crack length using the ME vs. a calibration (Figure 44). The crack length and load 

values were used to calculate stress intensity using a strain energy release rate 

technique [72]. The details of the strain energy release rate calibration are given in 

Appendix A. A schematic of the experimental setup used to determine crack growth 

rates and stress intensities is illustrated in Figure 45 

 

 

 

88 



                      

 

 

Figure 45: Schematic of setup that was used for SCC-CGR experiments. A static load 
was applied to a compact tensile sample using a proof ring. The load was 
monitored using strain gauges attached to the ring, and the crack opening 
displacement was monitored using a COD gauge. The signal was read by a 
data acquisition board, and complied on a PC. The recorded data was used 
to determine the change in modulus over time. The modulus is converted to 
a crack length using the strain energy release rate calibration technique.  

 
 

The setup for conducting SCC-CGR studies was tested by performing a SCC-

CGR experiment on a compact tensile specimen of naturally aged AA7475 sheet 

exposed to 3.5% NaCl. The SCC behavior of wrought AA7475 is well documented, 

therefore making it a good model material on which to test the validity of the 

experimental technique described above. Results from a CGR experiment of naturally 

aged AA7475 are illustrated in Figure 46. The values of KISCC and the stage II crack 

velocity were observed to be ~17.9 MPaҀm and ~2 × 10-4 mm/s, respectively. The 

observed value of KISCC corresponds reasonably well to findings of Onoro who found 

that the value of KISCC ranged from ~8 MPa Ҁm  to ~22 MPa Ҁm in an alloy similar 
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to AA7475 exposed to 3.5% NaCl [65]. The observed value of stage II crack velocity 

is also similar to that observed by Onoro and Bovard who found the stage II crack 

velocity in similar alloys to range from ~10-4 mm/s to ~10-3 mm/s in alloys similar to 

AA7475 [73, 74] It was therefore concluded that the experimental setup permitted 

accurate measurement of SCC behavior in AA6005A extrusions.     

 

Figure 46: Results from CGR experiment of AA7475 sheet exposed to aerated 3.5% 
NaCl. The values of KISCC and stage II crack growth rate agree well with 
published literature. These results suggest that the experimental setup used 
for the quantitative measurement of SCC in AA6005A extrusion is valid.  
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Upon completing SCC-CGR experiments the specimens were 

fractographically characterized using optical microscopy and scanning electron 

microscopy (SEM). Optical microscopy was conducted to study the morphology of 

the cracks. Specific features investigated by optical microscopy included the crack 

branching, and the shape of the crack front after SCC. SEM was conducted to 

characterize the mode (brittle vs. ductile, intergranular vs. transgranular, etc.) of 

cracking along the fracture surface.  

 
4.5.2 Results - Quantitative SCC of AA6005A 

The stress corrosion crack growth rate (CGR) along direction 1 in AA6005A-

T6 extrusions was found to be nearly constant at ~3×10-5 mm/s over a wide range of 

stress intensities when tested in an aerated solution containing 3.5% NaCl at pH = 

1.50 (Figure 47). When KI < 8.5 MPaҀm, the observed crack velocity was 

approximately 3×10-6 mm/s, and below this stress intensity the crack growth rate 

became too small to accurately measure.  

Though it appears that the da/dt vs. K behavior of AA6005A-T6 may 

correspond to typical SCC behavior (Figure 7) it should be noted that such a large 

range of Stage II crack growth is not typically observed in aluminum alloys. It is also 

noteworthy that the observed crack velocity of ~3×10-5 mm/s at 10 MPaҀm < KI < 

28 MPaҀm is slow relative to many aluminum alloys [30, 31, 51, 55, 61-63, 74].  

For comparison, typical stage II crack growth rates in 7xxx alloys exposed to neutral 
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saltwater solutions with cracks growing along the extrusion direction are 

approximately 10-5 – 10-3 mm/s. 

 

 

Figure 47: Crack growth rate of AA6005A-T6 extrusions exposed to aerated 3.5% 
NaCl at pH = 1.50. The crack growth rate was relatively constant at ~3  
×10-5 mm/s when 10MPaҀm < KI < 28 MPaҀm. . 

 

Fractography revealed evidence crack tunneling on the fracture surfaces. 

Figure 48 illustrates a typical fracture surface observed on AA6005A-T6 after SCC-

CGR testing. The crack front advances most rapidly near the core of the material and 

least rapidly along the surface of the material during SCC testing. The significance of 

this observed crack tunneling is discussed in section 4.5.4. 
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Figure 48: Typical SEM micgrograph of AA6005A-T6 fracture surface after 
conducting SCC testing in 3.5% NaCl at pH =1.50 for 40 hrs. Evidence of 
crack tunneling was observed. 

  

Fractures surfaces of AA6005A-T6 CT specimens showed evidence of both 

brittle intergranular fracture and ductile fracture in regions of SCC (Figure 49). The 

mix of ductile and brittle fracture along the fracture surface suggests that SCC is 

occurring along small “channels” in the material, and the remainder of the material 

between these channels is failing by overload. The mix of brittle and ductile fracture 

along the fracture surface suggests that SCC growth is discontinuous along the crack 

front. In this case, SCC would occur only along discrete corrosion paths (regions of 

intergranular fracture), and regions between the intergranular SCC are fractured in a 

ductile manner when the fracture criterion is satisfied for the remaining ligament. 
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Further analysis of the local stress state near the crack tips is discussed in section 

4.5.4. 

 

Figure 49: SEM micrograph of fracture surface within elongated grain structure of 
AA6005A-T6 CGR sample exposed to a solution of 3.5% NaCl at pH = 1.5. 
Micrograph was taken near the tip of the stress corrosion crack at the 
midplane of the sample. Evidence of both brittle intergranular fracture and 
ductile fracture were observed in regions of SCC.  

 

The morphology of the growing cracks in AA6005A-T6 was further examined 

by conducting optical microscopy along the 2 direction near the mid-plane of the 

material (Figure 50). A small spacer was placed near the end of the triangular wire 
 

 

94 



                      

 

EDM notch prior to unloading the CT samples used in this analysis. The purpose of 

the spacer was to retain the shape of the crack when the crack growth terminated 

without applying any additional stress that may distort the sample. The prepared 

samples were etched using Keller’s reagent (2 mL HF + 3 mL HCl + 5 mL HNO3 + 

198 mL H2O) to reveal the grain structure.  

The cracks appeared to advance exclusively along grain boundaries when 

examined using optical microscopy (Figure 50). The opposing fracture surfaces also 

appear to mate relatively well, indicating that very little bulk corrosion was occurring 

within the fracture surface. There was some evidence of crack branching near the 

crack tip. Crack branching is a feature commonly observed in SCC of Al alloys, 

though it is often much more extensive than observed here [19]. Furthermore, some 

evidence of crack blunting was observed behind the crack tip. The mix of brittle and 

ductile fracture observed along the fracture surface (Figure 49) suggests the crack 

blunting is likely due to discontinuous crack growth that occurs after local plastic 

deformation near the crack tip.   
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Figure 50: Morphology of advancing crack in AA6005A-T6 exposed to 3.5% NaCl at 
pH = 1.5. The total stress corrosion crack length in this sample was 4.24 
mm. The cracks appeared to advance along the grain boundaries. There 
was evidence of crack blunting away from the crack tip, and crack 
branching near the crack tip. 

 

Addition of 0.3% As2O3 to the test solution did not have a significant 

influence on the observed crack growth rate of the alloy (Figure 51). The average 

crack velocity in CT specimens tested in a solution containing 0.3% As2O3 was ~3.3 

×10-5 mm/s, whereas the average crack velocity in CT specimens tested in solutions 

without 0.3% As2O3 was ~ 3.0 ×10 -5 mm/s. These results are not consistent with what 

would be expected if SCC in AA6005A-T6 extrusions were primarily a hydrogen 
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embrittlement phenomenon, as there was no enhancement in CGR with the addition 

of an HRP to the test solution.  

 

  

Figure 51: Effect of a hydrogen recombination poison (As2O3) on the crack growth 
rate of AA6005A-T6. The addition of As2O3 did not enhance the observed 
crack growth rate, suggesting that hydrogen embrittlement is not an 
operating mechanism of SCC in AA6005A-T6. 

 

 Fractography of SCC-CGR specimens exposed to solutions containing As2O3 

revealed mechanisms of crack growth that are similar to those of specimens exposed 

to solutions without As2O3. A mix of brittle and ductile fracture was observed along 

the fracture surface in samples tested in the solutions containing As2O3 (Figure 52). 

These results indicate that the addition of a hydrogen recombination poison to 

solution does not significantly alter the mechanisms of crack growth in AA6005A-T6, 
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and that the mechanism of SCC in AA6005A-T6 exposed to acidified saltwater is not 

influenced by changes in the hydrogen discharge reaction. This, in turn, suggests that 

the SCC mechanism in this alloy could operate primarily by anodic dissolution.  
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Figure 52: Fracture surface of AA6005A-T6 CGR specimen exposed to a solution of 
3.5% NaCl + 0.3% As2O3 at pH = 1.5. Micrograph was taken near the tip 
of the stress corrosion crack at the midplane of the sample. Evidence of 
brittle and ductile fracture along the fracture surface indicates that the 
mechanism of crack growth is similar to that of a sample exposed to a 
solution without As2O3. 

 

4.5.3 Discussion of Quantitative SCC Analysis 

Recall that diffusion of Al3+ away from the tip of an IGC path was found to be 

the primary factor limiting the velocity of IGC in the case of unstressed samples 

(Section 4.3.3).  The possibility that the velocity of SCC in AA6005A-T6 is also 
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limited by diffusion of Al3+ away from the crack tip was examined by applying the 

diffusion-based model discussed in section 4.3.3. Figure 53 illustrates the 

experimentally observed relationship between the structure corrected corrosion 

velocity and the structure corrected corrosion path length for both loaded CT samples 

(SCC-CGR) and unstressed (IGC) samples. The structure corrected corrosion velocity 

(vertical axis) and corrosion path length (horizontal axis) were deduced using 

Equation 6. The structure-corrected corrosion path length in the dataset for the loaded 

CT samples (�) corresponds to the corrosion path length only in regions of SCC 

(does not include fatigue precrack). The structure corrected corrosion path length in 

the dataset for unstressed samples ( ) corresponds to the total calculated path length 

between the external environment and the tip of an IGC path along direction 1.  

 Figure 53 demonstrates that there is minimal difference in corrosion velocity 

between the stressed and unstressed samples at small corrosion path lengths (< 0.25 

mm). As the corrosion path length increases beyond about 0.25 mm, the structure 

corrected IGC crack velocity for the unstressed samples decreases, while the SCC 

crack velocity for the loaded CT samples remains approximately constant at ~3×10-5 

mm/s.  

Since the observed SCC velocity was independent of crack length (Figure 53), 

the effective diffusion path length for Al3+ away from the crack tip must be constant if 

diffusion of Al3+ is a limiting factor to crack growth in loaded CT samples of 

AA6005A-T6 according to Equation 14. It is unreasonable to assume that the shortest 

diffusion path length for Al3+ would be along the direction 1, as the lengths of all 
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cracks (including SCC and fatigue precrack) in the SCC-CGR experiments were 

larger than the specimen thickness. The length of the cracks along direction 1 are also 

continuously increasing during SCC-CGR experiments, thereby decreasing the 

driving force for Al3+ diffusion along 1 as the cracks become longer (which is 

inconsistent with observed v vs. L behavior, Figure 53). Therefore if diffusion of Al3+ 

away from the crack tip were the limiting factor in determining the velocity of SCC in 

the case of loaded CT samples, it can be assumed that Al3+ must migrate along the 2 

direction.  

 

Figure 53: Structure-corrected corrosion velocity with increasing corrosion depth 
along direction 1 for stressed (�) and unstressed ( ) samples. A 
significant decrease in velocity was observed with increasing corrosion 
depth in the absence of an applied stress. 
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The effective corrosion (and diffusion) path length, L, along the 2 direction 

would be approximately equal to the distance between a point on the crack front and 

the external environment (Figure 54). The crack front was assumed to be a straight 

line oriented perpendicular to the crack growth direction. This crack front geometry 

used does not accurately model the crack tunneling observed in the SCC-CGR 

samples, but should allow reasonable estimation of the diffusion path length for Al3+ 

along direction 2. In this case, SCC velocity should not depend on crack length since 

the effective diffusion path length would not vary with crack length.  
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Figure 54: Effective corrosion (and diffusion) path lengths along direction 2 for 
stressed SCC-CGR specimens with crack lengths greater than the 1/2 
thickness of the sample. When the crack length exceeds the ½ thickness of 
the sample, the shortest corrosion path length between the crack front and 
the external environment would correspond to the distance between that 
point and the external environment along the 2 direction. The effective 
corrosion path length for point A in this figure is LA. Similarly, the 
corrosion path lengths for points B and C are LB and LC, respectively.  

. 

Equation 14 was applied to calculate the crack front velocity at the centerline 

of a CT sample, and to generate a profile of SCC velocity along the crack front. These 

calculations were made assuming Al3+ diffuses exclusively along direction 2, and the 

observed pH vs. diffusion path length behavior (Figure 34)  is valid for both 

unstressed and stressed samples. With these assumptions, the velocity at the 

centerline of a CT specimen was calculated to 3.89 ×10-7 mm/s, which is ~100X 
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smaller than the observed constant SCC velocity (~3 × 10-5 mm/s). This result 

suggests that diffusion of Al3+ away from the crack tip is not the primary limiting 

factor in determining the velocity of SCC in AA6005A-T6. Furthermore, if diffusion 

of Al3+ away from the crack tips along direction 2 were the limiting factor in 

determining SCC velocity of AA6005A-T6, the crack velocity would be least along 

the centerline of the material and greatest along the edges of the material, as shown in 

Figure 55. The predicted velocity profile at the crack front is not consistent with the 

observed crack tunneling during SCC-CGR experiments (Figure 48). Therefore, in 

contrast to IGC in unstressed samples of AA6005A-T6, it does not appear that the SC 

crack velocity in the case of loaded CT samples is limited by diffusion of Al3+ along 

the 2 direction.  
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Figure 55: Calculated velocity profile along the crack front of a CT sample of 
AA6005A-T6 exposed to 3.5% NaCl at pH = 1.5. The velocities at various 
points along the crack front were calculated by applying Equation 14 . 

 

Recall that the addition of a hydrogen recombination poison to the test 

solution did not have a significant influence the SCC susceptibility of AA6005A-T6. 

This result suggests that hydrogen embrittlement is not the dominant mechanism of 

SCC in AA6005A-T6. Additional analysis of the local stress state and 

electrochemical reactions at an SC crack tip was performed to further investigate the 

possibility that anodic dissolution may be the primary mechanism of SCC in 

AA6005A-T6.  
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4.5.4 Effects of Stress Triaxiality and Local Electrochemical Reactions 
on Stress Corrosion Cracking of AA6005A-T6 

Crack tunneling was observed along the fractures surfaces of loaded samples 

exposed to 3.5% NaCl at pH = 1.5 (Figure 48). In linear elastic fracture mechanics 

(LEFM), the phenomenon of crack tunneling is generally attributed to a local in 

maximum stress triaxiality just ahead of the crack tip near the center plane of the 

material. Factors leading to triaxiality of the stress state at the specimen mid-plane 

near the crack tip are illustrated schematically in Figure 56. Because normal tractions 

are absent on the 1-3 surface, that surface is always in a state of plane stress (V2 = 0). 

When the plastic zone near the crack tip is large (Figure 56B), through-thickness 

thinning of the specimen minimizes V2 at the specimen mid-plane thereby minimizing 

triaxiality of the stress state. When the plastic zone is small (Figure 56A), through-

thickness elastic constraint around the crack tip leads to values of V2 that approach the 

value of V3. Similar reasoning leads to the conclusion that elastic constraint gives 

values of V1 that are approximately equal to V3. When V1=V2 =V3, a state of perfect 

stress triaxiality is achieved [72, 75]. The significance of perfect triaxiality is that 

while the principle stresses (V1, V2, and V3) may be significant, the shear stresses will 

vanish. Low shear stresses minimize plastic deformation, and the tensile stresses 

promote brittle facture over plastic deformation of the material.  
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Figure 56: Effect of plastic zone size on the stress state experienced in a material. 
Figures A and B are looking at a plane ahead of the crack front along 
direction 1, as indicated by the dark arrow in the perspective view at the 
top. A) Surface deformation is limited by a large constraining stress 
oriented perpendicular to the loading axis when the plastic zone is small. B) 
Lateral deformation is observed if the plastic zone is sufficiently large.  
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 Figure 57 shows the morphology of a crack growing along the direction 1 in a 

compact tensile sample of AA6005A-T6 after SCC-CGR testing in a solution of 3.5% 

NaCl at pH = 1.5. The specimen illustrated in Figures 57A-D was prepared by 

making serial sections of 3-2 planes at different depths along direction 1. Figure 57A 

shows the morphology of a growing SC crack in the 3-2 plane 1 mm beyond the end 

of the fatigue precrack. Similarly, Figures 57B-D show the morphology of a growing 

SC cracking the 3-2 plane 2, 3, and 4 mm beyond the end of the fatigue precrack. The 

total length of the SC crack for the sample shown in Figure 54 was approximately 

4.08 mm, so Figure 57D represents the morphology of the SC crack at a plane near 

the crack tip. Note that there is negligible plastic deformation along direction 2 at the 

surface of the specimen at all crack lengths. The lack of deformation along the free 

surfaces of the sample suggests that there is a region within the sample thickness that 

does not experience significant shear stresses, and would therefore be experiencing a 

significant degree of stress triaxiality.  
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Figure 57: Crack morphology at various depths in a compact tensile bar of 
AA6005A-T6 exposed to 3.5% NaCl at pH = 1.5. The crack is growing 
along direction 1. A) 1mm beyond fatigue precrack. B) 2mm beyond fatigue 
precrack. C) 3mm beyond fatigue precrack. D) 4mm beyond fatigue 
precrack. No evidence of deformation along the 2 direction was observed at 
any point beyond the fatigue Precrack. 

 

Assume the crack tip plastic zone is sufficiently small to satisfy plane strain 

conditions near the center of the material, the maximum stresses experienced near the 

crack tip of AA6005A-T6 SCC-CGR specimens can be estimated using the plastic 

constraint factor (PCF). The PCF is defined as [75]:  
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Equation 16 
ܨܥܲ = ௠௔௫ߪ

௬ߪ
 

 

Where ımax is the maximum tensile stress near a crack tip, and ıy is the bulk yield 

stress of the material. In the case of plane strain loading, the value of PCF approaches 

a value of 3 along the plane of the advancing crack [75]. Details of the calculations 

used to determine the PCF are given in Appendix B. The bulk yield stress of 

AA6005A-T6 is approximately 250 MPa, thus the maximum stress near the crack tip 

would be approximately 750 MPa. This probably overestimates the value of 

maximum stress at the crack tip, as the applied loads for the SCC-CGR experiments 

in this work correspond to a crack tip stress which is much lower than the bulk yield 

stress of the alloy according to the relationship KI = ı(a)1/2. However, this value 

gives a reasonable approximation of the stress state near the crack tip.   

 The effect of stress on the chemical potential near a crack tip can be estimated 

using the Nabarro-Herring (NH) model [76, 77]. The NH model is used to determine 

the change in free energy associated with a vacancy migrating from an unstressed 

(crack flank) to a stressed (crack tip) region (Figure 58). Though originally 

formulated to describe the driving force for high-temperature diffusional creep, the 

NH model has been applied to understand the driving force for dissolution in the case 

of SCC [78-82]. The NH model states: 

Equation 17 

ߤ߂ =  ௔௣௣ߪ 
ܯ ஺ܸ௟
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Where ǻȝ is the change in chemical potential associated with vacancy migration to a 

crack tip, MVAl is the molar volume of Al, and ıapp is the local stress. If we assume the 

applied stress near the midplane of the CT specimens approaches 750 MPa, and take 

the molar volume of Al as 0.1 mol/ cm3, ǻȝ is found to be 7,500 J/mol.  

 

Figure 58: Schematic representation of the Nabarro-Herring model. Vacancies 
migrating from an unstressed region to a region of maximum stress results 
dissolution of the parent material and a decrease in chemical potential near 
the crack tip. 

 

 The change in electrochemical potential at the crack tip due to an applied load 

was related to the change in chemical potential using Faraday’s law [83]: 
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Equation 18 

ܸ߂ = ߤ߂
െ݊ܨൗ  

Where ǻ9 is the change in electrochemical potential, n corresponds to the number of 

electrons involved in the dissolution reaction (3 for Al), and F is Faraday’s constant 

(96,500 C/mol). Applying equations 17-18, the total change in electrochemical 

potential at the crack tip due to an applied load was estimated to be approximately      

-0.026 V. This change in electrochemical potential would shift the half-cell corrosion 

potential of the anodic reaction (Al = Al3+ + 3e-) to a lower value, and should have no 

effect on the half-cell corrosion potential of the cathodic reaction.  

Recall from section 4.3.3 that the pH at the tip of a corrosion path varied with 

corrosion path length. When the pH of the bulk solution was held at 1.5, the pH at the 

tip of a corrosion path was found to reach an equilibrium value of ~2.5 as the 

corrosion path length approached 2.3 mm. Assuming the effective corrosion path 

length is 1.58 mm (1/2 thickness of CT sample) for loaded CT samples of AA6005A-

T6, the pH at the tip of the corrosion path is approximately 2.0 when the pH of the 

bulk solution is 1.5 (Figure 34). 

In the case of loaded CT samples of A6005A-T6 exposed to 3.5% NaCl at pH 

= 1.5, the surface area of stressed material exposed to a solution with pH =2.0 would 

be very small relative to the surface area of material exposed to solution with pH 

=1.50 (Figure 59). Since electrons can move freely between the crack tip (where they 

are created by the anodic reaction) to the external surfaces of the sample (where they 

are consumed by the cathodic reaction), it is reasonable to assume that the anodic and 
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cathodic reactions governing crack growth are occurring at different locations on the 

CT samples. With this assumption, the cathodic reaction on the unstressed surfaces 

would follow the polarization curve for AA6005A-T6 exposed to a solution with pH 

= 1.50, and the anodic reaction at the crack tip would follow the polarization curve 

for stressed AA6005A-T6 exposed to a solution with pH = 2.0. It is also reasonable to 

assume that the overall corrosion reaction would be occurring at a potential near the 

corrosion potential for a sample exposed to a solution with bulk pH = 1.5 since the 

majority of the sample is unstressed and exposed to the pH = 1.5 solution.  
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Figure 59: Only a small fraction of a loaded compact tensile bar will be exposed to 
solution at pH = 2.0 when the pH of the bulk solution is held at 1.50.  

 

First consider the electrochemical reactions occurring at a stress corrosion 

crack tip in a loaded CT sample of AA6005A-T6 that is exposed to a solution of 3.5% 

NaCl at pH =1.5 (Figure 60). In this case, the highly stressed crack tip will be 

exposed to a solution with pH =2.0, while the majority of the sample (which is in an 

unstressed state) will be exposed to a solution with pH =1.5. The anodic reaction 

occurring in the crack tip solution would be shifted downward by ~0.026 V vs. SCE 
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due to the local stress state at the crack tip, and the cathodic reaction would follow the 

polarization curve for an unloaded sample exposed to a pH =1.5 solution. Since most 

of the sample is exposed to a pH =1.5 solution, it is reasonable to assume that the 

anodic reaction at the crack tip will be occurring at the value of ECorr when a sample 

exposed to the pH =1.5 solution (-0.71 V vs. SCE). With these assumptions, the 

anodic corrosion current density at the crack tip in the case of a loaded CT sample 

exposed to a solution of 3.5% NaCl at pH =1.5, i1.5, should be approximately 4.6×10-4 

A/cm2. 

 

Figure 60: Predicted polarization behavior at a stress corrosion crack tip for 
AA6005A-T6 exposed to 3.5% NaCl at pH = 1.50. 
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Now consider the electrochemical reactions occurring at a stress corrosion 

crack tip in a loaded CT sample of AA6005A-T6 that is exposed to a solution of 3.5% 

NaCl at pH =2.0 (Figure 61). In this case, the cathodic reaction at the free surface 

should be occurring at approximately pH = 2.0, and the anodic reaction at the crack 

tip should be occurring at approximately pH = 3.0, according to the observed L vs. 

pH relationship (Figure 34). The anodic reaction occurring in the crack tip solution 

would be shifted downward by ~0.026 V vs. SCE due to the local stress state at the 

crack tip, and the cathodic reaction would follow the polarization curve for an 

unstressed sample exposed to a pH =2.0 solution. Since the majority of the sample is 

in an unstressed state, the anodic reaction at the crack tip should be occurring at a 

potential approximately equal to the value of ECorr for the bulk sample (-0.792 V vs. 

SCE).  In this case, the corrosion current density at the crack tip, i2.0, would be 

approximately 3.9×10-5A/cm2. This predicted value of corrosion current density for a 

loaded CT sample of AA6005A-T6 exposed to a pH =2.0 solution is 11.8X lower 

than the predicted corrosion current density for a sample exposed to a pH = 1.5 

solution. Results from these analyses are summarized in Table 8. 
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Figure 61: Predicted polarization behavior at a stress corrosion crack tip for 
AA6005A-T6 exposed to 3.5% NaCl at pH = 2.0. 

 
 
Table 8: Summary of electrochemical analysis for CT specimens exposed to pH =1.5, 

and pH =2.0 aerated saltwater solutions with and without an externally 
applied load.  

Exposure Conditions Current Density at 
Crack Tip, i 

Change in Current 
Density at Crack tip 

pH = 2.0, Applied Load 3.9 ×10-5 A/cm2 - 
pH =  1.5, Applied Load 4.6 ×10-4 A/cm2 + 11.8X 

 

Additional SCC-CGR experiments were conducted on CT samples of 

AA6005A-T6 exposed to 3.5% NaCl at pH = 2.0 to examine the combined effects of 

an applied stress and a pH gradient between the crack tip and the bulk solution on the 

SC crack velocity of the alloy. All experimental methods were identical to those 

described in section 4.5.1. Since corrosion current density is a direct measure of 
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dissolution rate, the crack observed velocity in should decrease by approximately 

11.8X when the pH of the bulk solution is increased from 1.5 to 2.0 if stress-enhanced 

anodic dissolution is the primary mechanism of SCC in AA6005A-T6.  

  Figure 62 illustrates observed SC crack velocity at varied crack lengths for 

samples of AA6005A-T6 tested in solutions of 3.5% NaCl at pH=1.5 (  and 

pH=2.0 ( . The shaded grey region in Figure 62 represents the range of observed 

crack velocities for samples tested in a pH = 2.0 solution. Similar to samples tested in 

a pH = 1.5 solution, the crack velocity for samples tested in a pH = 2.0 solution did 

not appear to depend on crack length or applied stress intensity. However, the 

nominal crack velocity of samples tested in solutions at pH = 2.0 was approximately 

10.5X smaller than that of samples tested at pH = 1.5. This observed decrease in SCC 

velocity at the higher solution pH is consistent with the predicted decrease in SCC 

velocity per the analyses discussed above. Therefore it appears that SCC velocity in 

AA6005A-T6 exposed to low-pH saltwater solutions is ultimately controlled by 

stress-enhanced dissolution at the crack tip.  
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Figure 62: Structure corrected corrosion velocity for loaded CT samples of 
AA6005A-T6 exposed to 3.5% NaCl at pH=1.5 or pH=2.0. The observed 
10.5X decrease in corrosion velocity associated with increasing the pH of 
the electrolyte from 1.5 to 2.0 is consistent with the predicted decrease in 
crack tip current density. 
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5 Summary 

The original intent for the research presented in this this dissertation was to 

determine if IGC or SCC should be primary design considerations when building 

solar power frames of AA6005A extrusions in industrial marine environments. The 

effects of heat treatment and environment on the IGC susceptibility of the alloy were 

examined by conducting immersion tests in low-pH solutions of 3.5% NaCl. The 

elongated grain structure located in the core of the extrusions was of primary interest 

when conducting immersion tests, as factors influencing IGC susceptibility in the 

equiaxed grain structure near the extrusion surfaces have already been well 

documented.  The effects of heat treatment and environment on SCC susceptibility of 

AA6005A were examined by performing breaking load tests (BLT) and crack growth 

rate (SCC-CGR) measurements on the alloy.  

Potentiostatic polarization measurements were performed on samples of 

AA6005A in various environments to understand the effects of heat treatment and 

environment on the electrochemical reactions governing the IGC and SCC behaviors 

of AA6005A extrusions. Post-extrusion heat treatment was found to have a negligible 

effect on the bulk polarization behavior of the material, indicating that the anodic and 

cathodic reactions involved in the overall corrosion reaction for AA6005A do not 

depend on the heat treatment (Figure 17). The corrosion potential of AA6005A varied 

with pH when tested in a solution containing 3.5% NaCl (Figure 14). The large 

downward shift in corrosion potential when the pH of the solution was increased to 
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3.0 was attributed to the passive Al2O3 film being stable at higher values of solution 

pH (� 3.0). The corrosion current density (corrosion rate) also depended on solution 

pH (Figure 16). A near linear decrease in current density was observed when the 

solution pH was raised from 1.2 to 2.0. The corrosion current density remained 

relatively constant at 5.3 ×10-5 A/cm2 when 2.0 < pH  < 5.50. The results from the 

polarization measurements served as a baseline for understanding the IGC and SCC 

behaviors of AA6005A extrusions.  

The mode of corrosion attack in the elongated grain structure varied with heat 

treatment (Figure 19). IGC was observed when the alloy was in naturally aged (T4) or 

peak aged (T6) tempers. Local pitting became the primary mode of attack when the 

alloy was in an overaged (OA) condition. Similar to the equiaxed grain structure, the 

mode of corrosion attack in the elongated grain structure depended primarily on the 

morphology of Cu-containing grain boundary precipitates (Figures 20-22). When the 

Cu-rich precipitates formed a continuous (or semi-continuous) film along the grain 

boundaries, the alloy was susceptible to IGC.  

Anisotropic IGC was observed in the elongated grain structure of AA6005A 

with IGC penetration being most rapid along the extrusion direction (1) and least 

rapid along the through-thickness direction (2) (Figures 24-26). A simple three-

dimensional model was developed which related the tortuosity of an IGC path along a 

specific direction to geometric anisotropy of the elongated grain structure (Figure 28). 

This model was tested by comparing the “structure-corrected” corrosion path lengths 

along each direction for samples exposed to a low-pH saltwater solution for specific 
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intervals of time. The calculated structure corrected corrosion path length agreed 

reasonably well along all three orthogonal directions at the specific exposure times, 

thus it was determined that the anisotropic IGC in the elongated grain structure was 

primarily due to geometric elongation of the core grain structure.  

The velocity of IGC penetration in the case of unstressed samples decreased 

with increasing corrosion path length (Figure 30). Characterization of the local 

environment at the tip of a simulated corrosion path was performed to help 

understand the reasons for this observed decay in IGC velocity. The pH at the tip of a 

simulated corrosion path reached an equilibrium value of ~2.5 as the corrosion path 

length approached 2.3 mm when the pH of the bulk solution was held at 1.5 (Figure 

34). The pH in the simulated corrosion path was postulated to depend on equilibrium 

between Al3+ created by the anodic reaction at the tip of the corrosion path and some 

solid precipitate species (such as Al2O3 or Al(OH)3) existing in the corrosion path. A 

model was developed that predicted IGC velocity based on one dimensional diffusion 

of Al3+ from the tip of the corrosion path to the bulk environment assuming [Al3+] at 

the tip of a corrosion path is controlled exclusively by equilibrium between Al3+ and 

some solid precipitate species in the corrosion path. This model seemed to accurately 

predict the decay in IGC velocity AA6005A-T6 with increasing corrosion path length 

(Figure 36), suggesting that the velocity of IGC in this alloy is ultimately limited by 

diffusion of Al3+ away from the tip of the IGC path.  

The effects of heat treatment and environment on SCC susceptibility in 

AA6005A extrusions were qualitatively examined by performing breaking load tests 
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(BLT). The alloy was immune to SCC when in a T4 temper and exposed to a solution 

of 3.5% NaCl at pH =1.0. The alloy was only mildly susceptible to SCC when in a 

T6 or OA temper and exposed to the same environment (Figure 40). Adding a 

hydrogen recombination poison (HRP, which magnifies the effects of hydrogen 

embrittlement) to the test solution actually improved the residual strength of samples 

tested in a T6 temper (Figure 42), suggesting hydrogen embrittlement is not the 

primary mechanism of SCC in the alloy. 

Crack growth rate (CGR) measurements were performed on compact tensile 

(CT) samples of AA6005A-T6 to more quantitatively examine SCC in the alloy. The 

CGR rate was observed to nearly constant (~3×10-5 mm/s) over a wide range of stress 

intensities (9.5 MPa ¥�P�< KI <  28 MPa ¥�P) and SC crack lengths (0 mm < aSCC < 

4.9 mm) when exposed to an aerated solution of 3.5% NaCl at pH  = 1.5 (Figure 47). 

Adding an HRP to the test solution did not significantly change the SCC velocity, nor 

did it change the appearance of the fracture surface, further indicating that hydrogen 

embrittlement is not the primary mechanism of SCC in AA6005A (Figures 51-52).  

The diffusion-based model, which was used to describe the decay in IGC 

velocity with increasing corrosion path length, was employed to determine if SCC 

velocity in AA6005A-T6 is controlled by diffusion of Al3+ away from the crack tip. 

The diffusion-based model predicted the SCC velocity at the mid-plane of a CT 

sample would be ~4 ×10-7 mm/s (~100X less than the observed SCC velocity), and 

that SCC velocity would be greatest along the edges of the sample (which was not 

consistent with the observed crack tunneling). Since the diffusion-based model did 
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not adequately explain the steady-state SCC velocity, it was concluded that SCC of 

AA6005A-T6 is not limited by diffusion of Al3+ from the crack tip.  

The stress state and electrochemical reactions near a crack tip in CT samples 

of AA6005A-T6 were evaluated to understand the mechanisms of SC crack growth in 

the alloy. Metallographic examination along the 3-2 plane of AA6005A-T6 CT 

samples that had been loaded along the 3 direction and exposed to the test solution 

revealed that there was negligible deformation along the 2 direction of the sample. 

This result indicated that there might be regions near the mid-plane of the CT 

specimens that experience a good degree of stress triaxiality. With this knowledge, 

the maximum stress state at the crack tip was estimated by applying the plastic 

constraint factor, and was determined to be approximately 750 MPa. The Nabarro-

Herring model was then applied to determine the change in chemical potential at the 

crack tip due to an applied load. A small (-0.026 V) shift in the anodic half-cell 

electrochemical potential due to an applied load was predicted using Faraday’s law.  

The effect of a pH gradient between the crack tip and the bulk aqueous 

environment was also considered in understanding the electrochemical reactions at 

the crack tip in the case of loaded CT samples of A6005A-T6 exposed to aerated 

saltwater at pH = 1.5. When the bulk solution was at pH = 1.5, the pH along the 

centerline of the CT samples was predicted to be 2.0 based on the observed 

relationship between corrosion path length and pH (Figure 34). In this case, the 

surface area of material exposed to a solution with pH =2.0 was small relative to the 

surface area of material exposed to solution with pH =1.5. It was thus assumed that 
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the cathodic reaction governing the corrosion reaction at the crack tip would 

correspond to that of the bulk material, which is exposed to pH = 1.50 solution, and 

that the anodic reaction at the crack tip would follow the anodic polarization behavior 

of AA6005A-T6 exposed to a solution with bulk pH = 2.0. Since the majority of the 

specimen would be exposed to a solution with pH = 1.5, it was assumed that both the 

anodic (occurring at the crack tip) and cathodic (occurring on the free surfaces of the 

sample) would be occurring at a potential approximately equal to the measured value 

of ECorr for a sample exposed to a solution at pH = 1.5 (0.71 V vs. SCE). 

The local electrochemical reactions at the crack tip in loaded CT samples 

exposed to a solution at pH = 1.5 were evaluated by examining the polarization 

curves for samples exposed to solutions of 3.5% NaCl at pH =1.5 and pH = 2.0 

(Figure 61). Assuming that the anodic reaction at the crack tip followed the 

polarization behavior of a sample exposed to an aerated saltwater solution at pH = 

2.0, and occurred at ~0.71 V vs. SCE, the resulting corrosion current density at the 

crack tip with an applied stress was estimated to be 4.6 × 10-4 A/cm2 when the samples 

were exposed to a solution with a bulk pH of 1.5. Increasing the bulk solution pH to 

2.0 created a situation where the both the anodic reaction would occur at pH § 3.0, 

and the cathodic reaction would occur at pH = 2.0. The corrosion current density in 

the case of stressed samples exposed to an aerated saltwater solution with bulk pH = 

2.0 was estimated to be 3.9 × 10-5 A/cm2, which corresponded to an 11.8X decrease in 

crack tip corrosion current density. Further SCC-CGR experiments were conducted in 

a solution of 3.5% NaCl at pH = 2.0, and the resulting SCC velocity was found to be 
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~2.6 × 10-5 mm/s – approximately 10.5X smaller than the observed SCC velocity 

when the samples were tested in a solution at pH =1.5. This result was in reasonable 

agreement with the predicted decrease in SCC velocity mentioned above. This result 

suggested that SCC velocity in AA6005A-T6 is most likely controlled by the 

combined effects of an applied load and a pH gradient between the crack tip solution 

and bulk solution when the alloy is exposed to a low-pH (< 2.0) saltwater solution. 

This result also further validated the argument that SCC in AA6005A-T6 is most 

consistent with an anodic dissolution mechanism.  
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6 Conclusions 

The IGC and SCC behavior of AA6005A was studied by examining two 

unique hypotheses. These hypotheses were designed evaluate the relationship 

between IGC and SCC susceptibility in AA6005A, and to clarify the underlying 

mechanisms of SCC in AA6005A. As with many research programs, many questions 

arose while examining the two primary hypotheses. Though many of the unanswered 

questions were beyond the scope of this dissertation, several were examined further 

giving some valuable insight into the corrosion behavior of AA6005A. These 

conclusions are summarized below in the section entitled “Additional Conclusions”.  

6.1 Conclusions 

6.1.1 Conclusions based on Primary Hypotheses 

Hypothesis 1: Metallurgical and environmental conditions, which promote IGC 

susceptibility in AA6005A extrusions, will also promote SCC susceptibility.   

Result: IGC testing of AA6005A extrusions revealed that the elongated grain 

structure was susceptible to IGC when in a naturally aged (T4) temper or peak 

aged (T6) temper when exposed to an aerated solution of 3.5% NaCl pH < 2.0. 

Pitting was observed when the material was in an overaged (OA) temper in these 

environments (Figure 19). Results from qualitative SCC testing of AA6005A 

extrusions demonstrated that the material was immune to SCC when in a T4 

condition at pH < 2.0, and only mildly susceptible to SCC when in a T6 or OA 
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condition when pH < 2.0 (Figure 40). These results suggest that Hypothesis 1 is 

false.  

Hypothesis 2: The mechanism of SCC in AA6005A extrusions is enhanced anodic 

dissolution at the crack tip due to applied stress. 

Result: Adding a hydrogen recombination poison to test solutions improved the 

residual strength of AA6005A-T6 in qualitative SCC testing (Figure 42). In 

contrast, the addition of a hydrogen recombination poison had a negligible effect 

on the SC crack velocity in quantitative SCC testing (Figure 51). Though these 

results are conflicting, it can be concluded that changes in the hydrogen discharge 

reactions to promote hydrogen embrittlement do not degrade the SCC resistance 

of the material. Therefore it does not appear that hydrogen embrittlement is a 

primary mechanism of SCC in AA6005A-T6 exposed to acidified saltwater 

solutions. The observed crack velocity in quantitative SCC testing was consistent 

with enhanced dissolution due to the combined effects of an applied stress and a 

pH gradient within the cracks (Figures 60-62). These results suggest an anodic 

dissolution mechanism best explains SCC in AA6005A, confirming Hypothesis 2.  

6.1.2 Additional Conclusions 

x The corrosion potential in AA6005A tested in 3.5% NaCl varies with the pH 

of the solution (Figure 14). A large increase in corrosion potential when pH < 

3.00 is due to the rapid dissolution of the passive layer at low pH. Though the 

passive layer is thermodynamically unstable when pH < 4.00, it dissolves 
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very slowly when pH > 2.00, and the experimentally measured polarization 

behavior corresponds to polarization of the passive layer  

 

x The mode of corrosion attack in the elongated grain structure of AA6005A 

extrusions varies with heat treatment, and depends primarily on the 

morphology of Cu-containing grain boundary precipitates, which are noble 

relative to Al (Figures 20-22). Though the EDS analysis was qualitative, the 

composition of the grain boundary precipitates in the elongated grain structure 

seems to be consistent with Q-phase precipitates, as observed by the 

Nisancioglu group [4-8]. The Cu-rich structure formed a continuous film 

along grain boundaries when the material was in a T4 or T6 condition, and 

IGC was observed to be the dominant mode of attack in these heat treatments. 

The Cu-rich phase coarsened to form discrete particles within an OA age 

treatment. Pitting was the dominant mode of attack in samples tested in an OA 

temper.   

 

x IGC in the elongated grain structure of AA6005A-T4 and AA6005A-T6 

extrusions is highly anisotropic, with IGC propagating most rapidly along the 

extrusion direction, and least rapidly along the through-thickness direction 

(Figures 24-26). A simple three-dimensional model, which related grain 

dimensions along different directions to the tortuosity of an IGC path was 

developed (Figure 28), and it was determined that the observed anisotropy of 
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IGC in the elongated grain structure of AA6005A-T4 and AA6005A-T6 

extrusions was simply due to elongation of the grains.  

 

x The rate of IGC penetration in the case of unloaded samples of AA6005A-T6 

is limited by the diffusion of Al3+ away from the tip of the IGC path. At small 

corrosion path lengths, there is a large gradient in [Al3+] between the tip of the 

IGC path and the external environment resulting in rapid diffusion of Al3+ 

away from the tip of the IGC path, and rapid IGC penetration. As the 

corrosion path length increases, the gradient in [Al3+] becomes less, slowing 

diffusion of Al3+ away from the tip of the IGC path, therefore slowing the rate 

of IGC penetration (Figure 36). 

 

x Qualitative SCC testing of AA6005A extrusions demonstrated that the 

material is only mildly susceptible to SCC when in a T6 or OA condition, and 

exposed to an aggressive (1.00 < pH < 2.00) acidified saltwater environment. 

The material was immune to SCC when in a T4 condition (Figure 40). These 

results indicate that AA6005A extrusions will likely be able to withstand the 

proposed design loads and lifespan for a CSPP frame (See section 1).  

 

x Results from SCC-CGR revealed that crack growth rates in AA6005A-T6 

exposed to aerated saltwater at pH = 1.5 were constant at approximately 3×10-

5 mm/s over a wide range of stress intensities (9 MPaҀm < KI < 28 MPaҀm) 
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and crack lengths (Figure 47). Increasing the pH of the solution to 2.0 caused 

a 10.5X decrease in crack velocity (Figure 61). The observed decrease in 

SCC-CGR velocity is consistent with what would be expected if the crack 

velocity was determined by the combined effects stress and a pH gradient 

between the crack tip solution and the bulk solution (Figure 60). When the 

bulk solution is at pH = 1.5, the pH near the crack tip would be approximately 

2.0. In this case, the cathodic reaction would be occurring at pH = 1.5, and the 

anodic reaction governing the crack growth would occur at pH = 2.0, which 

yields a predicted current density at the crack tip of 4.6 × 10-4 A/cm2. By 

increasing the bulk solution pH to 2.0, the anodic reaction controlling SCC 

velocity would be occurring at approximately pH =3.0, while the cathodic 

reaction would be occurring at pH =2.0.  In this case, the current density at the 

crack tip was estimated to be ~3.9 × 10-5 A/cm2. The 11.8X decrease in 

predicted current density associated with increasing the bulk solution pH from 

1.5 to 2.0 is consistent with what was observed in the SCC-CGR experiments.  
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8 Appendix A 

The values of mode I stress intensity factor (KI) in this dissertation were 

determined by conducting strain energy release rate analysis. The steps involved in 

calculating KI followed the methods of Hertzberg [72], and are summarized in this 

appendix.  

First consider a loaded CT sample with total crack length a. The relationship 

between modulus (M, Force/displacement) and crack length was determined by 

constructing a calibration curve (Figure 44). The compliance, C, of a loaded CT 

sample with varying crack length was then related to the to the modulus using 

Equation A 1  

Equation A 1 

(ܽ)ாܥ = 1
 (ܽ)ாܯ

 
Under constant load conditions (as used in this work), the strain energy 

release rate (G) with increasing crack length is related to the compliance of a CT 

sample by Equation A 2.  

Equation A 2 

ܩ = 1
ܨ2

ଶ ܥ߲
߲ܽ 

Where F is the applied force. At a critical load, FC (load necessary to advance the 

crack), the critical strain energy release rate, GC is: 
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Equation A 3 

஼ܩ = 1
஼ܨ2

ଶ ܥ߲
߲ܽ 

 The critical strain energy release rate is related to mode I stress intensity and 

Young’s modulus (E) by Equation A 4 under plane stress conditions.  

Equation A 4 
ூܭ = ඥܩܧ஼ 
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9 Appendix B 

The value of maximum tensile stress near a crack front in a loaded CT sample 

of AA6005A-T6 was estimated by applying the plastic constraint factor (PCF), and 

following the methods of Broek [75]. The PCF is defined as: 

Equation B 1 
ܨܥܲ = ௠௔௫ߪ  ௬ൗߪ  

Where ımax is the maximum tensile stress near a crack tip, and ıy is the bulk yield 

stress of the material. The value of ıy can be calculated by applying the Von Mises 

yield criterion (Equation B 2).  

Equation B 2 
௬ଶߪ2 = ଵߪ) െ ଶ)ଶߪ + ଶߪ) െ ଷ)ଶߪ + ଷߪ) െ  ଵ)ଶߪ

Where ı1��ı2, and ı3 are the principal stresses along directions 1, 2, and 3, 

respectively. The principal stresses at various points within a stress field near the 

crack tip can be taken as: 

Equation B 3 

ଵߪ = ൬ ܭ
ξ2ݎߨ൰ cos ൬2ߠ൰ ൬1 + sin ൬2ߠ൰൰ 

Equation B 4 

ଶߪ = ൬ ܭ
ξ2ݎߨ൰ cos ൬2ߠ൰ ൬1 െ sin ൬2ߠ൰൰ 

Equation B 5 

ଷߪ = ߥ2 ൬ ܭ
ξ2ݎߨ൰ cos ൬2ߠ൰ 
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Where K is the applied stress intensity, r is the distance from the crack tip, ș is an 

DQJXODU�FRRUGLQDWH��DQG�Ȟ�LV�3RLVVRQ¶V�UDWLR��,I�ZH�WDNH�ı2 = Qı1 and ı3 = Pı1, the Von 

Mises yield criterion can be rearranged as: 

Equation B 6 
ଵߪ
௬ߪ

= (1 െ ݊ െ݉ + ݊ଶ + ݉ଶ െ ݊݉)ିଵ ଶൗ  

From Equations B3-B5, the values of m and n can become: 

Equation B 7 

݊ =
1 െ sin ቀ2ߠቁ

1 + sin ቀ2ߠቁ
 

Equation B 8 

݉ = ߥ2
1 + sin ቀ2ߠቁ

 

In the plane ș = 0 (the plane of an advancing crack), it can be determined that 

m = 2Ȟ, and n =1. Assuming WKH�YDOXH�RI�Ȟ�LV�DSSUR[LPDWHO\������WKH�YDOXH�RI�3&)�LQ�

the case of plain strain loading becomes approximately 3. This means that the 

maximum tensile stress near a crack is approximately 3ıy. 
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