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which has been integrated and employed for studies the localized corrosion. By using a 

dual mode probe, concurrent topography and electrochemical current images on the same 

area are obtained. 
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Mechanistic studies of localized corrosion of Al alloys by high resolution 
in-situ and ex-situ probing techniques 
 
 
Abstract 
 
A multi-analytical approach based on in-situ and ex-situ local probing techniques was 
employed to investigate localized corrosion mechanisms of some aluminum alloys in 
chloride containing solutions, focusing on the influence of intermetallic particles (IMPs) 
in the alloys. In the EN AW-3003 alloy, SEM-EDS analysis revealed constituent and 
dispersoid IMPs. There are two types of constituent IMPs, with size ranging from 0.5 to 
several μm, and composition typically Al6(Fe,Mn) or Al12(Mn,Fe)3Si, respectively, 
having a Mn/Fe ratio of about 1:1. Fine dispersoids of 0.5 μm or less in size normally 
have the composition Al12Mn3Si1-2. Scanning Kelvin probe force microscopy (SKPFM) 
measurements showed that the constituent IMPs have a higher Volta potential compared 
to the matrix, and the Volta potential difference increased with particle size, probably 
related to the composition of the IMPs. The SKPFM results also showed a Volta potential 
minimum in the boundary region adjacent to some larger IMPs. 
 
The open-circuit potential and electrochemical impedance spectroscopy measurements 
indicated local electrochemical activities occurring on the surface, and active-like 
dissolution in the acidic solutions, but a passive-like behavior in the near-neutral 
solutions. Infrared reflection-absorption spectroscopy measurements after exposure and 
thermodynamic calculations suggested the formation of mixtures of aluminum oxy-
hydroxide and acetate on the surface in acetic acid solutions. The formation and fraction 
of dominant species of the corrosion products depend on the pH of the solution, and 
aluminum chloride compounds may form at very low pH. 
 
Moreover, an integrated in-situ atomic force microscopy (AFM) and scanning 
electrochemical microscopy (SECM) set-up was used to investigate the localized 
activities on the surface. With a dual mode probe, acting as both AFM tip and SECM 
microelectrode, concurrent topography and electrochemical current images were obtained 
on the same area of the surface. Numerical simulations of the SECM suggested a 
micrometer lateral resolution under favorable conditions and the ability to resolve μm-
sized active sites with a separation distance of about 3 μm or larger. The simulations 
were verified by SECM mapping of the aluminum alloys in the chloride solutions. The 
AFM/SECM measurements revealed enhanced cathodic activity on some larger IMPs and 
local anodic dissolution around larger IMPs. In-situ AFM monitoring confirmed 
preferential dissolution in the boundary region adjacent to some of these IMPs. The 
results elucidate the micro-galvanic effect and size effect of the IMPs during the initiation 
of localized corrosion of the Al alloys.  
 
Furthermore, differences in corrosion properties between EN AW-3003 and a newly 
developed Al–Mn–Si–Zr alloy were studied with a similar approach. Compared to EN 
AW-3003, the new alloy had a smaller number of particles with a large Volta potential 
difference relative to the matrix. In slightly corrosive solutions extensive localized 
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dissolution and deposition of corrosion products occurred on EN AW-3003, whereas only 
a small number of corroding sites and “tunnel-like” pits occurred on the Al–Mn–Si–Zr 
alloy. The lower corrosion activity and the smaller tunnel-like pits resulted in lower 
material loss of the Al–Mn–Si–Zr alloy, which is beneficial for applications using a thin 
material. 
 
 
Keywords: localized corrosion, pitting, aluminum alloy, intermetallic particle, Volta 
potential, cathodic activity, micro-galvanic effect, size dependence, SKPFM, in-situ 
AFM, integrated AFM/SECM, numerical simulation, micrometer resolution, EIS. 
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1. Introduction 
 
1.1. Aluminum alloys and localized corrosion 
Aluminum alloys are of interest for various applications, particularly due to their high 

strength/weight ratio, good formability, good corrosion resistance and recyclability 

potential in vehicles, household items, infrastructures, constructions, aerospace, etc. In Al 

alloys, Si, Fe, Mn, Cr, Cu and Mg are introduced at various levels, mainly to improve the 

mechanical strength. Si and Fe are normally present as unavoidable impurities in 

commercially pure Al up to a total of 0.5 wt%, but may also be introduced at higher 

levels. During the manufacturing process stages, these elemental additives may create 

various kinds of insoluble intermetallic particles (IMPs) in the alloys and, to a lesser 

extent, precipitate from soluble alloying compounds and influence the final product 

properties [1-3]. 

It has been calculated that for each kilogram of weight saved in a vehicle, a saving of ca 

20 Kg of CO2 emissions can be achieved. Therefore the use of aluminum in the 

automotive industry in order to produce more fuel-efficient vehicles and to reduce the 

energy consumption and air pollutions has increased greatly over the last few decades, 

from 20 Kg in 1960 to a predicted level of more than 160 Kg per vehicle in 2010 [4] and 

250 to 340 Kg by 2015 [5]. One of the increasing applications of Al alloys in vehicles is 

in heat exchangers (with tube and fin components) such as radiators, evaporators, engine 

cooling and air conditioning systems. In the past, aluminum heat exchangers were 

assembled mechanically, but nowadays tubes and fins are joined together by a brazing 

process using a brazing Al-Si alloy layer that has a lower eutectic temperature than the 

tube or fin core alloy. Figure 1.1 shows the rolling production line and details of brazed 

heat exchanger components including tube, fin and brazed layer made from braze clad 

Al-Mn alloy EN AW-3003 in Sapa Heat Transfer. During the past fifteen years the 

standard commercial Al alloy for heat exchanger applications is the EN AW-3003 

(AA3003) Al alloy containing about 1 wt. % Mn. This grade of Al alloy has good 

formability, mechanical strength and acceptable corrosion performance. In addition, 

developing alloys based on the EN AW-3003 composition has improved the corrosion 
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resistance, especially that of tube alloys, so called “long-life” alloys [4,5]. Figure 1.2 

represents the trend of the reduction in thickness of tube and fin materials in automotive 

heat exchanger applications during the last few decades. For alloys used as fins, the long-

term mechanical and corrosion performance is of increasing importance, particularly as 

down-gauging of strip continues, to 70 μm thickness and even less in the future [5]. 

When required, i.e., during exposure to a corrosive environment, the fin material should 

act as an efficient sacrificial anode to protect the tube from being perforated, as shown in 

Fig. 1. In addition, the fin material should have high intrinsic corrosion resistance to 

maintain the material integrity and the mechanical properties in long term service. 

Therefore, designing and developing new tube and fin alloys with improved corrosion 

properties in both water-side (internal) and air-side (external) situations require a detailed 

understanding of the corrosion mechanisms of these alloys [4,5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 1.1 (a) Production line and (b) an optical image and details of a brazed heat 
exchanger with a tube-fin assembly made from braze clad Al-Mn alloy EN AW-3003 
joined by an Al-Si brazed layer. The fin corrodes sacrificially to protect the tube. 
(Courtesy of Sapa Heat Transfer). 
 

 

(a) (b) 
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Figure 1.2 The trend of reduction in the thickness of tube and fin material in automotive 
heat exchangers application (Reproduced by permission from A. Gray, Innoval 
Technology, Ltd. UK). 
 

 

Aluminum is a very active metal [2], but it naturally creates a passive layer [3], and its 

corrosion resistance depends on the passivity produced by this protective oxide layer. In 

the pH range of 4-9, the amorphous protective oxide (with an external side of bayerite, 

Al2O3.3H2O hydroxide gel) layer is formed in water or atmosphere with 2 to 4 

nanometers thickness [2]. The dissolution potential of aluminum in most aqueous media 

is in the order of -500 mV with respect to hydrogen electrode, while its standard electrode 

potential is -1660 mV with respect to hydrogen electrode. Because of this highly 

electronegative potential, aluminum is one of the easiest metals to oxidize. However, due 

to the presence of the naturally passive layer, aluminum behaves as a very stable metal, 

especially in oxidizing media such as air and water [3]. The few existing defects in the 

protective oxide layer, which are inevitable even for the purest aluminum alloys, will 

cause the corrosion initiation [2]. In the alloyed aluminum, the second phases are either 

cathodic or anodic compared to the aluminum matrix, and they give rise to galvanic cell 

formation because of the potential difference between them [2]. Chloride-containing 

solutions are the most harmful ones as regards localized corrosion of aluminum alloys.  
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Although pitting is the most common form of aluminum corrosion [1], in practice, 

different localized corrosion attack morphologies have been observed on aluminum 

alloys in different solutions [6-14]. For pure Al with a crystallized structure, pitting 

develops along closely packed (100) planes, resulting in crystallographic corrosion [6,7]. 

Alloying generally leads to the initiation and development of pits formation that is less 

sensitive to the microstructure of the alloy matrix, but more related to the secondary 

phases. Corrosion of low-alloyed Al alloys is slightly localized along grain boundaries. A 

further increase in the content of alloying elements enhances the localization of pitting, as 

the amount of IMPs grows substantially. High-alloyed Al alloys are often susceptible to 

intergranular corrosion (IGC). One reason is that, in this case, the structure of the grain 

boundaries becomes more complicated due to the appearance of precipitates, the zones 

depleted of alloying elements, and the zones enriched in certain alloying elements and 

dislocation piles [6-8]. Tunnel-like pitting and narrow long channels have been observed 

on some commercial Al alloys, due to microstructure, solution composition, electrode 

potential and temperature. The reason for this behavior was discussed in terms of 

coupling of dissolution and mass transport [7,8]. 

Some studies suggest that the alkalinity developed at cathodic IMPs on Al alloys in 

aerated solutions can dissolve the adjacent alloy matrix, creating grooves or pit-like 

clusters [9,10]. Later on, these cavities may switch to an acid-pitting mechanism. Other 

authors, however, refer to the alkaline attack as pitting or treat the problem as galvanic 

corrosion between particles and matrix [11,12], or self-regulating cathodic reaction 

occurring on the particles [12]. Electrochemical behavior of Al3Fe phase in Al-Mn-Fe-Si 

system in high pH NaOH solution revealed that near the corrosion potential, Al3Fe phase 

undergoes a selective dissolution of Al and the surface of Al3Fe crystals becomes richer 

in Fe, which is a detrimental for the cathodic behavior of this type of IMPs. The presence 

of Mn or Si in the Al3Fe, such as α-Al(Fe,Mn)Si and δ-AlFeSi phases, reduces the effects 

of Fe both as regards anodic and cathodic reaction rate [10]. The positive effect of an 

increase of Mn in Al-Mn alloy in a solid solution leads to a shift of the potential of matrix 

to the cathodic direction, while an increase in the Mn/Fe ratio of the IMPs shifts their 

potential to the anodic direction. Therefore, as net effect, the potential difference between 

the matrix and the IMPs decreases [13].  
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It can be conclude that generally, in commercial engineering aluminum alloys, localized 

corrosion is often triggered by microscopic defects, such as non-metallic inclusions or 

IMPs having a size range of several microns to nanometer. Literature reports on pitting 

corrosion of aluminum alloys were reviewed by Z. Szklaraska-Smialowska [13] and G. S. 

Frankel [14], who point out the need to further explore the formation of pits on cathodic 

IMPs and the influence of second phase. 

A survey of experimental data of electrochemical characteristics of IMPs in aluminum 

alloys collected by a micro-capillary electrochemical cell shows that the corrosion and 

pitting potentials vary over a wide range for various IMPs and that the electrochemical 

behavior of them are more complicated than the simple noble or active classification 

based on corrosion potential or estimated from chemical composition. IMPs capable of 

sustaining the largest cathodic current densities are not necessarily those with the noblest 

Ecorr. Similarly, those with the least noble Ecorr will not necessarily sustain the largest 

anodic currents [15,16]. Hence, not only thermodynamic but also kinetic aspects are 

important to consider when exploring the role of IMPs. Trenching and cavity formation 

are observed around all the various types of IMPs both at the OCP and at more negative 

potentials during cathodic corrosion in the absence of Cl- ion on AA2024-T3 surface and 

it is demonstrated that both the Cu-rich and Fe-rich IMPs can serve as cathodes for O2 

reduction with similar efficiency. This also shows that the protective oxide layer 

around/near the IMPs is sufficiently reactive toward OH- to be etched away, producing an 

activated surface [17]. 

In summary, the influence of IMPs on localized corrosion of aluminum alloys has been 

widely recognized, and elucidating their role has been the target of scientific research for 

decades.  

 

1.2. Techniques to study localized corrosion 
Various spectroscopic/microscopic, in-situ/ex-situ, electrochemical/non-electrochemical 

techniques have been employed for studying localized corrosion. Electrochemical 

impedance spectroscopy (EIS) and electrochemical noise (EN) analysis have been used to 

investigate faradaic and capacitive characteristics of the interfacial regime of aluminum 

surface and electrolyte [18-22]. Fourier transform infrared reflection absorption 
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spectroscopy (FTIR-IRAS) has been used to determine the corrosion products formed on 

aluminum alloys both in atmospheric and aqueous corrosion [22-29]. IRAS as a 

spectroscopic technique provides data that are helpful to understand the complex 

processes, but the information, due to lack of lateral resolution, cannot be directly related 

to the microstructure features of the alloys.  

High-resolution imaging and analytical techniques like SEM and TEM have long been 

used for characterization of IMPs [30], but they are ex-situ techniques and must be 

performed in vacuum condition, and the surface status may change during sample 

preparation and transition from the solution to the vacuum chamber. Therefore, the 

studies of IMPs require high lateral resolution in-situ techniques that can resolve particles 

of micrometer or sub-micron sizes in aqueous solutions. In this context, different local 

techniques have been employed during the last 2 or 3 decades. Optical microscopy was 

used in-situ to visualize the morphology change during aluminum pitting in chloride 

solutions [31,32] but practically the resolution was limited by visible light and details 

below 0.5 μm could not be resolved. In recent years, micro- and nano-scale resolution in-

situ techniques have shown possibilities to evaluate corrosion tendency related to the 

IMPs and to monitor ongoing corrosion processes on the alloy surface. To overcome the 

limitation of visible light, near-field scanning optical microscopy [33,34] and later on in-

situ confocal laser scanning microscopy [35,36] were used to study localized corrosion 

and trench formation around IMPs. The anodic dissolution sites were identified by the 

fluorescent dye, and deposition of ring-like corrosion products (aluminum oxy-

hydroxides) around IMPs was observed both at open-circuit potential (OCP) and under 

anodic polarization. Confocal laser scanning microscopy (CLSM), a contact-free method 

for sharp imaging of sample surface, has been applied to study in-situ the corrosion attack 

at and around IMPs in AA2024 in different solutions, e.g., trench formation next to 

cathodic IMPs [33-36]. Galvanic coupling between the matrix and the IMPs was found to 

control the attack rates. It was shown that not every cathodic IMPs developed trenches.  

AFM is another high-resolution imaging technique, which can be used either in-situ or 

ex-situ to monitor surface topography changes during localized corrosion of aluminum 

alloys [37-38]. AFM, used in air or in solution under electrochemical potentiostatic 

control, was employed in-situ and ex-situ to study the effect of Fe-rich IMPs, such as 
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Al3Fe, on local dissolution of Al-6061 in aerated NaCl solution [9]. As a result, Fig. 1.3 

schematically shows the corrosion mechanism that has been proposed in four stages: (a) 

cathodic reduction of oxygen on IMPs (here Al3Fe) and alkalization around them; (b) 

dissolution of the aluminum matrix and cavity formation around some of the IMPs, 

resulting in the accumulation of Al3+ions and their hydrolysis in the created cavities and 

hence an acid environment in these cavities; (c) those IMPs that have not formed an 

acidic cavity (local anodic reaction terminated) continue to act as cathodic sites and 

support the dissolution in the already acidified cavities; (d) the IMPs surrounded by the 

cavities detach from the matrix and pits remaining on the alloy surface. Depending on the 

local pit environment, the dissolution can continue with hydrogen evolution or the pit 

may repassivate [9]. However, in this mechanism the role of Cl- ions is not well defined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.3 Scheme of the four-step mechanism proposed for initial stages of localized 
corrosion around IMPs (Al3Fe) in AA6061 alloy in aerated NaCl solution (J.O. Park, 
C.H. Paik, Y.H. Huang, R.C. Alkire, J. Electrochem. Soc., 146 (1999) 517. Copyright 
1999 The Electrochemical Society), reprinted with permission. 

(a) 

(b) 

(c) 

(d) 
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With a proper electrochemical setup, AFM measurements can be performed in aqueous 

solutions under electrochemical control (EC-AFM). Repeated AFM imaging of the 

surface can reveal topographic changes caused by trench formation and pitting initiation. 

The in-situ imaging of the topography showed formation of cavities at open-circuit 

potential and cavity growth around the IMPs. In-situ AFM was performed to study the 

corrosion of AA2024-T3 in chloride solution when dissolution is accelerated via local in 

situ scratching of the surface, using a contact mode AFM silicon tip [39]. The abrasion 

associated with contact AFM in situ resulted in the immediate dissolution of the Al-Cu-

Mg particles because of a destabilization of the surface film. It was observed that Al-Cu-

Mg particles were completely dissolved over time. Holes a few hundred nanometers deep 

were visible at the locations where the Al-Cu-Mg particles had been. After longer time 

exposure in solution, the topography was dominated by a ring of corrosion products and 

the depth of the pits did not change with time after the initial dissolution [39].  

The Kelvin (Volta) potential value has been shown to correlate with the corrosion 

potential [40-43], and can be regarded as a measure of practical nobility. Moreover, 

scanning Kelvin probe force microscopy (SKPFM), an ex-situ technique, has also been 

shown capable of providing useful complementary information. As an AFM-based  

technique for mapping Volta potential variation over a sample surface, this technique has 

been used to investigate corrosion tendency associated with IMPs in Al alloys [37-39, 44, 

47]. The results provide a good understanding of local corrosion phenomena and can be 

used for prediction of local corrosion sites. However, since the Volta potential gives only 

“practical nobility”, the interpretation should be careful and backed up by local 

electrochemical data and composition and morphology information [44-46].  

Since the initiation of localized corrosion involves local anodic (corrosion) and cathodic 

reactions, in addition to topographic information, the electrochemical activities related to 

the local anodic/cathodic sites are desirable. For this purpose, scanning electrochemical 

microscopy (SECM) was also utilized to spatially resolve the heterogeneous cathodic 

activity on AA2024 surfaces [49]. In the experiments a 10 μm diameter Pt microelectrode 

in a solution containing an organic redox mediator was used.  The SECM images locally 

showed high redox reactivity that was attributed to IMPs. A comparison of the SECM 

images with SEM-EDS analysis showed that the regions of high redox reactivity correlate 
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with the locations of the IMPs [49]. However, in these reports, the resolution of current 

mapping was quite poor as seen from the blurred SECM images.  

Near-field scanning optical microscopy (NSOM), using tuning-fork control and specially 

fabricated tips to obtain high-resolution topography, has been used in combination with 

fluorescent dye, fluorescence microscopy and SECM, to study localized corrosion 

behavior of AA2024 [33]. Using a microelectrode and a redox mediator, SECM has been 

utilized to map local dissolution activity and to spatially resolve heterogeneous cathodic 

activity on Al alloy (type AA2024) surfaces,  which was attributed to IMPs [34]. 

To explore the lateral distribution of cathodic reduction sites on AA2024-T3, experiments 

with SECM were performed using a ferri/ferrocyanide mediator. The oxidation current at 

the probe was therefore proportional to the concentration of ferrocyanide in solution. The 

sample-to-probe separation distance was about 2 μm, and by bringing the probe into 

feedback, the concurrent acquisition of SECM and topography was carried out. The result 

demonstrated that not every inclusion supports a cathodic reaction, probably due to the 

formation of an insulating oxide film at the inclusion/electrolyte interface. The results 

obtained with SECM demonstrated that the cathodic reduction reaction occurred at sites 

adjacent to inclusions. Therefore, the cathodic reaction and the related changes in 

electrolyte composition could explain the observed ring formation [34]. 

Imaging of an active corrosion pit with the generation-collection mode of the SECM 

showed a heterogeneous distribution of oxidizable chemical species in the solution near 

and at the corrosion pit. In addition, it was shown that SECM can be used to initiate a 

single corrosion pit on bulk stainless steel and aluminum surfaces by electrogeneration of 

a local concentration of Cl- ions [50].  

As a conclusion it seems that there is a demand to increase the lateral resolution of SECM 

and also to precisely control the distance between the microelectrode and sample. 

 

1.3. Integrated AFM/SECM technique 

Among many local techniques that have been applied during the past decade, AFM and 

SECM have shown great promises in the in-situ study of localized corrosion of Al alloys. 

In comparison between SECM and AFM, despite many successful applications, the 

spatial resolution of SECM is less than that of SPM-based techniques such as AFM [51]. 
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However, the conventional AFM lacks chemical specificity. A different approach has 

been involved producing a bifunctional probe acting simultaneously as AFM tip and 

SECM ultramicroelectrode (UME). The integration of the SECM/AFM probe has been 

achieved by several methods such as using a photolithography system, metal masking 

technology, focus ion beam (FIB), nanofabrication facilities including ionic and chemical 

etching steps and subsequent low pressure chemical vapor (CVD) deposition, and 

plasma-enhanced CVD (PE-CVD) [51-63]. More details on producing steps can be seen 

in the references in a few research groups’ activities [51-63] that have been descriptively 

mentioned in paper IV of this thesis. Since in the experiments for this thesis an AFM-

based SECM measurement was a main technique for localized corrosion, a survey of the 

production and application of integrated AFM/SECM will now be presented.  

Generally in every approach to combine the AFM and SECM, the main task was to 

produce a conductive endpoint of micron or even submicron size embedded in an 

insulating substrate for obtaining simultaneous AFM and SECM measurements. J. V. 

Macpherson and her group made efforts to produce a SECM-AFM probe operated in a 

non-contact mode. Figure 1.4(a) shows the SEM micrograph of a non-contact mode 

coated SECM-AFM probe. In this probe, an etched Pt micro-wire was coated by a thin 

film of electrophoretically-deposited paint. During paint curing, the paint retracted from 

the sharpest point of the probe to produce the SECM microelectrode. The flattened 

portion of the probe provided a flexible cantilever for the AFM force sensor, while the 

coated region of the rest ensured that only the tip end was exposed to the solution. The 

probe was operated in non-contact mode electrochemical imaging for the SECM part 

combined with contact mode force imaging for the AFM part [52]. In addition, Fig. 

1.4(b) shows a high resolution SEM micrograph of the endpoint of the micrometer-sized 

SECM-AFM tip. The Pt tip and the surrounding insulator are clear where the smooth 

insulating film has thinned and retraced from the apex during curing time. This probe was 

used for several applications such as etching studies of ionic crystal surfaces [52]. A 

similar approach was also employed by Y. Hirata co-workers in 2004, but more 

achievement has not yet been reported [62]. 

More recently, a procedure for batch microfabrication of a triangle-shape SECM-AFM 

probe was described by the same research group. Direct electron beam lithography (EBL) 
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was employed to define both the shape of the AFM probe and the geometry of the 

integrated SECM microelectrode, at the wafer scale for batch producing [54]. 

 

 

 

 

 

 

 

 

 
Figure 1.4 (a) SEM micrograph of a non-contact mode SECM-AFM probe (J.V. 
Macpherson, J.Z. Zhang, C.E. Gardner, P.R. Unwin, Anal. Sci. 17 (2001) i333. Copyright 
2001 The Japan Society of Analytical Chemistry); and (b) micrograph of a coated 
SECM-AFM probe with endpoint of micrometer-sized SECM tip (J.V. Macpherson, P.R. 
Unwin, Anal. Chem., 72 (2000) 276. Copyright 2000 American Chemical Society), 
reprinted with permission. 
 
 
 
 
 
 
 
 

 

 

 

 

 
Figure 1.5 (a) Low and (b) High resolution FE-SEM images of the triangular-shaped 
electrode geometry of the tip and cantilever geometry of a typical SECM-AFM probe 
(P.S. Dobson, J.M.R. Weaver, M.N. Holder, P.R. Unwin, J.V. Macpherson, Anal. Chem., 
77 (2005) 424. Copyright 2005 American Chemical Society), reprinted with permission. 
 

As can be seen in Fig. 1.5, using EBL, a triangle-shape gold electrode with 1 μm base 

width and 0.65 μm height was positioned at the apex of the lithographically defined 

(a) (b) 

(a) 

(b) 
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AFM. Using a ¼ 3” wafer typically yielded 60 probes in each batch with 80% success 

rate. The effectiveness of this probe was demonstrated by the AFM-SECM imaging 

capability of the 1 and 10 μm Pt disk microelectrode [54]. 

C. Kranz and co-workers also produced an Au ring nanoelectrode as frame-shape around 

an AFM tip for integration of the tip for AFM/SECM measurement. A commercial 

pyramid-shaped AFM tip was cut by using FIB milling. Then a gold layer and 

subsequently silicon nitride was sputtered using PE-CVD on the tip. In the next step, the 

Au endpoint was exposed by cutting off the top part, and a ring nanoelectrode was 

produced, as shown in Fig. 1.6. Finally, the AFM tip was reshaped as can be seen in the 

FIB image of this AFM-SECM probe [58,59]. The electrochemical response of the 

SECM tip was recorded by CV characterization in ferrocyanide-containing solution and 

was in good agreement with calculated limiting current. 

 

 

 

 

 

 

 

 

 

Figure 1.6 (a) Schematic description of an integrated SECM ring nanoelectrode in an 
AFM tip; and (b) FIB image of a ring nanoelectrode integrated in an AFM tip for 
AFM/SECM measurement (A. Lugstein, E. Bertagnolli, C. Kranz, B. Mizaikoff, Surf. 
Interf. Anal., 33 (2002) 146. Copyright 2002 John Wiley & Sons, Ltd.), reprinted with 
permission. 
 

 

F.B. Prinz in Stanford and his research group made some efforts to produce the AFM-

SECM tip-probe array [63]. A cantilever transducer with a Pt microelectrode in sub-

micron regime was fabricated by combining isotropic and anisotropic deep-reactive 

etching processes. Following the silicon nitride, Pt coating and an insulator layer 

original AFM tip 

reshaped AFM tip 

contact pad 

ring-nanoelectode 

(a) (b) 
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deposition, a precise endpoint of the buried Pt layer was opened by using metal mask 

technology FIB technique. By using this technology, both linear probe arrays and two-

dimensional probe arrays were produced. Figure 1.7 shows SEM pictures of a produced 

tip-probe array of two Pt UME cantilever structures for AFM/SECM measurement with a 

platinum UME with a radius of 200 nm in the middle of an insulating substrate.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.7 (a) SEM picture of a tip-probe array of two Pt UME cantilever for 
AFM/SECM measurement; and (b) Closer view of the tip-probe of the cantilever with a 
platinum UME with a radius of 200 nm  (R.J. Fasching, Y. Tao, F.B. Prinz, Sens. 
Actuator B-Chem., 108 (2005) 964. Copyright 2004 Elsevier Ltd.), reprinted with 
permission. 
 

Using nanofabrication facilities including several ionic and chemical etching steps on a Si 

wafer and following low pressure CVD deposition of Silicon Nitride (Si3N4), a platinum 

silicide (PtxSix) tip was produced for the AFM/SECM probe [61]. Figure 1.8 shows the 

scheme of the AFM/SECM probe, which demonstrates that the Pt coat was embedded 

between two Si3N4 thin films and that the tip was insulated with SiO2. In a high 

resolution TEM image of the PtxSiy tip apex in Fig. 1.8, the SiO2 insulation (zone 1), the 

Pt tip (zone 3) and also the gap between them (zone 2) are clearly visible. The contrast in 

zones 1 and 2 arises from the conical SiO2 shell, which forms a gap to the PtxSiy tip apex. 

Using this probe, AFM and SECM measurement was performed on a calibration sample 

including Pt lines spaced 100 nm apart. It showed that a lateral electrochemical resolution 

(SECM) of 10 nm was achieved [61].   
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Figure 1.8 (a) Schematic representation of the AFM/SECM probe. The Pt was embedded 
between two Si3N4 thin films and the tip was insulated with SiO2; (b) SEM micrograph of 
the fabricated probes; (c) Close-up view showing a TEM image of the PtxSiy tip apex. 
Zone 1: SiO2, Zone 2: PtxSiy tip, Zone 3: the gap between them; (d) Closer view of the 
small insulation and the metal (M.R. Gullo, P.L.T.M. Frederix, T. Akiyama, A. Engel, 
N.F. deRooji, U. Staufer, Anal. Chem., 78 (2006) 5436. Copyright 2006 American 
Chemical Society), reprinted with permission.  
 

 

In different studies aiming at visualization of the local electrochemical activities, the use 

of various mediators as a redox couple have been reported such as I-/I3
-, 

Fe(CN)6
3+/Fe(CN)6 4+, Ru(NH3)6

2+/Ru(NH3)6
3+ or IrCl6

2-
/IrCl6

3- [51-63]. For localized 

corrosion the use of KI and an organic redox couple has been reported in the literature 

[49-50, 80].   

In order to determine the benefits of integrated SECM/AFM measurement, various 

numerical simulation methods have been employed for SECM (because the resolution of 

the SECM part is usually less than the AFM one) such as adaptive finite element (AFE), 

boundary element method (BEM), and finite element method (FEM) [61-69]. Simulation 

of SECM could assist to analyze the influence of different electrochemical and 
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SiO2 

Si3N4 

(a) 

(c) 

(b) 

(d) 



 15

geometrical parameters on the experimental performance such as resolution issue. For 

instance, in order to estimate and improve the resolution of SECM, one can use 

simulation to study the effect of geometrical parameters. Since producing an AFM/SECM 

probe is still a challenging issue, and therefore from a technological point of view an 

expensive process, simulation could also be helpful in evaluating performance and even 

improving the probe design.  

The AFE algorithm was used for simulation of arbitrarily shaped two-dimensional SECM 

tips [64-65]. Steady-state and transient amperometric SECM responses were simulated in 

3D with the BEM [66, 68-71]. The SECM amperometric experiments with the heptode 

UMEs as a local probe were quantitatively analyzed by means of 3D numerical 

simulations with the BEM. The numerical simulations were used for analysis of SECM 

line scan experiments, and results were obtained to identify the spatial resolution [66]. 

Lateral resolution capability of SECM imaging with a 25 μm Pt microelectrode on two 

enzyme beads at a distance of 236 μm and with different enzyme loading was simulated 

by BEM. The results showed that if the enzyme loading differs by more than factor 2, a 

large spacing is required to allow the identification of two spots [71]. Furthermore, 

combining the fabrication of a frame-shaped integrated AFM/SECM probe with 3D BEM 

simulation was performed in order to facilitate the transition of SECM imaging 

application from the resolution in micro-domain to nano-domain, for instance in 

biological systems [70]. FEM has been employed for characterization of a batch-

microfabricated SECM/AFM probe [54]. Simulation and experiments have been 

performed for flux-generation at an un-insulated metal-coated AFM/SECM probe, which 

can be used specifically for flux-generation in SECM-AFM. It was shown through 

simulation that high spatial resolution can be achieved by employing short generation 

times. The veracity of the simulations has been confirmed by generation-collection 

measurements [28].Advective and transient effects on combined AFM/SECM operation 

was investigated by the finite volume method (FVM). The results showed that the purely 

diffusional steady state equations can be used for the particular AFM/SECM frame 

electrode geometry in scan rate 1-10 μm.s-1 [72]. However, the probe velocity (scan rate) 

that has been used was quite slow and to our knowledge, there is no result in the literature 
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on the application of FEM on the SECM resolution issue and specifically the effect of 

convection for very fast scan rate (for our purpose up to ca 700 μm.s-1). 

 

1.4. Motivation of this thesis 
As was mentioned earlier, due to the complexity of the microstructure of multi-

component Al alloys, the mechanisms of localized corrosion of Al alloys are still not 

completely understood, especially regarding the influence of various kinds of IMPs 

precipitated in the alloys. Further studies are needed on the formation of pits on IMPs and 

on deterministic factors in pit initiation, e.g., second phase particle size, aspect ratio, 

chemistry, and the conditions of pit formation [13-16]. During the last decade, local 

probing techniques have been used for investigation of the  local corrosion mechanisms 

of Al alloys. However, such studies of 3xxx series Al alloys are scarce in the literature. In 

addition, it seems that none of the techniques mentioned above can alone provide all the 

information needed for understanding the role of IMPs in localized corrosion of 

aluminum alloys. Therefore, a multi-analytical approach through a combination of 

various general electrochemical techniques and in-situ and ex-situ local probing 

techniques is necessary to achieve the goal. With the aim of improving the understanding 

of the role of IMPs in localized corrosion initiation, efforts were made to combine ex-situ 

analysis of the IMPs by SEM/EDS, evaluation of their practical nobility by SKPFM, in-

situ mapping of local cathodic activity, anodic dissolution related to the IMPs by the 

integrated AFM/SECM and in-situ AFM monitoring of the localized corrosion process. 

In this thesis work, an integrated EC-AFM and SECM system was applied for in-situ 

study of localized corrosion of Al alloys in solutions. The system is capable of obtaining 

simultaneous topographic and electrochemical activity information of the same surface 

area. The critical issue in this approach is to design and fabricate a dual mode 

cantilever/tip, which acts as the cantilever for the AFM and also as the micro- or nano-

electrode tip for the SECM. To our knowledge, this is the first time the integrated EC-

AFM/SECM was applied for in-situ studies of localized corrosion of Al alloys.  

Moreover, a great effort has been made to improve the temporal and spatial resolution 

SECM and AFM, which gives promise of high resolution data acquisition. The numerical 
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modeling of SECM temporal and spatial resolution, emphasizing the influence of 

chemical, electrochemical and geometrical parameters, was described. Furthermore, the 

experimental set-up, instrument calibration and characterizations of instruments 

applicable for localized corrosion of aluminum alloys by our use of two different 

AFM/SECM probe configurations were discussed. 

In addition, IRAS analysis was performed for the sample surface after the exposure to 

identify chemical components of the corrosion products. Thermodynamic calculations of 

stable chemical species for the system were also performed, providing support for the 

presence of corrosion products detected by IRAS.  

Finally, this thesis reports on a comparative study of localized corrosion of a standard EN 

AW-3003 alloy and a new fin alloy (Al-Mn-Si-Zr) developed at Sapa Heat Transfer AB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18

2. Materials and solutions 
2.1. Materials 
The sample material was taken from a conventional direct chill (DC) cast production line. 

EN-AW3003 with the chemical composition (in wt.%) of 1.1% Mn, 0.50% Fe, 0.13% Si, 

0.11% Cu and Al as balance was used. Prior to hot rolling, the alloy was submitted to a 

homogenization heat treatment. After this, normal practices for cold rolling were 

employed, including an annealing step and a final reduction. A new developed fin alloy 

denoted (Al-Mn-Si-Zr) alloy, which has a very low Cu content, an increased Si and Mn 

content and some addition of Zr, from Sapa Heat Transfer AB with a chemical 

composition (in wt.%) of 1.6% Mn, 0.240% Fe, 0.73% Si, 0.11% Zr, 0.04% Cu and Al as 

balance was also studied. In addition, the elemental composition of IMPs and nano-size 

dispersiods and their phases in theses alloys were identified by SEM-EDS analysis and 

extraction methods [87], respectively, in Sapa technology. To extract the constituent 

IMPs and fine dispersoids, electrolysis of the alloy sample was performed for 2 hours or 

longer in a methanol solution containing 10% hydrochloric acid. This solution was found 

to selectively remove the aluminum alloy matrix by anodic dissolution leaving IMP 

phases as insoluble residues. The solution was centrifuged and the residue was washed 

several times with alcohol to remove traces of acid. The residue was then dried and 

identified by x-ray diffraction methods. 

The materials were direct chill cast to 600-360 mm size ingots, scalped and hot rolled. 

The EN AW-3003 alloy was submitted to a homogenization heat treatment prior to hot 

rolling, while this process was omitted for the Al-Mn-Si-Zr alloy. The EN AW-30003 

alloy ingot was homogenised for several hours around 600°C, which improves the 

formability of the material. Prior to hot rolling the ingot was pre-heated up to about 520-

540°C to ease rolling down to 3.0 mm coil thickness. The coil was cold rolled down to 

0.35 mm for full hardness temper and without any intermediate anneal. Normal practices 

for cold rolling, including an annealing step and a final reduction, were employed. To 

simulate a brazing operation of heat transfer materials, an A4 size sheet was heated to 

600°C within 24 minutes in nitrogen atmosphere, followed by relatively slow cooling (< 

0.5 °C/sec) resulting in a fully soft-annealed temper.  
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2.2. Sample preparation methods 
 For microstructure characterization and local electrochemical measurements, small 

samples (0.5 x 0.1 mm) were cut and embedded in epoxy. Each surface investigated was 

sectioned longitudinally in the rolling direction, ground and polished following normal 

procedures, including several steps down to 2400 grit using SiC grinding paper, with a 

final polishing step using a colloidal silica suspension about pH 10, and subsequently 

cleaned in ethanol and dried in air. 

Acetone was avoided during sample preparation since it was found that severe pitting 

might be induced by acetone together with a layer of chloride solution. More details on 

the preparation of individual samples can be seen in the papers. 

For the SKPFM measurements, most of the samples were prepared following the normal 

grinding and polishing procedures mentioned above. Additionally, mechanical sample 

preparation using so-called ultramicrotome was performed, to check the influence of 

sample preparation. This technique is well known in TEM sample preparation using thin 

sectioning, and now it has been introduced to AFM sample preparation due to advantages 

such as providing a highly smooth surface without contaminations. In this work, the 

sample was first trimmed by using Leica Cryotrim 45, and then cut using Leica Ultracut 

UC6 with a diamond knife. Sectioning with oscillation was performed with a section 

thickness of 25 nm and a slow sectioning speed of 0.6 mm/s. The oscillating step was 

used to avoid knife marks. Moreover, it helps to get fewer pullouts of the IMPs from the 

alloy matrix. 

 

2.3. Solutions 

For solution preparation, reagent NaCl and KI, KCl, (NH4)2SO4, K3Fe(CN)6 and 

K4Fe(CN)6 were used. The solutions were aerated during all the experiments. Corrosion 

testing of the samples was performed in chloride-containing solutions ranging from mild 

to aggressive: (1) diluted 10 mM (0.06 wt%) NaCl, (2) 3.5 wt% NaCl, and (3) a corrosive 

solution (4.2 wt.% artificial sea salt + 0.6 wt.% CH3COOH) used in accelerated tests 

according to ASTM G-85 with the ASTM D1141 solution (Annex A3 without heavy 

metals), i.e., artificial ocean water acidified with acetic acid to pH 2.9, established as the 
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SWAAT solution. The last solution is interesting from an application point of view, 

because it can give a rapid and qualitative evolution and related galvanic compatibility 

issues. For the in-situ AFM measurements, however, this solution was used as supplied 

and also adjusted to about pH 4.0 to avoid too fast dissolution. The intention to choose 

corrosion test solutions was to try to simulate different environments and real corrosion 

situations. Diluted chloride solution, containing 10 mM NaCl with added 2-50 mM KI as 

mediator, was used for AFM/SECM measurements. KCl solution with added  

K3Fe(CN)6/K4Fe(CN)6 was used for AFM/SECM measurement on calibration samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21

3. Experimental techniques and theoretical tools 
 
3.1. General electrochemical measurements 
To investigate the overall corrosion behavior and characterize the alloy-solution 

interface, OCP versus time, potentiodynamic polarization, and EIS measurements were 

performed on the alloy samples in triplicates in the solution with different exposure 

lengths. A standard three-electrode cell with a Pt counter electrode and a saturated 

Ag/AgCl reference electrode were used for the electrochemical measurements. EIS has 

been used extensively in various fields such as corrosion, batteries and fuel cells, etc [73]. 

EIS is an electrochemical technique where the response from the electrodes in electrolyte 

is measured and analyzed, upon a small-amplitude alternating voltage perturbation, which 

is varied over a wide frequency range. EIS is able to determine a number of parameters 

related to electrochemical kinetics and polarizability, for instance, the polarization 

resistance of corroding electrodes in an aqueous electrolyte, the state-of-charge for 

batteries and the effect of microstructure on conductivity in SOFC electrolytes. In this 

techniques, a sinusoidal alternating voltage V(t) with ca 10-50 mV amplitude in 

frequency domain (usually between 105 to 10-2 Hz) perturbs the sample surface and by 

measuring the corresponding current I(t) in time domain, the complex impedance 

(resistance) response of the system will be calculated as follows: 

)(
)()(

tI
tVtZ =                                                                                                                        (1) 

 tVtV ωsin)( 0=                                                                                                                  (2) 

)sin()( 0 θω += tItI                                                                                                           (3) 

θ = Phase Angle between V(t) and I(t) 

ω = Angular frequency equal to 2πf, f is the frequency in Hz 

Transforming into the frequency domain, the impedance, Z(ω) can be expressed in terms 

of real, Z'(ω)  and  imaginary  Z''(ω) components, equation 4: 

Z(ω) = Z'(ω) + Z''(ω)                                                                                                         (4) 

Z' as the real part of the impedance can be related to a pure resistance R, and Z'' as the 

imaginary part can be related to a capacitance of electrode-electrolyte interface:  
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Cj
Z

ω
1'' =                                                                                                                          (5) 

Where 1−=j  and C is capacitance.  

EIS data can be displayed as Nyquist plot (Z' versus Z'') or Bode plot (log│Z│or θ versus 

f), as shown in Fig. 3.1. Under the simplest corrosion conditions, one semicircle appears 

in Nyquist plot, which means that probably only one process contributes to the 

polarization in the investigated frequency range. If there are more than one process, 

additional semicircles would appear, provided that their time constants τ (= RC) are not 

very similar. In Bode plot a high frequency domain gives the solution resistance and a 

low frequency domain gives some information regarding polarization resistance from the 

sample-solution interface, which is an indication of corrosion resistance.  

 
 

 

 

 

 

 

 

 

 
Figure 3.1 EIS data displayed as (a) Nyquist plot and (b) Bode plot.  

 

In order to understand what processes are governing an acquired spectrum, the EIS data 

can in the first step be interpreted graphically and parameters such as polarization 

resistance, RP (as an indication of corrosion resistance), and solution resistance, RS, can 

be estimated from either the Nyquist or Bode plot, as shown in Fig. 3.1. However, this is 

a qualitative evaluation of data, and EIS results can always give some information 

regarding the corrosion processes involved. For a more quantitative evaluation, a 

sequence of real or proposed physio-chemical reactions involved in corrosion can be used 

to interpret an obtained impedance spectrum, but this is not always an easy task to do. 

Therefore, an often used method is to fit the EIS data to an electrically equivalent circuit, 

(a) (b) 
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consisting of mainly capacitances and resistances. For instance, the circuit shown in Fig. 

3.2 can be used as the simplest equivalent circuit to elucidate the above simple Nyquist 

plot for an aqueous corrosion system which includes parallel polarization resistance (RP) 

and capacitance (C) elements corresponding to the sample-solution interface in series 

with a solution resistance (RS).  

 

 

 

 

 

Figure 3.2 Fitting the EIS data in Fig. 3.1 to an equivalent circuit with either (a) an ideal 

capacitance C or (b) a constant phased element CPE. 

 

However, the spectra seldom appear as perfect semicircles. More complex components, 

e.g. elements that model diffusion, can also be introduced. A frequently appearing 

problem is that the observed capacitances in the spectra are not ideal. The semicircles in 

the spectra appear “depressed”, i.e. their centers are below the Z'-axis. There are several 

explanations as to why the depression appears; for instance, surface roughness of the 

electrodes or the presence of more than one polarization mechanism with similar time 

constants could be the reason. Even though the cause of the depression is not completely 

proven, it can very well be simulated mathematically by the introduction of a so-called 

constant phase element, CPE, which replaces the capacitance (C). The impedance of a 

CPE element is expressed as:  

nCPE jQ
Z

)(
1
ω

=                                                                                                                 (6) 

For n close to 1, the CPE parameter may be associated to the capacitance term. However, 

there are other interpretations that suggest a more complicated relation. When so many 

different elements appear in an equivalent circuit, it is evident that several different 

circuits can fit one and the same spectrum. It is therefore important to keep the equivalent 

circuits simple and always consider the physical meaning of each circuit element.  

(a) (b) 
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In this thesis, cyclic potentiodynamic polarization of the Al alloy samples was carried out 

using an EG&G Potentiostat/Galvanostat model 273A. A potentiostat Solartron 1287 and 

a frequency response analyzer Solartron 1255 have been used for EIS measurements. EIS 

was performed at the OCP with an ac amplitude of 10 mV. ZView (Scribner Associates, 

Inc.) software was used for analysis of the EIS spectra. 

 

3.2. SEM-EDS 
Scanning electron microscopy – energy dispersive x-ray spectroscopy (SEM-EDS) has 

been employed and has enabled us to evaluate the surface microstructure, elemental 

distribution and analysis of the constituents on aluminum alloys. For the most part, SEM 

utilizes an electron beam incident on the sample, and during the interaction with the 

surface three different sources of information are generated: elastic backscattered 

electrons (BSE-mode), inelastic secondary electrons (SE-mode) and x-rays emission [74]. 

Figure 3.3 shows the interaction volume of E-beams and sample surface for SEM-EDS 

analysis. Two major factors control what effects can be detected from the interaction 

volume. Firstly, some effects cannot be produced from certain parts of the interaction 

volume Beam electrons lose energy as they traverse the sample due to possible 

interactions with it, and if too much energy is required to produce an effect, it will not be 

possible to produce it from deeper portions of the volume. Secondly, the degree to which 

an effect, once produced, can be observed is controlled by how strongly it is diminished 

by absorption and scattering in the sample. The size of the interaction volume is 

determined by the density of the sample and by the energy of the electron beam. 

BSE-SEM provides information more related to the bulk elemental composition and to 

some extent, the topography information. EDS can provide rapid qualitative, or with 

adequate standards, quantitative analysis of bulk elementary composition with a sampling 

depth of 1-2 μm. In contrast, the secondary electron almost images the surface region and 

gives the topography information. 
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Figure 3.3 Interaction volume of E-beams and sample surface for SEM-EDS analysis  

 

In the experiments described in this thesis, a Philips XL30S FEG (field emission gun) -

SEM instrument at Sapa Technology was used for microstructure characterization and 

elemental analysis of the IMPs. Micrographs were taken both in the SE-mode, which 

gives topography, and in the BSE-mode for bulk elemental composition detection. In the 

BSE-mode, the elemental weight can be better distinguished, because the particles 

containing heavier elements than the metal-matrix will appear brighter in the SEM 

micrographs. Moreover, the EDS analysis of the composition was made on the IMPs. 

Selected large IMPs were analyzed individually, taking into account the contribution 

from the alloy matrix. The fine nano-sized IMPs were analyzed spot by spot or after 

etching away the matrix using an extraction method following x-ray diffraction analysis 

at Sapa Technology, as described in section 2.2. 

 

3.3. AFM  
AFM is a technique based on scanning probe microscopy (SPM), in which an ultra sharp 

brittle tip such as SiN mounted on a cantilever spring at the end of the AFM probe 

sweeps the surface and monitors its topography. This technique was invented by Binning 
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and his coworkers, who won the Nobel prize for physics in 1987 [75]. The radius of the 

tip curvature is smaller than 50 nm and the cantilever spring is 0.1-2 mm in size and 0.1-

0.01 N/m spring constant. Principally when the AFM tip is getting enough close to the 

surface in the range of short range atomic forces, the tip deflects back from the surface, 

due to repulsive force interaction, as shown schematically in Fig. 3.4. Different methods 

and sensors can be used for detection of cantilever deflection such as electron tunneling, 

capacitance measurement, interferometry, piezoresistance, piezoelectricity, etc [76].  

The most common way is using the laser beam detection in which the mechanical 

deflection can be detected by using a 4-quadrant laser photodetector in the shoulder of the 

AFM probe, which usually is covered by a reflective coating such as aluminum or gold. 

Using piezoelectric movement as a feedback, the distance between the sample and the tip 

will be controlled by adjusting the amount of deflection due to the interaction force 

between them.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Scheme of the AFM principle 

 

Generally, two possible ways are available for surface scanning; contact mode (constant 

force or height) and tapping mode (non-contact), which can be studied in detail in the 

literature [76]. In the contact mode the AFM tip constantly touches the surface, while in 

the tapping mode the cantilever tip is vibrated in its pronounced resonance frequency 
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(normally between 50-200 KHz). The measurable vibration of the cantilever is damped as 

the tip comes closer and closer to the surface. By means of a feedback control this 

damping can be utilized to keep the tip and sample distance constant [76].  Nowadays, 

using very sharp tips enables AFM to perform topography imaging even at the atomic 

level.  

One of the advantages of AFM is that it is possible to image the topography of the 

surface in air pressure comparing to SEM, in which the sample should be in vacuum 

conditions, where the chemical speciation of surface constituents and also corrosion 

products can be changed. Another benefit of AFM is that it can be applied in solution, 

which makes it possible to employ AFM imaging as in-situ monitoring of surface 

morphology changes during corrosion events. Therefore as complementary in-situ AFM, 

measurements were performed using a standard Si based cantilever, before or after the 

integrated AFM/SECM measurement, to achieve a good quality of the AFM topography 

image. Nowadays various functionalities have been added to the AFM-based techniques, 

such as Kelvin potential microscopy (which will be described in the next section), 

magnetic force microscopy (MFM), friction force microscopy (FFM), etc. [76]. However, 

unlike SEM-EDS surface imaging and analysis, AFM does not give any elemental 

information. Therefore, they can be counted as techniques that complement each other. 

In the experiments described here an AFM instrument Resolver from Quesant (Ambious 

Technology), USA, in contact mode in air (ex-situ) and solution (in-situ) was used.  

 

3.4. SKPFM 
To evaluate the relative nobility of the IMPs of the alloy, SKPFM measurements were 

performed to map Volta (Kelvin) potential variations on the prepared sample surface. The 

principal and details of the technique have been described in the literature [37-39, 40-43]. 

Briefly, Volta potential probe microscopy is an additional working mode supported by 

some commercial AFM systems. This mode measures the surface potential of the sample 

in addition to the sample topography. The Volta potential difference (ΔΨ) is part of the 

surface potential difference between the tip and the sample. To understand the response 

of the AFM cantilever during surface potential operation, a parallel plate capacitor (with 

local capacitance C) between the AFM tip and the sample with a voltage difference of 
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ΔV can be assumed. The energy of this capacitance is: 

2)(
2
1 VCU Δ=                                                                                                                    (7) 

The force acted on the tip and the sample is the rate of change in the energy with the 

separation distance dZ.  

2)(
2
1 V

dZ
dC

dZ
dUF Δ−=−=                                                                                                 (8) 

In the surface potential mapping, the voltage difference, ΔV, consists of both a dc and an 

ac component. This means that a constant dc bias and a superimposed ac bias are applied 

between the tip and sample. The alternating bias generates an alternating charge between 

the AFM tip and the sample surface, which induces an alternating modulation of the force 

on the tip. The ac component is applied from the oscillator, Vacsinωt; where ω is the 

resonant frequency of the cantilever. 

tVVV acdc ωsin+Δ=Δ                                                                                                        (9) 

∆Vdc includes applied dc voltages (from the feedback loop), work function differences, 

surface charge effects, etc. Applying the equation (9) in (8) gives; 

)2cos(
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dZ
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dZ
dCF acacdcacdc ωω +Δ−+Δ−=                       (10) 

 

Three terms arise on the right side: the dc term, the first harmonic (ω) term and the 

second harmonic (2ω) force term. If the oscillating ac electrical signal acts in the 

resonance frequency of ω, a sinusoidal driving force excites the motion in the cantilever. 

The cantilever responds only to forces at or very near to its resonance, so the dc and 2ω 

terms do not cause any significant oscillation of the cantilever. (At constant tip-sample 

distance, the second harmonic force term, 2ω, can only have contribution from 

capacitance; therefore, it can be used for scanning capacitance microscopy, SCM). In 

regular tapping mode, the cantilever response (RMS amplitude) is directly proportional to 

the drive amplitude of the tapping piezo. In this case, the response is directly proportional 

to the amplitude of the Fω drive term. The goal of the surface potential feedback loop is to 

adjust the voltage on the tip until it equals the voltage of the sample (ΔVdc=0), at which 

point the cantilever amplitude should be zero (Fω=0). If ΔVdc is zero, the force at ω is 

dc term  ω term  2ω term  
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zero, so the cantilever does not oscillate. This means that the surface potential feedback 

loop adjusts the applied dc potential on the tip, Vtip, until the response of the cantilever is 

zero. Vtip is the potential data that is used to generate a Volta potential map of the surface. 

0=Δ= acdcVV
dZ
dCFω  at  0, =Δ−ΔΨ=Δ applieddcdc VV                                                     (11) 

This means that the technique works with a nulling technique, and this should be 

considered in the interpretation of data where feedback data obtained by Vtip should be 

oppositely converted to the sample Volta potential values. More detailed information on 

the basics of potential imaging is given in the literature [40-43].  

The Volta potential difference between a surface and an SKPFM probe can be directly 

correlated to the corrosion potential of the corroding metal surface [40-43]. 

contE corr +ΔΨ≈                                                                                                             (12) 

The formula shows that the measurable Volta potential difference, ΔΨ, changes linearly 

with the corrosion potential of the corroding metal. This correlation has been proven 

experimentally by measuring the corrosion potential of a surface that is covered by a thin 

electrolyte layer and simultaneously Ecorr and ΔΨ. Then the slope of a plot of the 

corrosion potential versus the Volta potential difference for very different materials was 

found to be very close to the expected value [40]. The constant in equation (12) can also 

be calculated experimentally [40]. Volta potential can be regarded as a measure of 

practical nobility. However, this technique cannot be used in-situ in aqueous solutions, 

and caution is needed when interpreting the Volta potential data, and these should be 

backed up by local electrochemical data and composition and morphology information. 

[44-46]. Moreover, it has been reported that, in some cases, the sample preparation may 

create artifacts. Therefore its influence on the Volta potential data should also be 

considered [46]. 

In the present work, two AFM instruments were used for Volta potential measurements. 

The first one was Veeco Thermomicroscopes at the Swedish Corrosion and Metals 

Research Institute (KIMAB), in which the signals for both topography and Volta 

potential were acquired simultaneously. In this approach the tip is very close to the 

surface and the highest possible resolution could be obtained. The disadvantage of this 

procedure is that the topography signal may have an influence on the Volta potential data, 
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leading to some artifacts. For this instrument, the tip was made of SiN and coated with 

Ag, and the relative humidity in the chamber was 40%. More details have been described 

in the literature [29].  

The other instrument was a Nanoscope IV at the Nano-Fab Lab of the Royal Institute of 

Technology with facilities for Volta potential measurement. In this approach the data 

were acquired in two-pass mode. In the first pass, the topography data was collected with 

the feedback control. Then the probe was lifted up to a certain distance for the second 

pass scan to collect Volta potential data at a constant distance from the surface (between 

50 to 100 nm in this work, depending on the roughness of the surface). The benefit of this 

procedure is that the topography and Volta potential signals are independent in relation to 

each other, and that there is hardly any or no artifact due to cross talking between them. 

However it takes the double time to collect topography and Volta potential data. The 

measurement of the ultramicrotome cut sample was performed using this instrument. The 

probe was antimony (n) doped Si, MESP, supplied by Vecco, suitable for the Volta 

potential measurements. 

 

3.5. SECM 
SECM) is an ultramicroelectrode (UME) based technique in which the electrochemical 

current flows through a very small electrode tip (generally an ultramicroelectrode with a 

tip diameter of 10 μm or less) near a conductive, semiconductive, or insulating substrate 

immersed in a solution [77-82]. The tip can be moved normal to the surface (the z 

direction) to probe the diffusion layer, or the tip can be scanned at constant z across the 

surface (the x and y directions). In SECM, the current is carried by redox processes at tip 

and substrate and is controlled by electron transfer kinetics at the interfaces and mass 

transfer processes in solution. One of the advantages of UME in SECM is that in this 

technique more efficient mass transfer can be achieved than that achieved by 

macroscopic electrodes. For instance, compared to the conditions of forced convection in 

a rotating disk electrode (RDE) experiment, much larger steady-state diffusion limited 

current density can be obtained. Consequently, relative movement between UME and 

solution causes only negligible enhancement of the faradaic current. Since 
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electrochemical reactions occur in SECM, microfabrication can also be carried out with 

SECM. For example, etching and deposition of metals and semiconductors and synthesis 

are also possible [77-79]. 

The special diffusion properties lead to rapid establishment of a steady-state diffusion-

limited current, IT, which is given for a disk-shaped electrode surrounded by an infinitely 

large insulating sheath according to: 

agnFDcIT
*=                                                                                                                  (13) 

where n is the number of transferred electrons per molecule, F is the Faraday constant, D 

is the diffusion coefficient, c* is the bulk concentration of the reagent, a is the 

microelectrode dimension, for instance the radius of the disk-shaped active 

microelectrode area, and g is the geometrical factor (for an ideal disk shape g is 4). 

The UME is connected to a potentiostat as an amperometric microelectrode, and the 

electrochemical cell is completed by a reference electrode and an auxiliary electrode. The 

sample to be investigated can be connected to a bipotentiostat as the second working 

electrode. 

A considerable part of the SECM literature describes the use of approach curves [77-82]. 

In this configuration, the probe is fixed at a specific location above the sample, from 

where it is gradually moved to the surface and then the tip current is monitored. Although 

such experiments do not represent microscopy, they are of fundamental importance for 

methodical developments and many fields of applications, because the understanding of 

any scanning probe experiment requires knowledge of the underlying signal–distance 

relationship. According to the approach curve in Fig. 3.5, in localized corrosion when the 

tip is enough close to the surface in active region, the current on the Pt microelectrode 

should increase several folds more than the limiting current, IT, and in passive region it 

should decrease at least to some the fraction of IT, as shown in Fig. 3.5. A more 

interesting thing is that the slope in curve during approaching to the active site also 

increases faster than that in a passive surface. This is due to the blocking effect of the 

insulating region in the UME.  

The SECM imaging can be operated in two imaging modes; feedback (FB) mode (Fig. 

3.6) and generation–collection (GC) mode (Fig. 3.7) [77-82].  For measurements in FB 

mode the bulk solution contains the oxidized or reduced form of a quasi-reversible redox 
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couple as a mediator (in Fig. 3.6, the solution initially contains the reduced form of redox 

couple, R). It is converted at the UME leading to a diffusion-controlled current IT [81,82]. 

This current increases or decreases, as the UME approaches the sample, depending on the 

rate of mediator recycling at its surface.  

 
 

 

 

 

 

 

 
 
 
 
 
 
Figure 3.5 Tip current on SECM approach curve as a function of tip-sample distance on 
a conductive (active) and an insulated (passive) sample. 
 

 

At the UME, a potential ET is applied at which diffusion-controlled conversion of the 

mediator occurs according to equation (14) and thus a steady-state faradaic current IT∞, 

results, equation (13). 

R → O+ ne-                                                                                                                     (14) 

where R and O represent reduced and oxidized species, respectively. The index “∞” 

indicates the quasi-infinite separation distance. However, if the UME moves towards a 

surface at which R can be regenerated by electrochemical conversion, a new reagent 

source becomes available for equation (14), and IT(d) as a function of distance increases 

with respect to IT(d) on an inert sample. The term “positive feedback” is predominantly 

used for this principle. The mediator can be regenerated, for instance through 

electrochemical conversion of the mediator on the sample as the reverse of equation (14) 

or  local oxidation of the sample material by O, as shown in Fig. 3.6. 

Conductive (active) sample approach  

Insulated (passive) sample approach  
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(a)  (b)  

Figure 3.6 SECM in positive feedback (FB) mode on a conductive (active) sample and in 

negative FB mode on an insulated (passive) sample. 

 

In the GC mode, the working solution does not initially contain compounds that may 

participate in an electrochemical reaction at the potential of the UME, ET (in Fig. 3.7 the 

solution initially does not contain the reduced or oxidized form of redox couple, R or O) 

[81-82]. Redox active compounds that are generated or released from active regions of 

the sample can then be monitored by the UME, as shown in Fig. 3.7. If an oxidizable or 

reducible substance is formed on the sample, this compound can be detected at the UME 

if it is located close to the active region. Specifically, this mode is called sample 

generation/ tip-collection (SG/TC) mode.  

GC experiments can be performed with potentiometric UME. These microelectrodes 

have the advantage that they disturb the sample diffusion layers much less because they 

are passive sensors. However, the positioning of such microelectrodes is difficult because 

the limiting diffusion equation (13) cannot be used. The possibility of using the UME as a 

local generator and the sample as a collector, tip-generation/sample collection (TG/SC), 

is also demonstrated in Fig. 3.7.  
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Figure 3.7 SECM operation in (a) tip-generation/sample-collection (TG/SC) mode, and 
(b) sample-generation/tip-collection (SG/TC) mode. 
 

GC mode with amperometric UME has some difficulties in the quantitative interpretation 

of the results. If the active regions of the sample are large, no steady-state situation is 

established, and the local concentrations depend not only on the position of the UME but 

also on the time that has passed since the onset of the reaction on the sample. The moving 

probe disturbs the macroscopic diffusion layer of the sample through convection by 

hindering the diffusion of reagents to the sample region underneath the UME and by 

overlapping the diffusion layers from the sample and the UME. An enhancement of the 

current according to the principle of positive feedback can lead to significant values if the 

sample-tip distance is less than three times the tip radius. To minimize the quantitative 

problems, it is sensible to use as small UME as possible. In such cases the disturbance of 

the sample diffusion layer is minimized, and FB effects can also be neglected at small 

values of the tip-sample distance. The lateral resolution is always poorer in GC mode 

than it is in the corresponding FB experiments. Furthermore, it is difficult to detect small 

active regions in the vicinity of large active areas. The GC mode offers a much higher 

sensitivity than FB mode because the flux of reagents coming from the sample is 

measured essentially without a background signal. Moreover, it is also suitable in 

situations in which FB experiments are practically impossible [81-82]. 

(a)  (b) 
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Depending on the size of the UME, different positioning technologies can be used, since 

the technical requirements increase with a decreasing size of the UME. Using AFM as a 

positioning tool to control and adjust the UME-sample distance in SECM has shown 

great advantages that will be discussed in the next section (section 3.6). For this thesis 

SECM measurement, either alone (without feedback control of AFM at a distance) or 

concurrent with AFM (which will be described in the next section), was performed with 

different configurations to visualize the local anodic and cathodic activities of an  

aluminum alloy surface during localized corrosion. 

 

3.6. Integrated AFM/SECM  
Figure 3.8 shows schematically an AFM-based SECM instrument that was employed in 

the present work. By using a bipotentiostat, the potential of the sample and an embedded 

Pt microelectrode was controlled separately with respect to a reference electrode. Laser 

feedback as deflection control in AFM was performed for topography data acquisition out 

of the solution. Meanwhile, the distance between the sample surface and probe was kept 

constant during scanning. This position technique has great advantages compared to a 

normal SECM instrument, where the distance control is a difficult task and the probe may 

scratch the surface. By using this configuration, the concurrent topography and the 

electrochemical activity could be obtained and monitored.  

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Scheme of EC-AFM/SECM experiment set-up.  
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Figure 3.9 describes the principle of two-pass AFM/SECM measurements in the present 

study. In order to guarantee a qusi-simultaneously combined measurement after a normal 

AFM line scan to obtain a surface profile in the first pass, the feedback was stopped and 

the tip withdrawn to a desired distance from the surface, as shown in Fig. 3.9 In the 

second pass, the probe followed the surface profile in the second line scan with a 

determined lift-up distance and collected the local current. This means that the scanning 

time multiplies approximately by two in combined AFM/SECM measurements compared 

to normal AFM imaging. Clearly, the lift up distance should be optimized; it should not 

be too far away from the surface to lose the resolution, but it should not be too close to 

ensure that there is no direct electrical contact between the Pt microelectrode and a 

metallic sample surface, in order to avoid short circuit problem. Therefore, this distance 

reduces the risk for damage of the whole probe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Scheme of the principle of two-pass AFM/SECM measurement. 
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To obtain better laser reflection sensitivity for the AFM part, a highly reflecting metal 

coating was applied on the probe shoulder. Concurrent AFM topography and SECM 

current map were obtained over exactly the same area with high lateral resolution. Using 

the redox couple as mediator, SECM measurement was carried out in either GC or FB 

mode, as shown previously in Figs. 3.6 and 3.7. 

Tow types of dual mode AFM/SECM probes, supplied by Windsor Scientific Ltd, UK, 

were used in this study. Figures 3.10(a) and 3(b) show a SEM micrograph of probe A and 

a CLSM image of probe B, respectively. The probe A was L-shaped, and its shoulder was 

flattened and coated with gold for laser reflection. It was made by pulling and embedding 

a Pt wire into a hard epoxy as insulating material with approximately 10 μm in diameter 

at the end. The insulated endpoint was cut by focus ion beam (FIB) to produce a disk 

microelectrode with the core Pt microelectrode of 2-5 μm in diameter and a sharp epoxy 

tip as AFM tip, as shown in Fig. 3.10(a). The probe B was a new approach developed to 

increase the resolution of SECM mapping, and also the stability and flexibility of the 

probe. It was made by pulling and embedding a Pt wire into the quartz glass insulating 

material (with approximately 10 μm in diameter at the end), followed by a polishing step 

in order to expose the Pt wire and produce an inclination angle of 15 - 25 degree, as seen 

in Fig. 3.10(b). With this inclination angle, one can use the end point of quartz glass as 

the AFM tip and the Pt wire in the middle as the SECM microelectrode. A lower angle 

gives a better blocking effect whereas a higher angle gives a sharper end point for the 

AFM tip. In this case, it could be possible to reduce the diameter of the Pt wire to ca 1 

micron or even less. This has been confirmed by calculations of the measured limiting 

diffusion current of the microelectrode (Paper V).  

In contrast to other approaches to produce AFM/SECM probes [51-63], the AFM 

shoulder for laser deflection in both probe A and B configurations, was not immersed in 

the electrolyte. This was achieved through a L-shaped long bending arm (between 2 and 

3 mm), as can be seen in the CLSM image of the probe B in Fig. 3.10(c). This arm 

geometry enables immersion of the sample surface of at least 1.5 mm in the solution 

without disturbing the laser reflection on the AFM shoulder.    
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Figure 3.10 AFM/SECM probe geometry: (a) SEM micrograph of probe A with Pt 
UME, (b) CLSM image of probe B with a ca 15-25 degree inclination angle, and (c) 
Long arm of probe B for the purpose of obtaining the AFM signal outside of the solution.  
 

 

In order to investigate the local electrochemical activity related to the IMPs, integrated 

AFM/SECM measurements were performed on the sample in diluted NaCl solutions at 

cathodic or anodic polarization and at OCP. The instrument used was a Resolver from 

Quesant Ltd, equipped with the iProbe package supplied by Windsor Scientific Ltd., UK. 

A saturated Ag/AgCl and Pt foil were used as the reference and counter electrodes, 

respectively. For mapping of cathodic activity, cathodic polarization was applied to the 

sample. The cathodic reactions, i.e. reduction of the redox mediator and possibly also 

dissolved oxygen, occur on the surface (acting as catalyst). Local surface sites with 

Pt UME 
Acts as AFM tip 

Pt UME 
Acts as AFM 

Inclination 
angle (15-25º )  

Quartz 
crystal Hard epoxy  
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Probe B 
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higher cathodic activity, e.g., cathodic IMPs, resulted in an enhanced reduction rate on 

such sites, diffusion of the reduced mediator towards the ultramicroelectrode tip and 

subsequent oxidation of the reduced mediator at the tip. Under anodic polarization, the 

SECM operates in sample-generator/tip-collector mode, local surface areas of higher 

anodic activity (Al  Al+3 +3e-) caused reduction of the redox mediator on these areas, 

diffusion of the reduced mediator towards the tip and subsequent oxidation of the 

mediator at the tip.  

By scanning over the surface, concurrent AFM topography and SECM current maps were 

obtained of the same area. The lateral resolution of the SECM depends on the tip size, the 

sample-tip distance and the electrolyte conductivity [80]. 

 

3.7. FTIR-IRAS 
Infrared radiation, IR, is a sinusoidal electromagnetic wave with wavelength λ (cm), 

consisting of both electric and magnetic fields perpendicular to each other, and travels in 

a direction perpendicular to the two fields. In spectroscopy, the wavenumber, υ=1/λ   

(cm-1), is a commonly used unit, which is proportional to the frequency ν (Hz) and 

intensity of the radiation [83]. The electric field has enough energy to interact with 

molecules and cause vibrational excitation.  A molecule in the classical mode consisting 

of points (the nuclei) and connected by massless springs (the bonds or electrons) has 

different vibration modes. In order to direct absorption of a photon to an excited state in 

the IR radiation, the frequency of the IR light has to match the frequency of the vibrating 

mode, and the dipole moment of the molecules, μ (μ =qr, where q is the charge of atom 

and r is the distance between the atoms), must also change as a result of vibration. This is 

a selection rule in IR spectroscopy in which the dipole moment, μ, must alter with respect 

to the normal coordinate Q during a vibration, which is formalized in equation (15):  

0≠⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂
Q
μ                                                                                                                         (15) 

Satisfying these two requirements makes the molecule IR active which can be used for 

surface species identification. Various kinds of vibrations due to changing in bond length 

(symmetric/asymmetric stretching) or angle (bending) can occur [83]. As an example, 
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Fig. 3.11 shows a sketch of (a) symmetric and (b) asymmetric stretching vibrations of a 

carboxylic group in acetic acid (Paper VI). 

There are two main experimental techniques in IR spectroscopy: transmission (counting 

the amount of transmitted radiation through the sample) and reflection techniques 

(impinging the surface and detecting subsequent reflected light). Since IR radiation 

usually penetrates only 1-10 μm into the sample, the reflectance spectra give an 

estimation of the composition of the near-surface region. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Sketch of (a) symmetric and (b) asymmetric stretching vibrations of a 
carboxylic group in acetic acid.  
 

 

Various reflectance techniques can be performed, but in the present experiments, ex-situ 

IRAS was used, in order to analyze and identify the chemical speciation of some 

corrosion products on aluminum alloy surfaces after exposure to corrosive solutions. In 

the specific case of IRAS, an additional requirement denoted as the “surface selection 

rule” was also applied. This rule emphasizes that a component of the dipole derivative is 

required to be along the surface normal in order to activate a molecular vibration. The 

origin of this selection rule is the fact that radiation which is polarized perpendicularly to 

the plane of incidence (s-polarized) undergoes a phase shift of approximately 180° upon 

reflection from a metal surface, with the concomitant cancellation of an s-polarized 

electric field in the surface region. Therefore vibrations aligned along the surface plane 

will not give rise to any signal in an IRAS spectrum. The interaction of p-polarized light 

(a) (b) 
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with the metal surface is significantly different, since the phase shift is dependent on the 

angle of incidence, with a constructive interference prevalent for high angles of 

incidence, measured from the surface normal. An incident angle of around 88° is desired 

for many metals. By employing the surface selection rule, the orientation of the adsorbed 

molecules can be deduced. IRAS can be considered as a double transmission process, 

while the IR beam passes through the surface film twice, as shown in Fig. 3.12. To avoid 

intensity losses, the sample surface must be highly reflective such as a polished metal 

surface. The angle of incidence, θi, can be chosen either near-normal angle or at a grazing 

angle. For the purpose of enhancing surface sensitivity, grazing angle IRAS is a valuable 

tool for studies of thin film on metal surfaces [83].  

 

 

 

 

 

 

 
 
 
 
 

Figure 3.12 The experimental set-up for IRAS measurement. 
 

 

In the present experiments a Fourier transform (FT) spectrometer was used for IRAS 

measurement. Some advantages of FTIR-IRAS is a larger signal-to-noise ratio (S/N), 

faster spectrum generation, higher resolution and higher wavelength accuracy [83]. 

To identify the corrosion products formed on the surface (observed by in-situ AFM), 

IRAS spectra of the sample were obtained ex-situ after exposure in the aggressive 

SWAAT solution. The sample was taken out of the solution and dried gently by N2 gas 

blowing along the sample surface before placing it in the IRAS chamber. The analysis 

was performed by using a Digilab FTS 40 Pro spectrometer with a mercury cadmium 

detector applying a p-polarized light and averaging 1024 scans at a resolution of 8 cm−1 in 
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the range of 500-4000 cm-1 on a 1 cm2 sample area. The spectra were recorded in 

absorbance units (−log R/R0), where R is the reflectance of the exposed sample and R0 the 

background reflectance obtained from a polished surface after 1 hour in dry air (RH < 

0.1%). 

 

3.8. Thermodynamic calculations  
For complementary information regarding the corrosion products that may form on 

aluminum alloy surfaces during corrosion tests, thermodynamic calculations of 

predominant species (Pourbaix diagram) and species distribution (fraction) were 

performed for possible chemical compounds of aluminum in the test solution by using the 

Hydra/Medusa Chemical equilibrium software [84]. The solubility and thermodynamic 

stability of the species at 25°C were considered in the calculations to identify the species 

distribution for chemical compounds of aluminum. A potential of – 0.6 V versus NHE 

was chosen for the calculation of the species distribution, which is approximately the 

level of the alloy OCP in the test solutions.  

In order to find the thermodynamically based dominant region of aluminum compounds 

in the SWAAT solution, Pourbaix diagrams were drawn by using the Medusa software 

[32] for aqueous solutions containing 0.01 – 1 M NaCl and 0.1 – 1 M acetic acid 

(CH3COOH) to cover the range of the test solutions. The calculation takes into account 

all major dissolved species and solid compounds that may exist in the system, including 

AlOH2+, Al(OH)2
+, Al(OH)3, Al(OH)4

-, Al(OH)3(c), AlOOH(c), Al(CH3OOH)2+, 

CH3COOH, CH3COO-, Al(OH)(CH3OOH)+, Al2(OH)2(CH3OOH)3+, [Al(H2O)6]3+, 

[Al(H2O)4(CH3COO)2]-, Na(CH3COOH), NaCl and AlCl3, where c denotes a crystalline 

solid. It should be mentioned that the calculation is simplified with respect to the 

SWAAT solution, which contains artificial sea salt with undefined minor species. The 

database used may not include all possible species because of lack of thermodynamic 

data of some intermediate species. Moreover, an attempt was also made to calculate the 

predominant region and fraction of species in a solution containing NaCl and (NH4)2SO4 

(ammonium sulfate). This solution is also interesting as regards industrial application of 

the investigated alloys in rural atmosphere. In this case, the calculation takes into account 

all available major dissolved species and solid compounds that may exist in the system, 
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including AlOH2+, Al(OH)2
+, Al(OH)3, Al(OH)4

-, Al(OH)3(c), AlOOH(c), 

Na(CH3COOH), NaCl, AlCl3, Al(SO4)2
-, AlHSO4

2+, AlSO4
+, NaSO4

-, NH4SO4
-, 

Al4(OH)10SO4, AlOHSO4, Na2SO4, and Na2SO4:10H2O. 

 

3.9. Simulation of SECM 

In order to evaluate the SECM resolution of the AFM/SECM probe on imaging local 

corrosion-active sites, a 3D mass diffusion and fluid flow model is employed for 

prediction of current distribution during a SECM operation in steady state and transient 

conditions. More details on simulation parameters can be seen in papers IV and V. The 

concentration equation which considers the momentum effect and without homogeneous 

reaction in three-dimension (3D) is as follow in equation (16): 

).(. cDcu
t
c
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∂
∂ r                                                                                                       (16) 

where c is the concentration of oxidized species (M L-3) co, D is the diffusion coefficient 

(L2 T-1) and ur  is the velocity vector (L T-1). On the left side of equation (16), the first 

term is the time dependency of concentration and the second is the convective term, 

while the right side shows the diffusive term. It is also assumed that there is enough 

supporting electrolyte with suitable conductivity. 

Assuming an incompressible and Newtonian liquid flow, the velocity field could be 

calculated by solving the generalized time dependent continuity and Navier-Stokes 

momentum equations (17) and (18), respectively:  

0. =∇+
∂
∂ u

t
rρ                                                                                                                    (17) 

0).(2 =∇+∇+∇−
∂
∂ puuu

t
u rrr
r

ρηρ                                                                                    (18) 

where η is the dynamic viscosity (M L-1 T-1), ρ is the density (M L-3) and p is the pressure 

(M L-1 T-2).  

To compare the results of equation (16) with that of non-convective conditions the 

following equation was considered:  

0).( =∇∇−
∂
∂ cD

t
c                                                                                                            (19)    
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A 3D Cartesian coordinate system is used in the calculation, while only half of the 

AFM/SECM probes are considered since the problem is symmetrical in the y-axis. As an 

example, Fig. 3.13 shows the schematic plot of the boundary domain/conditions and a 

geometrical model of the AFM/SECM probe A. In order to simplify the visual 

appearance only insulating parts of the boundary domain were highlighted. In summary, 

the boundary conditions are presented below [77-82]. 

 

 

 

Figure 3.13 Boundary domain in a SECM simulation of probe A during dynamic 

scanning with a scan rate range of 0.25 to 8 Hz. 

 

 

For the diffusion-convection mass transport equation (16): 

c=0  at inlet, outlet and active sites on the sample surface; 

c=cb  at Pt microelectrode surface; 

0. =∇cn  at insulating parts of substrate and tip and symmetry surface where n is a 

directional unit vector. 
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For the momentum Navier-Stockes equations (17,18): 

0=ur  no slip at sample surface 

)0,0,(Uu =
r , slip at probe surfaces where U is the probe velocity as a function of scan 

rate (Hz) in x direction. 

02 =∇ u  at inlet and outlet 

0. =un r , slip in symmetry boundary 

 

Since in this research, the focus has been on studying solution behavior and the effect of 

velocity on the Pt microelectrode current collection due to localized corrosion, the 

boundary domain was truncated to the region displayed in Fig. 3.13. To maintain an 

optimum mesh number, non-uniform elements were applied for maximum resolution of 

variables, the mesh being comparatively coarser in the vicinity of the bulk boundaries 

while much finer elements were used on the Pt microelectrode and corrosion active sites. 

An optimum mesh number was obtained under the conditions at which further reducing 

mesh size would not improve the numerical solution accuracy compared to analytical 

data from the limiting current formula ( nFDcai 4=∞ ) [77-82]. For that purpose, a 

maximum element size of 0.1 μm was chosen.    

All simulations were carried out in actual dimensions with relevant parameters. As shown 

in Fig. 3.13, an active site on the sample surface with a diameter of 1 to 2 μm was 

considered as a local corrosion site. A distance of 100 nm was chosen as a gap between 

the sample surface and the AFM tip to simulate a 100 nm lift-up distance during 

AFM/SECM measurements. In order to avoid any sharp point in the simulation of probe 

A, a modification was made in probe A and a semispherical shape with a radius of 250 

nm was added to the end of the AFM tip, as can be seen in Fig. 15. This enabled the 

simulation to be run without any singularity problem.  

The total current, iT, on the Pt microelectrode surface was calculated by an integration of 

the concentration gradient, (
n
c

∂
∂ ), here n is the unit vector in x, y and z directions, as 

follow [77-82]: 
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ds
n
cnFDi

A
T ∫ ∂

∂
=                                                                                                  (20) 

where F is the Faraday constant, the constant n is the number of electron transferred and 

A the surface area of the Pt microelectrode, and ds is incremental microelectrode surface 

area.  

The properties and work piece information are input data, employed in the calculation of 

fluid flow and mass diffusion, are summarized below in Table 1. 

 

Table 1 Physical properties used as input in SECM simulation 

 

Physical Properties Value 

Diffusion coefficient, D (m2/s) 8x10-10 

Density of liquid, ρ (kg/m3) 1000 

Viscosity of liquid, η (kg/m s) 0.0015 

Concentration of bulk, cb (M) 0.005 

Probe velocity, U (μm/s) 22 to 704 

 

 

Here the values for D, ρ and η were taken from the references [77-80], while cb, the 

concentration of the mediator, and U, the probe velocity (scan rate 0.25-8 Hz), resemble 

the actual AFM/SECM experimental conditions of the research on which this thesis is 

based. To numerically solve the governing equations, commercial finite element based 

software, Comsol (Comsol Ltd.), was used. The details of the numerical simulation and 

verification can be found in Papers IV and V. 
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4. Results and discussion 
 
A multi-analytical approach with emphasis on direct observation by using local in-situ 

probe techniques was made to understand the mechanisms of localized corrosion. Figure 

4.1 shows schematically the sequence of experiments. As can be seen, first, the 

microstructure was characterized using ex-situ SEM-EDS analysis. Then, ex-situ Volta 

potential measurement of surface constituents was performed in air to estimate the 

corrosion tendency. In the next step, the general corrosion behavior was studied by OCP 

and EIS measurements in the corrosive solutions. Moreover, concurrent topography 

variations and the electrochemical activity of surface constituents were monitored by 

AFM-based SECM measurements. In addition, in-situ AFM imaging was also performed 

to identify the attack locations and the morphology changes during corrosion. Finally, the 

corrosion products were analyzed by FTIR-IRAS measurements and compared with 

thermodynamic calculations.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1 The sequence of experiments. 

 

More detailed information on the results can be found in the 7 papers. In paper I, the 

application AFM-based SECM technique in localized corrosion study is reported. In 

paper II, the use of in-situ AFM and SECM techniques and observation of ongoing trench 

Ex-situ SEM-EDS 
(particles analysis) Ex-situ SKPFM 

(Volta potential) 
In-situ AFM 
(morphology) 

In-situ AFM/SECM 
(concurrent topography-current) 

Ex-situ FTIR-IRAS 
(corrosion products) 

Sample preparation effect 
(polishing -ultramicrotome) 

SECM resolution 
(FEM simulation) 

Thermodynamic 
calculations 

In-situ OCP, EIS 
(general behavior) 

Ex-situ AFM 
(topography) 
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formation process are described. As stated in paper III, some efforts are made to develop 

a new fin material for heat exchanger application. The main task of paper IV is to 

describe the set-up and principle of the AFM-based SECM instrument and to evaluate the 

SECM resolution by FEM simulation. In paper V, SECM microelectrode characterization 

by CV, probe calibration using calibration sample and resolution verification through 

SECM imaging of real localized corrosion are discussed. Using various techniques, a 

mechanism for localized corrosion of the EN AW-3003 alloy in near-neutral and acidic 

solution containing NaCl and CH3COOH is elucidated in paper VI. Finally, results from 

high-resolution ex-situ measurement of corrosion tendency of the IMPs and in-situ 

observation of localized corrosion initiation are discussed in paper VII to improve the 

understanding of the role of IMPs in localized corrosion of aluminum alloys.  

In this chapter of the thesis, the main results will be briefly discussed. 

 

4.1. SEM-EDS analysis and AFM imaging 
The SEM-EDS analysis has been performed in order to identify the microstructure 

constituents of alloys. Detailed results can be found in papers III, VI and VII. As an 

example, in the case of the EN AW-3003 alloy the results showed that there are two 

distinct types of eutectically-formed constituent IMPs (ca. 0.5 up to 10 μm in size): the 

α−Al(Mn,Fe)Si phase, typically Al15(Mn,Fe)3Si2, and the Al(Mn,Fe) phase, typically 

Al6(Mn,Fe), which appear lighter in the BSE–SEM images. The phases of the IMPs were 

identified in previous studies at Sapa Technology with extraction and XRD methods [87]. 

The difference between the two IMP types lies in the Si content and a different ratio of Al 

to (Mn,Fe). The Mn/Fe ratio between these large constituent IMPs varies but is typically 

about 1:1. Changing the Mn and Fe content of the bulk composition will alter this ratio. 

As was mentioned in section 1.1, an increase of Mn in the Al-Mn alloy in a solid solution 

results in the shift of the potential of matrix in the cathodic direction, while an increase in 

the Mn/Fe ratio of the IMPs shifts their potential in the anodic direction. Therefore as net 

effect, the potential difference between the matrix and the IMPs decreases [10,13].  

Depending on the heat treatment, it is also possible to form smaller IMPs of 0.1-0.5 μm 

in size by a solid-state reaction in the Al-Mn alloys. Such particles are usually called 

dispersoids and contain mainly Al and Mn, e.g. AlMn dispersoids. Cu may also be 
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AlMnFe IMP 

AlMnSi dispersoid 

incorporated, especially when the Cu content increases. Since Fe solubility is low in the 

solid Al-matrix, Fe forms constituent eutectic particles during solidification; hence there 

is only a trace amount of Fe in such dispersoids. If the Si content in the material is above 

0.10 wt.%, these dispersoids will contain some Si, also known as the α-AlMnSi type of 

dispersoids, typically α-Al12Mn3Si1-2. The EN-AW 3003 alloy studied, with 0.13 wt.% 

Si, may contain both types of dispersoids. During further heat treatment, such as a 

brazing operation, the dispersoids may dissolve or re-precipitate, probably as very fine 

precipitates with a size less than 0.1 μm in grain boundaries. 

To summarize, the composition of the IMPs may vary with size. The large constituent 

IMPs (μm size) contain Fe, whereas fine dispersoids (nm size) usually do not. For the 

constituent IMPs, one type contains Si, while another type does not, and the Mn/Fe ratio 

may also vary to a certain extent. As regards the dispersoids, one type contains mainly Al 

and Mn, while another type also has a varying Si content. Moreover, the SEM-EDS 

analysis with high lateral resolution revealed that even a single particle may have a 

heterogeneous composition. Figure 4.2 shows a BSE-SEM micrograph of the polished 

sample surface, with both eutectic intermetallic constituents (larger particles) and solid-

state precipitated fine dispersoid particles. The figure also gives examples of the EDS 

spectra, showing a relatively high Fe content in a constituent particle and a relatively high 

Si content in a dispersoid particle.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 BSE-SEM micrograph of rolled EN AW-3003 alloy after braze-simulation 
treatment, with both eutectic IMPs (larger particles) and fine dispersoid particles, and 
examples of their EDS analysis. 
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Occasionally, in some cases, a complex IMP with different chemical compositions in its 

inner and outer parts was observed, as can be seen in the BSE-SEM micrograph of an 

individual IMP in Fig. 4.3(a). From the BSE image, it can be concluded that the outer 

part contains heavier elements (such as Fe, Si, Mn, Cu) than the inner part. This reveals 

that in practice, during metallurgical processes, due to elemental interdiffusion between 

the matrix and IMPs, the composition of IMPs may change and complicate the corrosion 

behavior. Moreover, taking advantage of the AFM sensitivity in the Z (height) direction 

and looking at an individual IMP, a roughness, Rp less than 20 nm was observed, shown 

in Fig. 4.3(b). Since the sample surface was gently polished, such detailed information 

could not have been obtained by using normal optical or electron microscopy. Although 

the polishing steps might have caused a slightly etching effect on the edges, the picture 

clearly shows the heterogeneous morphology of an individual IMP uniquely observed by 

high resolution AFM technique. The presence of a dispersoid can also be seen to the left 

in Fig. 4.3. In summary, one can conclude that the heterogeneity and complexity of 

surface structure can be better understood by combining AFM and SEM, which are 

complementary to each other.  

 

 

 

 

 

 

 

 

 

 

 
Figure. 4.3 (a) BSE-SEM micrograph showing the complexity of an individual IMP that 
has different chemical compositions in its inner and outer parts; and (b) an AFM image 
showing the heterogeneity of an individual IMP, showing the surface roughness less than 
20 nm. 
 

4x4 μm 

(a) (b) 
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4.2. Volta potential (SKPFM) variations 
SKPFM mapping of Volta potential was performed on the sample surface to evaluate the 

relative nobility (corrosion tendency) of the constituents [Paper VII]. The samples were 

prepared by either polishing or ultramicrotome methods. As an example, Fig. 4.4 shows 

SKPFM and BSE-SEM images of two large elongated IMPs and a few smaller ones. In 

this case, the sample surface was prepared by normal polishing procedures and the 

SKPFM image was obtained using the Veeco instrument. It is clear that the IMPs have a 

higher Volta potential (brighter in the SKPFM image) compared to the matrix, which is 

an indication of cathodic behavior of the IMPs in the localized corrosion process. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 (a) High-resolution BSE-SEM micrograph of a polished surface of the EN 
AW-3003 alloy; and (b) Volta potential map of the same area, obtained by one-pass 
mode, showing a higher Volta potential for the IMPs. Volta potential Z scale is 1 V.  
 

Noticeably, in some cases the boundary region between the matrix and a constituent IMP 

exhibits a minimum Volta potential. That is probably the site most prone to corrosion 

initiation. The detailed results of SKPFM on a polished sample surface can be seen in 

paper VII. Here, as an example, the result on a sample prepared by ultramicrotome 

cutting, which can create a very flat surface without contamination, will be discussed. In 

this case, the Nanoscope IV instrument was used, in the two-pass mode, so that there was 

no considerable risk of signal cross-talking. Figure 4.5 shows the Volta potential 
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variations across the matrix and large IMPs. The IMPs can hardly be seen in the AFM 

image of the flat surface, but exhibit clearly higher Volta potential than the matrix. The 

difference in Volta potential is about 700 mV for the large IMP. Furthermore, a minimum 

Volta potential was also observed in the boundary region, appearing like a darker ring 

surrounding the large IMP. The Volta potential drop is about 100 mV in the boundary 

region. By careful examination of the topography of Fig. 4.5(a), it can be observed that 

there are much less fine dispersoids in the boundary region (2 - 3 μm width). However, 

one should be aware that the ultramicrotome cutting might have an influence on the 

absolute value of the Volta potential. Nevertheless, the results verify the observations 

about the cathodic character of the IMPs and also the minimum Volta potential in the 

boundary region adjacent to large IMPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.5 (a) Topography, (b) Volta potential images of the EN AW-3003 alloy 
obtained in two-pass mode, and (c) Volta potential line profile. The surface was prepared 
by ultramicrotome cutting. 
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The reason for the minimum Volta potential in the boundary region adjacent to the large 

IMPs is probably related to elemental diffusion during the formation of the of IMPs rich 

in Mn, which results in Mn depletion in the boundary region. Moreover, in this 

experiment, the minimum Volta potential was sometimes observed in the boundary 

regions adjacent to the elongated IMPs. Therefore it can be suggested that the mechanical 

deformation during the rolling that creates defects, e.g., voids in the vicinity of the IMPs, 

also has an influence on the Volta potential. To clarify the detailed composition gradient 

across the boundary regions, further studies are required, using high-resolution analytical 

techniques such as TEM and microscopic Auger electron spectroscopy. 

Moreover, the SKPFM measurements of different IMPs reveal that the Volta potential 

may vary with the IMP size. High-resolution scan was performed on the nm-sized IMPs. 

In general, the SKPFM images showed different Volta potential variations for large and 

small IMPs. For quantitative evaluation of the relative nobility of the IMPs, the Volta 

potential difference ΔE was defined as the difference between the average highest 

potential of the IMPs and the average of the matrix, as exemplified in Fig. 4.6(b) with a 

line profile showing the ΔE for large, medium and small IMPs, respectively. Unlike the 

absolute value of the Volta potential, the ΔE is not easily influenced by the measuring 

conditions, as evidenced by the above results. This parameter may be regarded as a 

measure of the driving force for micro-galvanic action in the localized corrosion.  

 

 

 

 

 

 

 

Figure 4.6 (a) Volta potential image and (b) line profile, showing the different levels of 
Volta potential between IMPs, dispersoids and alloy matrix on a polished surface of EN 
AW-3003 alloy, obtained in one-pass mode. 
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For a quantitative evaluation of the size dependence, the particle size was taken as the 

diameter for round shaped IMPs and as the maximum length for elongated ones. The 

average Volta potential value was calculated using the software for data analysis. A base 

line of zero value was chosen for the matrix. The data are plotted in Fig. 4.7, showing the 

relationship between ΔE and the size of the IMPs. In the figure, each data point 

represents one IMP, and the error bar indicates 5% deviation of the value, because the 

Volta potential may also vary slightly on the surface of the same IMP. A general trend is 

that ΔE increases with the size of an IMP (but not linearly), and clearly the μm-sized 

constituent particles exhibit larger ΔE than the nm-sized dispersoids. For the rare large 

IMPs of 5-10 μm in size, ΔE may reach 0.8 – 1.0 V. In contrast, below ca 0.5 μm, the ΔE 

is less than 200 mV, as shown in the inserted diagram in Fig.4.7. This is an interesting 

result from an application point of view. Since the corrosion initiation was mostly 

observed to occur adjacent to large IMPs, it seems that these IMPs with a ΔE value less 

than ca 200 mV do not result in localized corrosion. This implies that the fine dispersoids 

are not prone to initiating local dissolution of the aluminum alloy. 

The size dependence of the Volta potential difference could be related to the composition 

of the IMPs. The fine dispersoids have a composition that differs from that of the large 

constituent particles because of different formation processes during casting and hot 

rolling. The larger ones are formed during the casting process through a eutectic reaction 

at the end of the solidification for the ternary or quaternary systems of Al-Mn-Fe and Al-

Mn-Fe-Si. This results in the Fe-rich particles since Fe has a low solubility (0.04 wt%) in 

the primary α-Al phase, whereas the solid solubility of Mn is approximately 1.8 wt.%. 

During the homogenization and pre-heating processes, Al-Mn (Al-Mn-Si) particles form 

through solid-state processes when the alloy cools down, resulting in the dispersoids of 

0.5 - 2 μm, which survive the brazing cycle. These mainly consist of α-AlMnSi phase 

and do not contain Fe. Thus, the reason for the differences in Volta potential obtained for 

IMPs is probably related to the difference in the Fe and Si content of the different types 

of IMPs. The large data scattering for the IMPs of similar sizes (several μm) may be due 

to the variation in their Si content and Mn/Fe ratio [10,13]. For the fine dispersoids (< 0.5 

μm) of AlMn or AlMnSi, the Cu content may also have an influence on the Volta 
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potential. It has been reported that in diluted NaCl solution an AlMn phase has a higher 

corrosion and pitting potential than an AlMnSi phase [16]. However, it has not been 

possible to find any information of this kind in the literature for the different types of 

IMPs investigated in this study.   

For the finer dispersoids (< 200 nm), a negligible Volta potential difference was detected 

in the measurements. This is probably due to the fact that the Volta potential may receive 

from the surrounding area a contribution that dominates when very small sites are being 

measured, so that only a negligible Volta potential difference can be detected for the 

smallest dispersoids in the matrix. Further studies are necessary to clarify if there is some 

alternative explanation. It should also be mentioned that this relation between size and 

Volta potential difference is only valid for this particular alloy type and composition.  

 

 
 
Figure 4.7 Volta potential difference versus IMP size for EN AW-3003 alloy. The 
inserted graph shows data for IMPs smaller than 1 μm.  
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4.3. OCP, potentiodynamic polarization and EIS data 
Most of the results were reported in paper VI. The OCP measurements were performed 

on a 1 cm2 surface area exposed to the solutions mentioned in section 2.3, with 1 data 

point per second. Figure 4.8 shows typical examples of results for the EN AW-3003 alloy 

during the first hour of exposure. In the graph, the potential values were given relative to 

the NHE reference electrode. The OCP seems to remain constant during the whole 

exposure time, whereas the level of values are lower for a higher NaCl content, probably 

due to a larger number of active sites on the alloy surface. More importantly, the results 

show potential fluctuations during the exposure, especially in the near-neutral chloride 

solutions. With prolonged exposure, some large potential drops were observed for the 3.5 

wt% NaCl solution. The number of fluctuations and the extent of potential fluctuations 

seem to be influenced by the chloride content and pH of the solution. The OCP level is 

almost the same in the SWAAT solutions at pH 2.9 and pH 4.0, and the magnitude of the 

fluctuations is smaller, but the frequency (number) of the fluctuations apparently is 

higher, as compared to the near-neutral chloride solutions.  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Open-circuit potential vs. time for the EN AW-3003 alloy during the first 
hour of exposure to 10 mM NaCl, 3.5 wt.% NaCl and SWAAT at pH 2.9 and pH 4.0, 
respectively. 
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The influence of pH may be explained by the dominant cathodic reaction. At a low pH, 

proton reduction is the dominating cathodic reaction occurring on an active-like alloy 

surface, whereas in near-neutral solutions oxygen reduction is the dominating cathodic 

reaction occurring on a passive-like alloy surface. The observations indicate local 

activation processes occurring in the vicinity of IMPs, which are revealed by the 

integrated AFM/SECM measurements (sections 4.5, 4.6 and 4.7). Other researchers have 

also observed potential and current fluctuations by electrochemical noise (EN) 

measurements of pure aluminum in 0.05 M NaCl close to its pitting potential, which 

could be attributed to electrochemical processes within active pits and electrochemical 

interactions between the active pits [18-22].  

Potentiodynamic polarization measurements were also performed in the solutions, shown 

in Fig. 4.9. In SWAAT solution, Fig. 4.9(a), an active dissolution was observed during 

anodic polarization, while in a 10 mM NaCl solution, the surface revealed a passivation 

behavior. However, by increasing the potential, breakdown of the passive layer also 

occurs and fast dissolution is started, as shown in Fig. 4.9(b) in the 10 mM NaCl solution. 

The corrosion current can also be estimated from the polarization curves in Figs. 4.9(a) 

and Fig. 4.9 (b), In SWAAT solution the corrosion rate (10-4-10-5 A/cm2) is at least 2 to 3 

decades higher than in the 10 mM NaCl solution (10-7 A/cm2). After the anodic 

polarization, the OCP values are also shifted down to the cathodic direction, which is 

again an indication of surface changes during the dynamic polarization.  

 

 

 

 

 

 

 

 

 

Figure 4.9 Potentiodymanic polarization of EN AW-3003 in (a) SWAAT and (b) 10 mM 

NaCl solution. 
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It should be mentioned that potentiodynamic polarization in dilute solution also indicates 

the potential ranges of interest for in-situ AFM/SECM measurements. If the sample 

surface potential is adjusted in passivation region, the prepitting events can be followed. 

On the other hand, if the applied anodic potential is higher than the breakdown potential 

(more positive than ca -0.4 V vs. NHE), an active dissolution can be monitored, as shown 

in Fig. 4.9(b).   

EIS measurements were performed on a 1 cm2 surface area after different times of 

exposure in the solutions, to characterize interfacial properties of the alloy-solution 

interfaces. Figure 4.10 shows typical Bode plots of the spectra obtained in a 3.5 wt% 

NaCl solution after various exposure times. From high frequency down to around 0.1 Hz, 

the spectra exhibit one time-constant feature (one semicircle in Nyquist plot). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.10 Bode plots for EN AW-3003 exposed to 3.5 wt.% NaCl for 1, 3, 6, and 15 h. 
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It can be seen that the impedance in this frequency range increased slightly with exposure 

time and stabilized after a few hours of exposure, which is an indication of a certain 

passivation process in the alloy. This suggests that the surface tends to form some 

protective surface film (e.g., an aluminum oxy-hydroxide) in this near-neutral solution. 

However, at low frequencies (<0.1 Hz), the data becomes scattered and indicates an 

inductive response. Most likely this scattering is caused by electrochemical fluctuations 

of the interface, as evidenced by the OCP vs. time. The EIS spectra obtained in 10 mM 

NaCl solution show similar features as in a 3.5 wt% NaCl solution. The main difference 

is that the impedance in the medium frequency range is somewhat higher for the 10 mM 

NaCl solution than for the 3.5% NaCl solution.  

The EIS spectra when the alloy is exposed to the aggressive SWAAT solutions reveal a 

different behavior compared to the near-neutral chloride solutions. As an example, Fig. 

4.11 shows typical Bode plots obtained in the SWAAT solution at pH 2.9. The 

impedance in the high and medium frequency range is lower, and decreases slightly with 

exposure time during the initial period (several hours), which is in contrast to the trend in 

the near-neutral solutions. The scattering of low frequency data starts to occur around 1 

Hz, and the inductive response at low frequencies is more pronounced than in the near 

neutral chloride solutions, which can be better viewed in Nyquist plots. The spectra 

obtained in the SWAAT solution at pH 4.0 are similar to those in the SWAAT solution at 

pH 2.9, except that the impedance at low frequencies is not as low as in the case of pH 

2.9. The results indicate a large number of active sites (a more active surface) in this 

more aggressive solution, which is in accordance with a large number of potential 

fluctuations with small magnitudes observed in the OCP measurements. The local active 

sites are most likely due to the presence of IMPs, which are revealed by the in-situ AFM 

measurements (see section 4.11).  

The interpretation of impedance diagrams of pure aluminum in acid and neutral 

environments is difficult, if only based on the EIS measurements. In the literature, it has 

been proposed that the high frequency response is probably related to the formation of the 

oxide layer and that the low frequency response may be assigned to the dissolution of the 

oxide, while the inductive behavior may be related to adsorbed species [18-22]. 
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Figure 4.11 Bode plots for EN AW-3003 exposed to a SWAAT solution at pH 2.9 for 1, 
3, 6, and 15 h, respectively. 
 

 

In summary, the EIS results obtained in the present work provide similar information as 

those reported in the literature. The high and medium frequency data suggest oxide 

formation in the near-neutral solutions, but active dissolution in the aggressive solution at 

a lower pH. The low frequency data including the inductive response suggest a certain 

degree of localized dissolution occurring on the surface in both the near-neutral solutions 

and the aggressive solution at a lower pH, with a greater extent for the latter. In the 

present research, no effort was made to perform complicated spectra fitting to obtain 

quantitative data from the EIS spectra. Instead, by taking advantages of state-of-the-art 

local probing techniques, the main work was focused on in-situ experiments to obtain 

direct evidence of localized corrosion processes related to IMPs. 
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4.4. Simulation and verification of AFM-based SECM 
Although SKPFM (ex-situ technique) can provide useful information that indicates the 

cathodic character of large IMPs relative to the alloy matrix [44-46], corrosion is a 

process that is also affected by the surrounding environment, so that in-situ techniques 

are needed to obtain direct evidence of the influence of IMPs on localized corrosion. 

Hence, the focus in the present study is to investigate in-situ localized corrosion 

processes using a unique integrated AFM/SECM, which is capable of visualizing local 

electrochemical activities on the surface with micrometer resolution while monitoring the 

surface topography change during ongoing corrosion processes. This enables observation 

of local processes, such as pre-pitting events, before and during topographic changes. As 

was mentioned in section 3.5, two different probes called A and B were characterized and 

employed for the integrated AFM/SECM measurements [Papers IV and V].  

 

4.4.1. Pt microelectrode characterization 
The cross-section of the SECM Pt microelectrode, in dual mode AFM/SECM probe, may 

not have exactly the perfect disk shape, and the real shape deviates from analytical 

formulation. The actual and effective Pt microelectrode size may also vary due to 

contamination particularly in the solution. Therefore, the real active surface area of the Pt 

microelectrode cannot be estimated by normal microscopy imaging such as SEM. Cyclic 

voltammetry (CV) is the method that can be used for probe characterization and probe 

size evaluation. In an ideal situation, it has been proved that the CV for a UME should 

appear in a sigmoid shape [77-80]. The CV measurements were performed before the 

corrosion studies. As an example, Fig. 4.12 shows the CV curve of probe B by using KI 

as mediator. According to this result, during the AFM/SECM experiment, the tip 

potential would be adjusted at a desired potential resulting in a limiting current, e.g. 600 

mV vs. the Ag/AgCl reference electrode for maximal current collection. In addition, the 

probe radius can be estimated from the limiting current formula, equation 13, for a planar 

disk microelectrode [12], as mentioned in section 3.5: 

 
nFDcai 4=∞                                                                                                                    (21) 
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where i∞ is the limiting current, F is Faraday constant, D is the diffusivity coefficient, c is 

the mediator concentration, a is the Pt wire radius and g is equal to 4 for disk shape 

microelectrodes. Considering D = 8×10-6 m2s-1 and the limiting current observed (probe 

B: i∞= 1.6 nA in 5 mM KI) obtained from Fig. 4.12, the Pt microelectrode radius, a, for 

probe B is estimated to be around 0.5 μm. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 Example of CV curves of probe B by using KI (I-) as mediator in 20 mM 
NaCl supporting electrolyte. The actual probe size obtained was around 1 μm for the 
probe. The scan rate is 100 mV/s.  
 
 

 

4.4.2. Resolution issues 
An effort has been made to simulate SECM operation and evaluate the possible SECM 

resolution that can be obtained by the AFM-based SECM instrument used. This is 

important for the interpretation of data on localized corrosion active sites in the next step. 

Generally, the numerical simulation of SECM can be divided into two categories, static 

(approaching curve) and dynamic (imaging by scanning). In the case of corrosion studies, 

the probe reaction will be investigated when it reaches either active sites (such as 

localized corrosion points) or a passive (semi-insulating) region. This can be categorized 
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as static SECM simulation. On the other hand, a local active surface during corrosion can 

be scanned by the SECM technique to map local activities. It is interesting to evaluate 

how the SECM imaging can distinguish small sizes of individual local active corrosion 

sites. This valuable mapping capability can be categorized as dynamic SECM simulation. 

Evaluation of the SECM resolution can also be explained in temporal (time space) and 

spatial (lateral) domains, see following sections. 

During SECM imaging in a dynamic situation, the influence of scan rate and convective 

term (in addition to diffusion) on ionic transportation should be considered. In order to 

estimate the influence of convective contribution on total ionic transportation of 

mediator, equations (16), (17) and (18) were numerically solved. As an example, Fig. 

4.13 shows concentration profiles obtained in diffusive and diffusive-convective 

conditions for a very fast scan rate of 8 Hz (probe velocity 704 μm s-1) and the velocity 

field for probe A. Such a fast scanning rate is of interest for SECM mapping of localized 

corrosion events such as pitting and prepitting occurring with fast kinetics.  

Comparing the two probes also revealed that the convection influence on the 

concentration profile is more enhanced in probe A [paper IV]. Resulting convection also 

caused an increase in total current calculated by equation (20) on the Pt microelectrode. 

In addition, due to the asymmetric shape of the probes, the velocity field is deviated 

around the AFM endpoint. As a conclusion, with a normal scan rate (from 0.25 to 2 Hz) 

for both probes A and B in SECM current collection, the diffusive part is predominated 

and convective contribution is less than 2% and can be neglected, which is in agreement 

with the literature [72]. This implies that practically with a normal scan rate, diffusion 

equation (19) can be implemented with appropriate accuracy. On the other hand, this can 

give an idea to use SECM for monitoring the transient events in localized corrosion. 

According to this result, if the probe scans the surface with a high enough scan rate, for 

instance higher than 4 Hz, it may be possible to image the transient events occurring on 

the surface, such as passive current fluctuations or prepitting currents, which can provide 

direct evidence of the ongoing localized corrosion processes, and support the 

interpretation of noise measurements.  
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Figure 4.13 (a) Concentration distribution obtained from diffusion equation (19); (b) 
concentration distribution obtained from diffusion-convection equation (16); and (c) 
velocity field obtained from momentum equations (17) and (18) in a boundary domain 
for probe A. Velocity field scale from v=0 (blue color) to v=vmax (red color), and 
concentration profile from c=0 (blue color) to c=cmax (red color), probe scan rate 8 Hz; 
(d) Scaled current for probes A and B, Pt microelectrode of 2 μm in diameter, during 
scanning over an active site 2 μm in diameter shown schematically in Fig. 3.13, the circle 
symbol is for probe A and the square symbol for probe B. 
 

 

In addition to the influence of electrochemical parameters such as diffusion coefficient, 

electrochemical kinetics, etc., the spatial resolution for current collection crucially 

depends on geometrical parameters. In order to estimate the spatial resolution of probes A 

and B, simulation was run on the surface domains containing active sites, as shown 

schematically in section 3.9, Fig. 3.13. For this purpose, the active site entered into the 

computation domain from the left side, moved through the whole region and then left the 

computation domain at the other side. Fig. 4.13(d) shows the scaled current (with 

maximum current related to an active site in the center) for probes A and B, with a Pt 
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microelectrode 2 μm in diameter during scanning an active site 2 μm in diameter. As can 

be seen, both probes will show a maximum current in the middle when the active site is 

located exactly at the center, but the difference between the maximum and minimum 

current is greater for probe B and the current peak for probe B is more intensified. 

Therefore, the blocking effect of probe B is better than that of probe A. Regarding to the 

lateral resolution, it is clear that the enhanced current is collected over an area larger than 

the active site. For probe B under the simulated conditions, the size with 95% of 

maximum current is about the same as the active site, while the size with 80% of 

maximum current is approximately twice that of the active site.  

Asymmetric geometry of the probes, the AFM tip on the left side of probe A and the 

inclined endpoint of probe B, causes non-symmetrical current on the left and right sides. 

In probe A, the AFM tip acts as a diffusion barrier, while for the probe B the inclined 

surface has a shielding effect. The effect of asymmetric probe shape is also reflected in 

Fig. 4.13(d), where the current values, with the equal distance from the center, are higher 

on the left side than those on the right side. This is more pronounced for probe B than 

probe A, because of a shorter sample-microelectrode distance and the geometry 

configuration. 

Furthermore, a sequence of simulations were run where the probes scan the surface over 

two active sites with 1 μm diameter and a specific distance of 2 and 4 μm between them, 

schematically shown in Fig. 4.14(a). As an example, a concentration profile for probe B, 

with two active sites at a distance of 4 μm from each other in locations labeled 1, 2, 3 (-2, 

0 and 2 μm from the center) is shown in Fig. 4.14(c). The sequence of pictures, Fig. 4.14 

(b), revealed how a concentration profile changes during the scanning of a sample surface 

with two active sites. According to the results in Fig. 4.14(c), when the distance between 

two active sites is 4 μm, probe B clearly shows two current peaks during the scanning. 

However, by decreasing the distance between the two active sites, they could not be 

resolved either by the probe B or A, as represented in Fig. 4.14(c), where the distance 

was deceased to 2 μm [paper VI]. This result demonstrates the ability of the SECM to 

resolve μm-sized active sites with approximately 3 μm separation distance between them. 

In summary, it can be concluded that within these geometrical configurations of probes A 
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and B, the AFM-based SECM can resolve μm-sized active sites on the surface under 

favorable conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.14 (a) Simulation of probe B during scanning two active sites with 1 μm 
diameter and at a distance of 2 to 4 μm from each other. The solid arrow shows the 
movement direction; (b) Concentration distribution of the corresponding labeled points 1, 
2 and 3; and (c) Scaled currents collected by probe B at a distance of 2 μm (filled square) 
and 4 μm (filled circle), respectively. 
 

 

4.4.3. Verification measurements of localized corrosion 
To verify the instrument capability in high resolution SECM imaging, an example of 

electrochemical current mapping of localized corrosion occurring on an EN AW-3003 
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aluminum alloy surface is shown in Fig. 4.15. The solution was 20 mM NaCl plus 5 mM 

KI, and anodic polarization of 200 mV with respect to OCP was applied to the sample. 

The scan rate was 1 Hz and scan area 15×15 μm. As can be seen in Fig. 4.15(a), during 

the corrosion process three individual active sites could be distinguished in the SECM 

image. Since the sample was polarized 200 mV in the anodic direction, the background 

current level on the surface was ca. 5.0 nA, and the enhanced local current on the active 

sites reached to a maximum of ca 6.2 nA.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15 (a) High resolution SECM image of EN AW-A3003 alloy surface in 20 M 
NaCl and 5 mM KI, using probe B; (b) Line profile of the electrochemical current at 
three individual active sites (localized corrosion) of the SECM image. The Pt 
microelectrode potential and substrate potential 0.6 V and - 0.5 V, respectively, vs. an 
Ag/AgCl reference electrode, tip size 1 μm. Scan area 15×15 μm and scan rate 1 Hz. 
 

The line profile of these three active sites clearly reveals that the distance between the 

centres of the active sites is approximately 7 μm. Taking into account the spreading of 

the current to the vicinity of the active site as discussed in section 4.4.2, the diameter of 

the active sites can be estimated to be around 2-3 μm, as shown in Fig. 4.15(b). This is in 

good agreement with simulation results where two μm-sized active sites at a distance of 

more than 3 μm from each other, were predicted to be resolved. Considering the 

minimum distinguishable current difference, a lateral resolution of the SECM close to 

micrometer scale could be achieved.  
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4.5. Cathodic activity on large IMPs 
For SECM imaging, the sample can be controlled at either cathodic or anodic potentials 

to visualize local electrochemical activities on the surface [Papers VI]. Figure 4.16 shows 

concurrent AFM and SECM images for the alloy exposed to a 10 mM NaCl plus 2 mM 

K4Fe(CN)6 solution with 200 mV cathodic polarization. In this case, the local enhanced 

current is due to the cathodic reactions of the mediator and/or reduction of dissolved O2 

in the solution. The higher areas in the AFM topography image are probably the sites of 

the large IMPs as judged from their size and shape (after polishing, IMPs appear at higher 

levels because they are harder than the matrix), and a few sites with local enhanced 

cathodic current were observed in the SECM image of the same surface area. Noticeably, 

the high local current sites correlate well with the locations of higher areas (IMPs), but 

not all of the higher areas exhibit enhanced current. This implies that interference 

between the topography and the current signals is not a matter of concern in the 

measurements.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16 Concurrent AFM and SECM images of the EN AW-3003 alloy exposed to 
10 mM NaCl plus 2 mM K4Fe(CN)6 as mediator, under 200 mV cathodic polarization. 
 
The results provide direct evidence of enhanced cathodic activities on the surface that can 

be correlated to the IMPs, and also demonstrate that not all of the large IMPs exhibit 

enhanced cathodic activity, which is reported by other researchers by comparing SECM 

images of quite low lateral resolution with SEM micrographs of the same area [22]. 
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4.6. Local anodic current, corrosion events 
The integrated AFM/SECM probing of the EN AW-3003 surface in a 20 mM NaCl 

solution containing 2 mM KI as mediator revealed local anodic current and topography 

changes associated with precursors of pitting in the passive potential region, and also 

extensive local active dissolution above the breakdown potential. As an example, Fig. 

4.17 shows concurrent AFM and SECM images of the EN AW-3003 alloy with 100 mV 

anodic polarization. With such small polarization in passive potential region, local anodic 

current (brighter areas in the SECM image) could be observed in the smooth region of the 

surface area (AFM image). Since the local current was stable duration of the AFM/SECM 

measurement (a couple of minutes), these sites are regarded as pitting precursors, 

probably related to the local dissolution of the matrix adjacent to a certain type of IMPs. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17 Concurrent in-situ AFM and SECM images of the EN AW-3003 alloy in a 
20 mM NaCl plus 2 mM KI solution under small polarization in the passive region. 
Pitting precursors are observed on the surface.  
 

Figure 4.18 shows concurrent AFM and SECM images of the alloy exposed to 10 mM 

NaCl plus 5 mM KI with 200 mV anodic polarization, under which passivity breakdown 

occurs. The SECM image shows local electrochemical activities due to localized 

dissolution probably related to IMPs, and the AFM topography image reveals 

simultaneous topography changes on the surface. In this case, local high current does not 

necessarily appear at the locations of the pits, because pits are formed after substantial 

local dissolution and the current may vanish when the pits stop to develop.  



 70

SECM 45×45 μm 45×45 μm AFM 

00..3300

00..0000
ZZ  ((µµmm)) ZZ  ((nnAA))  

55..0000  

66..5522  

20×20 μm

SECM

ZZ  ((nnAA))
33..0000

33..6655SECM 

20×20 μm 
ZZ ((nnAA))

33..0000

33..5522

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.18 Concurrent AFM and SECM images of the EN W-3003 alloy exposed to 10 
mM NaCl plus 5 mM KI as mediator, with 200 mV anodic polarization. The images were 
obtained within ca. 10 minutes of the anodic polarization. 
 

Figure 4.19 shows two sequential SECM images (with an interval of ca. 35 minutes) with 

elongated areas of high current resembling some large IMPs. The sequential images were 

obtained by switching off the feedback control of the distance between the sample and 

the tip to enable fast data acquisition, i.e. performing measurements in normal SECM 

mode. It is interesting that both maximum (light) and minimum (dark) anodic activities 

can be seen, which can be related to the active sites and an inactive area in the vicinity, 

respectively. The SECM images in Fig. 4.19 also reveal the dynamic character of 

localized corrosion on the alloy surface. 

 
 

 

 
 
 
 

 
 
 

Figure 4.19 Two sequential SECM images of the same area of the EN W-3003 alloy 
exposed to 10 mM NaCl plus 5 mM KI, with 200 mV anodic polarization. The time 
interval between images (a) and (b) was ca. 35 minutes. 
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4.7. Dynamic processes 
In addition to Fig. 4.19, the sequence of the AFM/SECM images obtained by repeated 

measurements in the same area revealed that the current of local active areas varies with 

time while the pit grows, as shown in Fig. 4.20, which displays the SECM images in 

three dimensions, showing clearly different current levels in different active areas on the 

surface. Continuous monitoring of the SECM current in this region revealed dynamic 

events in the localized corrosion process. The maximum current was shifted among 

different locations, as shown in Figs. 4.20(a) and (b). Moreover, it was also observed that, 

even when the anodic polarization was reduced into the passive region, there are still 

areas of enhanced local current in spite of a reduced background current level, and the 

pits continue to grow slightly. 

 
 
 

 

 

 

 

 

 
 
 

Figure 4.20 Two sequential 3D SECM images of the same area of the EN AW-3003 
alloy surface obtained by integrated AFM/SECM measurement in 20 mM NaCl plus 2 
mM KI electrolyte with 200 mV anodic polarization. Different current levels in different 
active areas. The time interval between images (a) and (b) was ca 5 minutes. 
 

 

4.8. SECM visualization of trench formation 
Figure 4.21(a) shows a high-resolution SECM image obtained in a 20 mM NaCl solution 

with 5 mM KI as the redox mediator, at anodic polarization of 200 mV. Two active sites 

can be observed in the scanned area, and the current has a minimum value of 3 nA and 

reaches maximum 3.45 nA at the highest active site. The elliptical shape of enhanced 

(a) (b) 
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anodic current in Fig. 4.21(a) indicates localized dissolution around an elongated IMP. In 

this case, the elongated IMP is large enough for the local current around the IMP to be 

resolved by the SECM measurement. In Fig. 4.21(b) and Fig. 4.21(c), two line profiles 

are drawn across the active sites. In Fig. 4.21(b), it can be seen that ring-like anodic 

activity was evident, probably around a big enough and elongated constitute IMP. In 

addition, there is another active site of smaller size seen in Fig. 4.21(c), whose details 

could not be resolved due to resolution limitation. 

In order to confirm this observation, in a separate experiment the localized corrosion 

attack on the surface was monitored by using in-situ AFM imaging in contact mode using 

a normal Si-based AFM tip. The SECM image shown in Fig. 4.21(a) can be compared to 

the in-situ AFM image shown in Fig. 4.21(d), which was obtained (not of the same area) 

after 6 hours exposure in the solution. The in-situ AFM image clearly shows that the 

trench formation occurs exactly around the large elongated IMPs, particularly in the 

rolling direction. The sequence of trench formation was also captured, which can be seen 

in paper II. This observation demonstrates that localized corrosion occurs in the boundary 

region adjacent to large IMPs, especially in the rolling direction, and confirms SECM 

imaging of ring-like activity during anodic dissolution.  

For the smaller IMPs or clusters of smaller IMPs, the enhanced current around the IMPs 

may appear only as a broad maximum, because the size of the IMPs or the distance 

between the IMPs is too small for the current distribution to be laterally resolved by the 

SECM mapping, as exemplified in Fig. 4.21(c) and Fig. 4.15, which revealed several μm-

sized areas with enhanced anodic current probably originating from relatively small IMPs 

and/or clusters of small IMPs. The limit of the distance between the small active sites that 

can be resolved by the SECM was considered in the simulation of the integrated 

AFM/SECM probe, which indicates that for small active sites 1 μm in size, the distance 

needs to be larger than 3-4 μm in order to be resolved by the SECM (papers IV and V). 
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Figure 4.21 (a) SECM image of the EN AW-3003 alloy surface in a 20 mM NaCl plus 5 
mM KI solution using probe B; (b, c) Line profiles of two active sites in the SECM 
image. The Pt microelectrode potential and substrate potential were 0.6 V and - 0.4 V, 
respectively, vs. an Ag/AgCl reference electrode. Scan rate 1 Hz; (d) An in-situ AFM 
image of the surface of the EN AW-3003 alloy after 6 hours immersion in the same 
solution, showing local dissolution in the boundary region around large constituent IMPs. 
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4.9. SECM in OCP conditions  
In this thesis work, efforts were also made to map the anodic and cathodic activities of 

the alloy surface in a diluted NaCl solution under open circuit (OCP) conditions using the 

integrated AFM/SECM. Under the OCP conditions, the cathodic reaction (reduction of 

dissolved oxygen) occurring on the IMPs is coupled to the anodic reaction, i.e. corrosion 

of aluminum at active sites (e.g. IMP-matrix boundary or pits). Apparently, the kinetic of 

these reactions in the diluted NaCl solution under OCP conditions was not fast enough 

for the SECM to map the local electrochemical currents. Therefore the SECM imaging 

was performed after the anodic polarization of 200 mV was terminated. In this case, local 

active dissolution already occurred on the alloy surface, as shown in Fig.4.18, but the 

sample was under OCP conditions without any polarization. In this way, it was observed 

that the remaining anodic activities spread over the matrix surface, while the IMPs were 

most likely acting as sites for cathodic reactions. The measurements reveal sites with 

much lower current than the surrounding area or even negative current, and show that 

these sites remain at the same locations in repeated measurements. Judged from their 

size, these sites are probably the locations of the large IMPs exhibiting cathodic property 

relative to the matrix. Due to substantial aluminum dissolution during the early anodic 

polarization, the solution chemistry became complicated and the CV response of the 

microelectrode might have changed, and therefore no effort was made to interpret the 

absolute value of the current. As an example, Fig. 4.22 shows a SECM image obtained 

under OCP conditions with a relative scale of current. These observations suggest 

simultaneous anodic reaction on the alloy matrix, high current plateau regions in line 

profile in Fig. 4.22(b), and cathodic reduction on the IMPs, lowest current regions in the 

line profile of Fig. 4.22(b),  
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Figure 4.22 (a) SECM image of the surface of the EN W-3003 alloy in a 20 mM NaCl 
and 5 mM KI solution under OCP conditions, after several minutes of anodic polarization 
of 200 mV; and (b) Current line profile of a dashed line in (a). 
 

4.10. Practical issues in AFM/SECM performance  
The long-arm AFM/SECM L-shaped probe was an innovative design. One of its 

advantages is that the AFM laser deflection point on cantilever is kept outside of the 

solution. Therefore the laser intensity is not reduced by immersion in the solution. 

However, the sprig constant of the dual mode probe is not optimised for the AFM 

topography imaging. Moreover, solution effects like buoyancy and particularly velocity 

during the scanning reduce the performance and stability of such a long arm dual mode 

probe. In practice, to overcome this problem, a minimum force between the probe and the 

sample was applied by choosing the highest set point. In this way, a smaller deflection 

could be detected. Besides, the lowest possible gain parameters were used in order to 

reduce the instability of probe.  

For applications of the AFM/SECM in localized corrosion studies, scanning over anodic 

active sites of aluminum and magnesium alloys may encounter some difficulties such as 

hydrogen evaluation during SECM imaging [85-86]. In that case, a pulse polarization 

could be used instead of a normal potentiostatic polarization, i.e., to scan the surface at 

the OCP conditions immediately after a short anodic polarization. Besides, under anodic 

polarization, due to the dissolution from the alloy surface, corrosion products may form 
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and stick on the probe, which leads to a modified microelectrode performance and 

deteriorated quality of the AFM and SECM images.  

Corrosion initiation could be related to nano scale microstructure features such as 

dispersoids in aluminum alloy. Thus an improvement in the SECM resolution down to 

the nano size is required. Moreover, localized corrosion initiation may be considered as 

stochastic events [13,14]. Since with AFM-based techniques the scan area is limited to 

maximum tens of μm, this means that in-situ monitoring of these events may be a time 

consuming process. To increase the chance to pick up and follow an individual active 

site, reducing the sample size to a few hundreds of μm would be useful.     

Cathodic reaction also could be monitored by SECM as mentioned in section 4.5, which 

gives a direct evidence of cathodic activities of IMPs. However the difficulty is that 

usually the dominant cathodic reaction is oxygen reduction in neutral solutions. This 

reaction occurs on IMPs and in order to visualize this reaction, the potential of the Pt 

microelectrode must be adjusted at oxidation potential for the opposite reaction, oxygen 

evolution, which may cause instability for AFM/SECM probe due to the gas evolution. 

Existence of dissolved oxygen in bulk solution can also cause background noise in 

current data acquisition. Due to the blocking effect of the dual mode probe, oxygen 

depletion in the vicinity of locations of the IMPs may occur and reduce the accuracy of 

the current measurements. Moreover, choosing suitable mediator is also an issue that 

should be considered for SECM imaging of cathodic activity of IMPs. 

Another interesting approach is to map local anodic and cathodic activities on the surface 

at OCP conditions. However, it is a challenge to further reduce the noise level and 

optimise the measuring parameters to obtain such SECM images without disturbing the 

natural corrosion reactions. Further efforts are needed to explore such a possibility.  

In summary, it is concluded that the combination of AFM and SECM promises an 

interesting application on studying localized corrosion. In order to elucidate the detailed 

mechanisms involved in localized corrosion, it should be combined with other in-situ and 

ex-situ techniques.  
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4.11. In-situ AFM observation on localized attack 

Since the quality of topography image in the integrated AFM/SECM measurement was 

somewhat scarified to improve the SECM resolution, efforts were made to follow the 

surface morphology changes by in-situ AFM imaging using a normal SiN tip. 

As an example, the in-situ AFM images in Fig. 4.23 show different morphologies of 

corrosion attack on the alloy surface in the SWAAT solution at pH 4.0, which is often 

adjacent to or surround large IMPs. An early pit, local dissolution around IMPs, a deep 

pit between IMPs, and crystallographic dissolution can be seen in Figs 4.23(a), (b), (c) 

and (d), respectively. The grain boundary attack (IGC) and deep pitting are also evident 

in Fig. 4.23(e) and (f). The observations reveal that in reality various kinds of localized 

corrosion attacks can occur on the surface, and they are often related to IMPs in the alloy.  

More details on various localized corrosion attacks can be seen in papers III and VI.  

 

4.12. Corrosion products  

In some cases, corrosion products were observed to assemble in a regular manner, 

creating a ring-like shape in several levels. Such extensive local dissolution and 

deposition of corrosion products was observed in-situ on the EN AW-3003 alloy after 

only a few days of exposure in the aggressive SWAAT solution at pH 4 as shown in Fig. 

4.24. The deposition of the corrosion products can be explained as follow: the enhanced 

local dissolution around large IMPs results in local high concentration of Al ions, and the 

cathodic reaction (reduction of dissolved O2) on top of the large IMPs leads to local high 

concentration of hydroxyl ions in the vicinity of the IMPs despite of a low pH of the bulk 

solution, as “local alkalisation” proposed previously by other researches [10-11,13]. As a 

result, local saturation of dissolved Al ions and hydroxyl ions generate the deposits of 

corrosion products surrounding the large IMPs, mainly as Al hydroxides but also acetate 

complexes, as evidenced by subsequent surface analysis and thermodynamic calculations. 

The crystalline feature (brick-shape) of the smallest units of corrosion products observed 

in-situ indicates that they are formed through deposition from the over-saturated solution. 
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Figure 4.23 In-situ AFM images of the EN AW-3003 alloy in SWAAT solution with pH 
2.9 after a certain time of exposure, (a) an early pit (120 min), (b) local dissolution 
around IMPs (150 min), (c) deep pits between IMPs (170 min), and (d) crystallographic 
dissolution (190 min). IGC and a deep pit was also shown in (e) and f), respectively. 
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Figure 4.24 In-situ AFM images of the EN AW-3003 alloy in SWAAT solution at pH 
4.0 after 3 days, showing deposition of corrosion products. 

 

4.12.1. FTIR-IRAS analysis 
In order to identify the corrosion products formed on the surface, IRAS spectra were 

obtained ex-situ of the alloy surface after exposure to the SWAAT solution at pH 4.0 for 

4 and 28 hours (Fig. 4.25). Although transferring of the sample from the aqueous solution 

to the IRAS chamber may cause some changes in the chemical composition of the 

corrosion products, e.g., loss of water and hydroxides, the IRAS results can give some 

information about the identities of the corrosion products that form and strongly adhere 

the alloy surface. As can be seen in Fig. 4.25, the IRAS spectra show an increasing 

intensity of stretching vibrations with exposure time. The peak assignment is shown in 

Fig. 4.25 for the spectrum taken after 28 hours of exposure. The peaks can be assigned to 

stretching vibration of the Al-O band (629-700 cm-1), stretching vibration of the Al-OH 

band (~ 1129 cm-1) and symmetric & asymmetric vibration of the COOH- band (~ 1472 

& 1602 cm-1) [23-29]. Since the sample was dried before the analysis, only a broad weak 

peak was found around 3500 cm-1, which can be associated to absorbed water or 

hydroxyl groups. It is not possible to ascertain any peak associated with aluminum 

chloride components (direct Al-Cl peaks appear at too low wave-numbers to be seen by 
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IRAS). The results indicate that some mixture or complex of oxides, hydroxides and 

acetate of aluminum are formed and accumulated gradually with the exposure in the 

aggressive SWAAT solution. The analysis results provide evidence that oxides, 

hydroxides and acetate of aluminum were formed on the alloy surface as a result of 

enhanced local dissolution processes shown above, and concomitant reactions of 

dissolved aluminum ions and anionic species of the SWAAT solution. However, it is 

difficult to determine more precisely the composition of the compounds in the corrosion 

products by means of IRAS. This has motivated the thermodynamic calculations as 

presented below. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.25 FTIR-IRAS spectra of the EN W-3003 alloy obtained ex-situ, after 4 and 28 
hours of exposure to SWAAT solution at pH 4.0. 

 

 

4.12.2. Thermodynamic calculations 
In order to find the thermodynamically based dominant region of aluminum compounds 

in the SWAAT solution, Pourbaix diagrams were drawn by using the Medusa software 

[84] for aqueous solution containing 0.01 – 1 M NaCl and 0.1 – 1 M acetic acid 

(CH3COOH) to cover the range of the test solutions.  
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Figure 4.26 (a) Pourbaix diagram for aluminum in aqueous solution containing 1M NaCl 
and 0.1 M CH3COOH; (b) Distribution (fraction) of aluminum species in the same 
solution for pH from 2 to 8, at the potential – 0.6 V vs. NHE (near OCP). 

 

The calculation takes into account all major dissolved species and solid compounds that 

may exist in the system, including AlOH2+, Al(OH)2
+, Al(OH)3, Al(OH)4

-, Al(OH)3(c), 

(a) 

(b) 

+ 
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AlOOH(c), Al(CH3OOH)2+, CH3COOH, CH3COO-, Al(OH)(CH3OOH)+, 

Al2(OH)2(CH3OOH)3+, [Al(H2O)6]3+, [Al(H2O)4(CH3COO)2]-, Na(CH3COOH), NaCl and 

AlCl3, where c denotes crystalline solid. The calculation is simplified with respect to the 

SWAAT solution containing artificial sea salt with undefined minor species. 

The calculations show that the stability regions are affected by the contents of NaCl and 

acetic acid. As an example, Fig. 4.26(a) displays the Pourbaix diagram obtained in a 

solution containing 1.0 M NaCl and 0.1 M CH3COOH (similar to the SWAAT solution). 

The species distribution (fraction) obtained at – 0.6 V vs. NHE is shown in Fig. 4.26(b) 

for different dominant aluminum compounds existing in the solution from pH 2 to 8. As 

can be seen in Fig. 4.26(a), AlCl3 is dominant when pH is below 3.5, Al(CH3COOH)2+ is 

dominant between pH 3.5-3.8, whereas Al(OH)(CH3COOH)+ is dominant between pH 

3.8 – 5.8. With further increase in pH, Al(OH)3 and Al(OH)4
- become dominant.   

The fraction of the dominant components depends strongly on the pH of the solution, as 

illustrated in Fig. 4.26(b). AlCl3 and Al3+ are the most predominant species in acidic 

solution with the pH below 2. Their fractions decrease rapidly with increasing pH and 

diminish around pH 5. The fraction of Al(CH3COOH)2+ increases with pH to reach a 

maximum value about 0.3 around pH 3.7, then decreases gradually and disappears around 

pH 6. The fraction of Al(OH)(CH3COOH)+ increases from pH 2.5 and becomes dominant 

above pH 4, until it drops drastically at pH values higher than ca. 5.7. The crystalline 

form of Al(OH)3 is the dominant species around pH 6-8 (near-neutral solutions).  

The fraction of the dominant components in the aqueous solution at a given pH can be 

compared with the IRAS results of the corrosion products. At pH 4, two aluminum 

acetate species are predominant in the solution with a fraction of about 0.28 for 

Al(CH3COOH)2+ and 0.52 for Al(OH)(CH3COOH)+, respectively. These species may 

adsorb and strongly bind to the hydrated alloy surface, supporting the peak assignment of 

the IRAS spectra. On the other hand, AlCl3 may exist only in a small fraction (ca. 0.1), 

which is also in agreement with the IRAS results where AlCl3 can hardly be detected.  

For the SWAAT solution at pH 2.9, the calculation indicates that AlCl3 is dominant 

(fraction ca. 0.46) and the fraction of Al(CH3COOH)2+ is about 0.14, whereas the 

Al(OH)(CH3COOH)+ has only a minor faction (ca. 0.02).  
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Moreover, the calculation was also performed for another system containing NaCl and 

(NH4)2SO4 compounds, relevant for the rural environment. All available species were 

considered in the calculation, as mentioned in section 3.8. As an example, Fig. 4.27(a) 

displays the Pourbaix diagram obtained with 1.0 M NaCl and 0.25 M (NH4)2SO4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Figure 4.27 (a) Pourbaix diagram for aluminum in aqueous solution containing 1M NaCl 
and 0.250 M (NH4)2SO4; (b) Distribution (fraction) of aluminum species in the same 
solution for pH from 2 to 8, at the potential – 0.6 V vs. NHE.  

(a) 

(b) 
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The calculations showed that the stability regions are affected by the contents of NaCl 

and (NH4)2SO4. As can be seen in the Fig. 4.27(a), in this case, aluminum chloride 

(AlCl3) and aluminum sulphate ions (AlSO4
+ and Al(SO4)2

-) are the predominant 

components in the acidic region. The fraction (distribution) of the species obtained at – 

0.6 V vs. NHE is shown in Fig. 4.27(b) for different dominant aluminum compounds 

existing in this solution from pH 2 to 8. No aluminum sulfate compounds were predicted 

around this potential within the mentioned pH range. Interestingly, the presence of two 

intermediate species, Al(OH)2
+ and AlOH2+, in near neutral region was expected from the 

thermodynamic calculation. Compared to the solution containing acetic acid, the presence 

of AlCl3 is more extended to the near neutral solution. 

 

4.13. Corrosion mechanism and influence of IMPs 
Based on the combined information obtained from the OCP and EIS, SKPFM, integrated 

AFM/SECM and in-situ AFM measurements, as well as the IRAS analysis and 

thermodynamic calculations, the electrochemical reactions involved in the corrosion 

process of the EN AW-3003 in a solution containing NaCl and acetic acid can be 

described as follows: 

The anodic reaction:  

3Al → Al3+ + 3e-                                                                                                             (22) 

This reaction, causing dissolution of aluminum, is enhanced in the boundary region 

adjacent to the large IMPs (in-situ AFM observations), due to a galvanic action between 

the IMPs and alloy matrix.  

Hydrolysis of Al3+ ions occurs in several steps in the bulk solution:  

Al3+ + H2O→ Al(OH)2+ + H+                                                                                          (23) 

Al(OH)2+ + H2O → Al(OH)2
+ + H+                                                                                                                        (24) 

Al(OH)2
+ + H2O → Al(OH)3 +H+                                                                                                                            (25) 

The cathodic reactions:  

O2 + H2O + 4e- → 4 OH-  (near-neutral to neutral pH)                                             (26) 
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2H+ + 2e-→ H2 (g)   (acidic solutions)                                                             (27) 

These reactions are enhanced on the exposed surfaces of the large IMPs due to their 

cathodic activity (AFM/SECM observations), leading to locally high concentrations of 

OH-. In acidic solutions, the total cathodic reaction rate is much higher due to the two 

reactions (26) and (27) operating at the same time (OCP results). This may cause a 

locally high pH near the large IMPs even in an acidic solution.  

In the areas around large IMPs, as a result of enhanced anodic dissolution and cathodic 

reaction on the IMPs, formation of the corrosion products, e.g., Al(OH)3, may occur 

locally in near neutral solutions (in-situ AFM observations):  

Al3+ + 3 OH− → Al(OH)3                                                                                                                                               (28) 

Moreover, in the presence of acetic acid like the SWAAT solution, the following 

reactions may occur, leading to formation of complexes like:   

Al3+ + CH3COO- → Al(CH3COO)2+                                                                                                                      (29) 

Al3+ + CH3COO- + H2O → H+ + Al(OH)(CH3COO)+                                                                              (30) 

This results in the formation of aluminum hydroxides and acetate that deposit locally on 

the alloy surface (in-situ AFM observations and ex-situ IRAS analysis), and the content 

of Al(CH3COOH)2+ and Al(OH)(CH3COOH)+ in the corrosion products depends on the 

pH value (thermodynamic calculations).   

The results from this work also elucidate the role of chloride ions in the corrosion 

mechanism of the aluminum alloy. In the near neutral chloride solutions, although the 

OCP results and integrated AFM/SECM observations indicate that there are locally 

distributed events occurring on the alloy surface (Fig. 4.8 and Fig. 4.17), the EIS spectra 

suggests an overall passive-like behavior in these solutions. In contrast, in the acidic 

SWAAT solutions, the in-situ AFM experiments show a much larger number of local 

active sites than in the near-neutral chloride solutions, which are in agreement with the 

EIS results, indicating a more active surface in the SWAAT solutions. Moreover, for the 

SWAAT solution, the pH has also an influence on the corrosion reactions and formation 

of the corrosion products. The thermodynamic calculations suggest that AlCl3 is a minor 

component at pH 4.0, in agreement with that there is no clear peak in the IRAS spectra 
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that could be assigned to chloride components. On the other hand, at pH 2.9, substantial 

amount of AlCl3 is expected to form on the surface. Although Cl- can cause localized 

corrosion by itself, these results suggest that extensive local dissolution only occurs when 

the Cl- ions are in an acidic condition.  

Regarding the influence of IMPs on formation of the corrosion products, most of studies 

in the literature concern pure aluminum or the alloys with Cu as a major alloying 

element, and aluminum chloride compounds were reported to form at locations related to 

Cu-rich IMPs [13,14]. In this work, however, the constituent IMPs in the EN AW-3003 

alloy contain mainly Mn and Fe. In the SWAAT solution at a pH value of 4.0, where 

corrosion products were formed as a result of extensive local dissolution, no direct 

evidence has been found for the involvement of Cl- in the corrosion products formed on 

the alloy surface. The reason for this might be that Cl- is only involved in the corrosion 

process as some intermediate species. However, as predicted by the thermodynamic 

calculation, when the pH is about 2.9, the corrosion products may contain a substantial 

fraction of AlCl3. Furthermore, formation of AlCl3 is predicted to occur inside pits, where 

a high concentration of Cl- and a low pH value are expected.  

Reactions involved in aluminum dissolution in NaCl solution containing (NH4)2SO4 may 

be predicted, based on thermodynamic calculations, as follows: 

Al3
+ + SO4

2- → AlSO4
+                                                                                                     (31) 

Al3
+ + 2SO4

2-→ Al(SO4)2
-                                                                                               (32) 

The effects of sulfate ion (SO4
2–) on pit growth of pure aluminum were investigated in 

0.1 M NaCl solution, and the experimental results suggest that the pit growth is promoted 

by the attack of both SO4
2– and Cl– ions to the pit wall [88]. In the near neutral solution, 

AlOH2+ and Al(OH)2
+ as intermediate species exist due to aluminum hydrolysis [22], as 

shown in equations (23-25). Al(OH)2+ can also reacts with Cl- ion [13], as following: 

Al(OH)2+ + C1- → Al(OH)Cl+                                                                                        (33) 

and then produce acidic conditions with water according to: 

Al(OH)Cl++ H2O → Al(OH)2Cl + H+                                                                             (34)    
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According to Fig. 4.27(a), AlCl3 is predominant in acidic and near neutral solutions with 

a pH up to around 5. Moving from the near neutral solution to the acidic conditions, it has 

been proposed that aluminum chloride is formed by a stepwise chlorination of aluminum 

hydroxide [23], through following reactions: 

Al(OH)3 + C1- → Al(OH)2Cl + OH-                                                                               (35) 

Al(OH)2Cl + C1- → AI(OH)C12 + OH-                                                                          (36) 

Al(OH)C12 + C1- → A1C13 + OH-                                                                                 (37) 

However, in our calculation, thermodynamic data of intermediate compounds Al(OH)Cl+, 

Al(OH)2C1 and Al(OH)C12 were not available in the database used, therefore they are 

not seen in the diagrams. Further studies are needed to elucidate the corrosion mechanism 

of aluminum alloys in NaCl solutions containing (NH4)2SO4.  

 

4.14. Alloy development  
As mentioned in Chapter 1, rolled 3xxx series Al alloys, e.g. EN AW-3003, are generally 

used as fin or tube material in heat exchangers for automobiles. With reducing the fin 

thickness, maintaining fin material integrity is of increasing importance, which motivates 

the alloy development. This study aimed at exploring the differences in the corrosion 

properties between EN AW-3003 and a newly developed Al-Mn-Si-Zr fin alloy using 

various techniques including the state-of-the-art local probing techniques. The two 3xxx 

(Al-Mn) series materials investigated are a standard EN AW-3003 alloy, and a new fin 

alloy denoted Al-Mn-Si-Zr alloy, which has a very low Cu content, an increased Si and 

Mn content and some addition of Zr. Their chemical compositions are given in Table 4.1. 

 

Table 4.1 Chemical composition of the EN AW-3003 and Al-Mn-Si-Zr alloy  
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The microstructure difference between the two alloys can bee seen in Fig. 4.28. The Al-

Mn-Si-Zr alloy has much more fine dispersoids, and basically only one type of 

constituent IMPs, Al12(Mn,Fe)3Si2, with the Mn/Fe ratio around 4:1. The fine dispersoids 

normally have the composition of Al12Mn3Si1-2. The concentration of Mn in solid 

solution is about 0.44 wt.% in the EN AW-3003, and 0.24 wt.% in the Al-Mn-Si-Zr alloy. 

Similar to EN AW-AA3003, the Volta potential mapping of this new alloy by SKPFM 

also indicates a cathodic behaviour of constituent IMPs (>0.5 μm) relative to the alloy 

matrix. However, compared to EN AW-3003, the Al-Mn-Si-Zr alloy has a smaller 

number of particles with large Volta potential difference relative to the matrix.  

 

 

 

 

 

 

 

 

 

Figure 4.28 BSE-SEM images of polished (a) EN AW-3003, and (b) Al-Mn-Si-Zr. The 

IMPs and dispersoids appear bright.  

 

In-situ AFM measurements were performed at open circuit potential for the two alloys 

after different times of exposure in the SWAAT solution at pH 4 (less aggressive). The 

AFM images obtained show in details the progress of localized dissolution and formation 

of the corrosion products on the surface. The results reveal a certain difference in the 

localized corrosion behaviour between the two alloys. As an example, Fig. 4.29 shows in-

situ AFM images of EN AW-3003 and Al-Mn-Si-Zr alloys after 2 days immersion in the 

solution. Clearly a large number of corroding sites are evident on the EN AW-3003 alloy, 

where precipitates of the corrosion products were formed on the surface. This indicates 

that extensive local dissolution has occurred on this alloy. In contrast, only a small 

number of corroding sites are observed on the Al-Mn-Si-Zr alloy, and the precipitates of 

(b) (a) 
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(b) (a) 

corrosion products are relatively small. This indicates that the fine dispersoids (much 

more in the Al-Mn-Si-Zr alloy) are not active in localized corrosion processes. The 

corroding sites are most likely related to the IMPs that have sufficiently high Volta 

potential difference relative to the matrix, so the local anodic dissolution starts in the 

boundary region adjacent to the IMPs. The observation is in accordance with the Volta 

potential mapping, which revealed a smaller number of IMPs having large Volta potential 

difference relative to the matrix on the Al-Mn-Si-Zr alloy as compared EN AW-3003.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.29 In-situ AFM images of (a) EN AW-3003, and (b) Al-Mn-Si-Zr, after 2 days 
of exposure in SWAAT solution at pH 4, showing precipitation of corrosion products, 
much less on the Al-Mn-Si-Zr alloy. 

 
 

Moreover, in contrast to the EN AW-3003, it was difficult to obtain clear concurrent 

AFM/SECM images of the Al-Mn-Si-Zr alloy under the same experimental conditions. It 

seems that Al-Mn-Si-Zr exhibits a much smaller number of local active areas in the 

diluted solution, which suggests a higher resistance to initiation of localized corrosion as 

compared to the EN AW-3003. In-situ AFM and integrated AFM/SECM observations 

indicate that extensive localized dissolution (i.e., active pitting) can occur and develop 

into wide pits that expends laterally on the EN AW-3003, whereas the Al-Mn-Si-Zr is 

more resistant to pitting initiation and the pits are narrow and “tunnel-like”. Fast 

dissolution and wide pitting occurred on the EN AW-3003 even without anodic 

polarization, but tunnel-like pitting was dominating on the Al-Mn-Si-Zr in the same 
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solution. Probably the passive film formed on the Al-Mn-Si-Zr is more stable than that on 

the EN AW-3003.  

The influence of individual alloy elements on the corrosion mechanism is a complicated 

matter for multi-component Al alloys. The difference in the content of Cu, Si, Mn and Zr 

between the two alloys investigated may provide some explanation of the observed 

localized corrosion behavior. It is well known that Cu accentuates the more general mode 

of corrosion of Al, and this effect seems to be dramatically reduced at 0.04 wt.% Cu. It is 

generally believed that the great tendency for intergranular corrosion of the EN AW-3003 

is due to Cu-rich phases precipitated along grain boundaries, but this is not the case for 

the new Al-Mn-Si-Zr alloy with Cu content well within solubility limits. The very low 

Cu content of the Al-Mn-Si-Zr alloy may be the cause for its insensibility to intergranular 

corrosion. The higher Mn and Si content and lower Fe content of the Al-Mn-Si-Zr alloy 

results in a higher Mn/Fe ratio in the constituent particles and also in a lower amount of 

Mn in solid solution. A higher Mn content in the cathodic IMPs is normally beneficial 

since it lowers the cathodic reduction rate under open-circuit condition. A smaller 

number of particles having large Volta potential difference relative to the matrix of the 

Al-Mn-Si-Zr alloy can explain the smaller number of active sites and lower degree of 

local dissolution on its surface compared to the EN AW-3003. The lower content of Cu 

and Mn in solid solution of the Al-Mn-Si-Zr leads to a certain decrease in the corrosion 

potential compared to the EN AW-3003, which may also contribute to a lower degree of 

susceptibility to the pitting corrosion of Al-Mn-Si-Zr. In all, the local probe observations 

provide explanations for the actual weight loss measurements in macro-scale, and more 

detailed results and discussion can be seen in paper III. 

 

 

 

 

 

 

 

 



 91

5. Concluding remarks 
 
Rolled 3xxx series Al alloys are commonly used for heat exchanger applications in the 

automotive industry, and the corrosion resistance in a corrosive environment with de-

icing road salts is of increasing importance when the thickness of material is scaled down 

to a level below 100 μm. The influence of intermetallic particles (IMPs) on the resistance 

against localized corrosion is crucial for the material integrity in long-term service. In this 

study, localized corrosion behavior of the alloys in chloride containing solutions and the 

influence of IMPs were investigated in detail with emphasis on using high-resolution 

local probing techniques. A summary of the findings is presented below in Fig. 5.1.   

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

Figure 5.1 Summary of results from localized corrosion studies of the aluminum alloys. 
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The main conclusions can be summarized below: 

In EN AW-3003, the constituent IMPs (μm-sized) typically have a composition like 

Al6(Fe,Mn) or Al12(Mn,Fe)3Si, with a Mn/Fe ratio around 1:1. The fine dispersoids 

(nano-sized) normally have a composition like Al12Mn3Si1-2. The constituent IMPs 

exhibit higher Volta potential values compared to the matrix, and this difference 

generally increases with IMP size, probably related to the elemental composition of the 

IMPs. The boundary region adjacent to large IMPs exhibiting a minimum Volta potential 

is prone to localized corrosion initiation leading to trench formation. 

In chloride containing solutions, the alloy shows a passive-like behavior in near-neutral 

solutions but with local activities on the surface. Some of constituent IMPs exhibit 

enhanced cathodic activity and lead to localized dissolution in the boundary regions 

adjacent to them. In the acidic solutions, active dissolution occurs through a large number 

of local dissolution sites often related to IMPs. Deep pits develop preferentially between 

the large IMPs. Formation of corrosion products and fraction of dominant species depend 

on the composition of the solution. Mixtures of aluminum oxy-hydroxide and acetate 

forms on the surface in the presence of acetic acid, and aluminum chloride compounds 

may form at very low pH. 

Compared to the EN AW-3003 alloy, the newly developed Al–Mn–Si–Zr fin alloy has a 

smaller number of IMPs with large Volta potential difference relative to the matrix. In the 

corrosive solutions only a small number of corroding sites and “tunnel-like” pits occur on 

the new alloy. The lower corrosion activity and smaller tunnel-like pits results in lower 

material loss of the Al–Mn–Si–Zr alloy.  
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6. Future work 
 
In this thesis work, various aspects of localized corrosion of aluminum alloys were 

investigated by using in–situ and ex-situ electrochemical and non-electrochemical 

techniques. However, there are some ideas would be interesting to take up in future work. 

The studies showed that the boundary region plays a crucial role in the localized 

corrosion attack. This is in agreement with the results obtained from Volta potential 

mapping and has been confirmed by in-situ observations of topography changes. More 

focus on the investigation of the boundary region is needed, by using other high-

resolution analytical techniques such as transmission electron microscopy (TEM), 

microscopic x-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy 

(AES). These analytical techniques with sub-micrometer resolution are nowadays 

available and can be useful for such investigations. 

The SKPFM results reveal a size dependence of the Volta potential of the IMPs. This 

provides some explanation for other research results showing that localized attacks can be 

related to the size of IMPs. However, more experimental data are needed in order to 

make a reliable statistical evaluation of this relationship.  

The AFM-based SECM has been introduced to study the localized corrosion of aluminum 

alloys. The integrated AFM/SECM has both the benefits of the high-resolution abilities 

of AFM and the electrochemical specialty of SECM, and a lateral resolution of SECM at 

micrometer level has been achieved. However, further increasing the SECM resolution 

from the micro-scale to the nano-scale would be very helpful. Moreover, in addition to 

mapping the anodic activity by applying an anodic polarization, it would be very 

interesting to perform the integrated AFM/SECM measurement on cathodic activity by 

applying a cathodic polarization, or even at OCP conditions, where both anodic and 

cathodic activities exist on the surface. However, this will require a further reduction of 

the SECM noise level. 

The influence of structure heterogeneity and complexity on the localized corrosion can be 

better understood by combining AFM and SEM, which are two complementary methods 

and are recommended for other systems.  
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To understand exactly the corrosion mechanism, it would be a great advantage to follow 

the whole corrosion sequence by means of various techniques. For this purpose, a series 

of experiments could be planned including AFM imaging before exposure, Volta 

potential mapping by SKPFM, SEM-EDS analysis of individual constituents on the 

surface, visualization of the electrochemical activities on the surface by AFM-based 

SECM, monitoring the corrosion events by in-situ AFM imaging of the sample in the 

corrosive solution, examination of the surface and Volta potential changes after exposure 

by SKPFM and SEM-EDS. In the present work, parts of these steps have been realized. 

However, the most difficult steps would be the in-situ measurements, where localized 

corrosion may occur at distributed locations.  

Numeric simulation of the SECM could help to achieve a better understanding and 

interpretation of the electrochemical activity images obtained by SECM mapping, 

particularly concerning the estimation of the actual size of surface active sites related to 

the localized corrosion in micro-scale. Moreover, since producing a dual mode 

AFM/SECM tip-probe is still an expensive and challenge task, the simulation is an 

excellent tool for the probe design and improvement. 

In this study, the integrated AFM/SECM technique has been applied for studying the 

localized corrosion of Al and Al-Mn aluminum alloy series, where most of the IMPs 

behave as a cathode with respect to the aluminum matrix. However, it would be 

interesting to employ this approach for other aluminum alloy systems such as the Al-Cu, 

Al-Mg and Al-Mg-Cu series, in which both cathodic and anodic IMP types may exist. 

Using high resolution SECM could also be useful to visualize the electrochemical 

interactions between them. Moreover, it is also interesting to perform similar studies for 

aluminum alloys in other aqueous solutions of interest, e.g., (NH4)2SO4-containing 

environments. 

The AFM/SECM technique can also be applied on other multiple-phase alloy systems 

like duplex stainless steel, Fe-Zn interface, the Cu-Zn alloy, welding intersections, etc., 

where the phase boundary region plays a crucial role in localized attacks. 
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