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The activities of the Working Parties cover corrosion topics associated
with inhibition, education, reinforcement in concrete, microbial effects, hot
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Scientific Secretary. The administration of the EFC is handled by three Sec-
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Kingdom. These three Secretariats meet at the Board of Administrators of
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member societies meet to determine and approve EFC policy. News of EFC
activities, forthcoming conferences, courses, etc. is published in a range of
accredited corrosion and certain other journals throughout Europe. More
detailed descriptions of activities are given in a Newsletter prepared by the
Scientific Secretary.

The output of the EFC takes various forms. Papers on particular topics,
for example, reviews or results of experimental work, may be published in
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Preface

xxiii

The investigation of corrosion at the nano and micro-scales requires the use
of appropriate instrumentation and methods that have high spatial resolu-
tion to probe material surfaces down to the level of atoms or molecules and
that can be used in situ, i.e. in a liquid (usually aqueous) environment.

At the nanoscale, scanning probe microscopies, i.e. EC-STM and EC-
AFM (electrochemical scanning tunnelling microscopy and atomic force
microscopy) are largely used in corrosion research. Functionalisation of the
AFM tips may also be one approach to investigate the interactions between
atoms, molecules (organic molecules and biomolecules) and the surface.

On the other hand, local electrochemical techniques, SECM (scanning
electrochemical microscope), SVET (scanning vibrating electrode tech-
niques), scanning droplet, SKFM (scanning Kelvin probe) allow nano- and
micro-scale characterisations to be related. These in situ electrochemical
microprobes are essential to investigate mesoscopic aspects which remain
absolutely necessary as a first control of the nanomaterials and the materi-
als with functionalised surfaces. To complement potential and current char-
acterisations generated by these probes, micro Raman spectroscopy and
photoelectrochemical imaging are also useful in identifying the adsorbed
species or micro-inclusions on the materials. To date, all these probes
operate at or above the micrometre level scale. In this book, it has been
shown that some attempts are being made to improve the resolution capa-
bility of these local techniques to that of the submicron scale.

This volume contains a peer reviewed selection of the 25 communica-
tions presented during the Workshop ‘Local Probe Techniques for Corro-

sion Research’ which was a part of EUROCORR 2004, Nice (F), 12–16

September 2004. This workshop was co-organized by the WP 6 ‘Surface
Science and Mechanisms of Corrosion and Protection’ and the WP 8
‘Physico-chemical Methods of Corrosion Testing’.

The organizers, R. Oltra, R. Akid (WP8), V. Maurice and P. Marcus
(WP6), would like to thank all the authors for their contributions.





1.1 Introduction

The phenomenology of localised corrosion, i.e. mainly pitting and stress cor-
rosion cracking, which affects mainly highly resistant materials, has been
widely discussed. The basic driving force of localised corrosion is the gal-
vanic coupling of which the dimensional aspect is fixed by a combination
of scales which can be described at the electrolyte–metal interface, taking
into account the microstructure (including all real-time modification
induced for example by applied stresses), the possible chemical changes at
the surface of the material, and the electrolyte conductivity contribution,
among others factors.

Conventional electrochemical methods have major limitations in mea-
suring the kinetics of a heterogeneous electrochemical process such as
localised corrosion because traditional electrochemical kinetic methods are
based on the fundamental Butler–Volmer equation which only describes
the kinetics of a uniform electrode process and does not permit measure-
ment of the kinetics of heterogeneous electrochemical processes.

For reasons due to either the metallic material, the corrosive medium or
the industrial process, the anodic and cathodic zones may take on indi-
vidual characteristics at the metal–electrolyte solution interface and thus
localised corrosion is initiated. The nature of the galvanic coupling in the
case of localised corrosion of passive metals takes on properties that differ
depending on whether initiation (transient) or propagation (stationary) is
under consideration. In the case of stationary conditions, localised corro-
sion phenomena cause anodes to coexist on the metal surface with the unaf-
fected part behaving like a cathode.

Localised description of the distribution of these reactions has 
been largely described in the literature in the framework of mixed elec-
trode behaviour. More recently, localised probes have been developed 
to predict the spatial distribution of these reactions and to quantify the 
corrosion rate.

1
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1.2 The process of localised corrosion

Firstly, localised corrosion starts mainly in small areas such as precipitates,
inclusions and cracks that can be micrometre or submicrometre in scale.1

The localization of corrosion for example in the presence of inclusions can
be induced by applied stresses. Recently this point has been illustrated by
Vignal.2

Secondly, local electrochemical or chemical process can be induced by
metallurgical treatments or even during the early stages of local attack by
aggressive solutions. This can be illustrated by local depletion of noble ele-
ments like chromium (the well known case of intergranular corrosion of
stainless steels) or by more speculative results found recently to explain
pitting of stainless steels.3,4 On the other hand dynamic local change in
surface composition due to precipitation of dissolved species coming for
example from inclusion dissolution has been demonstrated.5

Thirdly, the localised distribution of electrochemical reactions (anodic
and cathodic) induces a current circulation in the electrolyte coupled with
a local potential gradient; a basic study of all these phenomena has been
proposed by Wagner.6 The dimensional aspects of the electrochemical polar-
isation in this situation of localised corrosion can be summarised as follows.
The effect of the ohmic drop stabilises processes of localised corrosion. In
terms of electrochemical kinetics, this means that the ohmic drop becomes
part of the electrochemical polarisation of the system. The analysis of this
situation described in Fig. 1.1 was performed taking into account:

(i) the Laplace equation: ∆2Φ = 0.
(ii) the relation between the current density ( j) and potential (E) on each

electrode (cathode and anode).

The current density ( j) is related to the potential:

(i) by Ohm’s law: where ρ is the electrolyte resistivity, valid in 

all electrochemical cells.
(ii) by the electrochemical polarisation: j = f(Esurf).

C. Wagner has introduced a parameter L, which takes into account the fact
that a knowledge of the two reactions (anodic and cathode) is not sufficient
for determining the coupling current of the two electrodes.There is an effect
of the electrode size, reflected by the length:

As illustrated in Fig. 1.1, it is then possible to define the characteristic
length of the coupling (λ) between anodic and cathodic zones: the nature
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j
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∂
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of the coupling will change as a function of the ratio between λ and L

and therefore will depend on a scale factor. This theoretical approach 
is both stationary and coplanar and does not take into account changes 
in e.g. chemistry or the time evolution of the geometry of the corroding 
site.

The chemical gradient is the fourth parameter which can be also at the
origin of the characteristic length of the time evolution of the localised cor-
rosion kinetics. It has been clearly illustrated for example by Smyrl on alu-
minium alloys7 showing that the critical length for galvanic coupling is
controlled by pH evolution around non-metallic precipitates.

These parameters are not simply metallurgical parameters and clearly
demonstrate the need to develop or to apply local probes to reach an in
situ and a real-time monitoring of the dimensional aspect of the localised
corrosion (Fig. 1.2). On the other hand, very close to the surface, changes
in solution chemistry can be significant so that the conductivity may be
unknown (it depends on supporting electrolyte concentration) and also
some of the current is carried by diffusion (assuming no convection here).
Thus, as indicated, there will be limitations/uncertainties in the use of
Laplace’s equation. Consequently, local probing such as the scanning vibrat-
ing electrode (SVET) must be applied carefully.
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1.3 Recent developments in electrochemical probes

Through various examples, the combination of local probes in the case of
localised corrosion analysis will be illustrated. Local probes are based on
electrochemical, physical or chemical measurements at the metal or
metal–electrolyte interface in the case of in situ analysis.

Three main groups of techniques can be defined:

(i) in-situ probing: the probe is immersed in the bulk electrolyte and a
local electrochemical measurement based on conventional electro-
chemical kinetics is performed. This group includes scanning refer-
ence electrode technique (SRET), scanning vibrating electrode
technique (SVET) and localised impedance spectroscopy (LEIS).

(ii) the probe is also immersed in the bulk volume but local electroana-
lytical measurements are performed. It is the case of scanning elec-
trochemical microscopy (SECM) which allows the local chemical
evolution of the electrolyte to be defined around a localised corro-
sion site.

(iii) the probe permits selection of a reduced volume of electrolyte: the
microcells techniques.

The most interesting scanning probe in terms of corrosion kinetics is the
SVET which measures the local current density. This technique initially
developed in the biological domain for extracellular current measurement
was transferred to corrosion studies by the pioneering work of H. Isaacs in
the 1970s.8 This technique is based on ohmic measurement in the electrolyte
between two virtual points defined by the vibration of Pt–Ir microelec-
trodes (Micro Probe Inc.) which are black platinised. In Isaacs work, the
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1.2 Parameters affecting the characteristic length controlling galvanic
coupling at the metal–electrolyte interface.
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diameter of the sphere of the black platinum deposit was 15 µm, corre-
sponding to a capacitance of about 10nF. The amplitude of vibration was
typically 20µm, with a frequency around 600 and 200Hz, respectively, par-
allel and normal to the sample surface. The potential drop measured by the
microelectrode is converted with Ohm’s law into a current density value
after amplification. The displacement of the microelectrode is performed
using a motorised and computer controlled XYZ micromanipulator allow-
ing 0.5 µm steps. Recently,5 this set-up was combined with a capillary tech-
nique in order to be able to follow a well defined site of corrosion which is
generated by a local injection of aggressive solution in a buffered solution
(Fig. 1.3)

The scanning electrochemical microscope (SECM) is a scanned probe
microscope (SPM) that has proven to be a powerful instrument for the
quantitative investigation of a wide range of processes that occur at inter-
faces. The probe tip in SECM is an ultramicroelectrode (UME), which 
typically has a characteristic dimension in the 0.1–10 µm range. The 
amperometric or potentiometric response of the tip of the UME is recorded
as the probe is scanned either normal to the interface of interest (tip
approach measurements) or over the interface typically at some fixed
height (for imaging purposes) or when held in a fixed position with respect
to the substrate (for time-dependent measurements). SECM is mainly used
in two modes: feedback or generation collection using a redox mediator in
solution in order to characterise the species to be analyzed; this is an 
analytical technique.
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1.3 Experimental setup used for local activation and SVET.
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SECM applications have been reported for localised corrosion studies.
Still and Wipf9 investigated the localised corrosion of a passivated iron
sample using SECM in generation and collection modes of SECM sepa-
rately, firstly to induce local generation of aggressive ion and secondly to
collect, after initiation, the dissolution current issuing from the dissolving
pit. They described experiments in which an iron sample was immersed in
a solution of 30mm trichloroacetic acid solution in phosphate/citrate buffer
at pH 6, and passivated at fixed potential for a given period of time. A gold
microdisc electrode initially at a potential of 0V (versus a mercurous sul-
phate electrode (MSE) was positioned close to the surface (within 1 tip
radius). The potential of the tip of the electrode was then adjusted to 
−1.6V to generate chloride ions by the reduction of the trichloroacetic acid.
The equation given for this reaction is

Cl3CCOO− + H2O + 2e− ↔ Cl2CHCOO− + OH− + Cl−

Current fluctuations at the substrate were observed within a few seconds,
indicating pitting corrosion. In addition, the tip current also fluctuated, and
correlated well with the sharp changes in current observed at the substrate.
This behaviour was attributed to the release of iron species by the sample
during the corrosion process, which were then reduced at the tip.

The micro-electrochemical setup, proposed by Suter and Böhni,10 con-
sists of a microcapillary fixed like an objective to the revolving nosepiece
of an optical microscope, as shown in Fig. 1.4. The capillary, containing a
counter and a reference electrode to perform electrochemical measure-
ments, is filled with the appropriate electrolyte.The ground tip of the micro-
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Computer
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1.4 Schematic setup of the microcell technique.
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capillary can be varied from 1 to 1000 µm in diameter.Additionally a sealing
layer of silicon rubber is applied to the tip of the capillary to prevent leaking
of the electrolyte. This experimental technique not only allows an easy
alignment of the micro-electrode to the desired spot of the working elec-
trode, but also limits the electrolytic contact to a small area to obtain
current resolutions in the picoampere to femtoampere range. Furthermore,
measurements can be performed on metals with a wide range of surface
roughness.

1.4 Recent developments in physical and 

chemical probes

1.4.1 Physical probes

In the field of corrosion, various probes have been derived from basic near
field microscopy, AFM and STM, in order to give in situ quantitative eval-
uation of the local corrosion damage. We can mention mainly the EC-STM
(STM performed in electrolyte) and the SKPFM (scanning Kelvin probe
force microscopy). These techniques will not be described in this chapter.

1.4.2 Chemical probes

Various approaches that have been proposed in the literature are described
as a function of local chemical changes. Local surface segregations 
connected to the microstructure have been mapped by scanning auger
microscopy11 or FIB-SIMS (focused ion beam-secondary ion mass spec-
troscopy).3 These techniques can provide characterisation of the material
chemistry as a function of the proximity to the precipitates, inclusions, etc.
In the case of in situ chemical changes at the surface of the material, SECM
has been used to define the nature of species involved in local depassiva-
tion for example.12

Finally, to characterise the chemical gradient in an electrolyte, few studies
have been conducted as conventional amperometric sensors are relatively
fragile (made of glass and unable to support any kind of contact with a solid
surface). One can mention the pioneering work of Park et al.13 trying to
apply to corrosion the well-known practice developed in neurobiology.14

Nevertheless, optical techniques have been proposed to image the chemi-
cal change, especially the pH changes, around local corrosion sites.7,15

1.5 Combining probes to assess localised corrosion

Schematic drawings (‘cartoons’) are frequently proposed in the conclusions
of various papers which are based on assumptions defined through limited
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analysis, e.g. only metallurgical, only electrochemical, only chemical in more
reduced cases.

To our knowledge, no complete study has been undertaken of the use 
of combined microprobe techniques to characterise the changes at the
metal–solution interface associated with localised corrosion in corrosion-
resistant alloys. To highlight the interest in combination of local probes in
elucidating localised corrosion mechanisms some examples can be given in
order to illustrate the trends of future works in this domain.

1.5.1 pH and local current density measurements

pH maps have been obtained using liquid membrane glass capillary pH
electrodes, fabricated by pulling single-barrelled glass capillaries used to
prepare a conventional glass electrode containing ionophore. These pH
microelectrodes can be mounted on the SVET system to perform separate
chemical measurements assuming the localised corrosion is reproducible or
sufficiently stable. To our knowledge, this combination has been applied
only to spatially defined galvanic corrosion such as corrosion at the cut-
edge of galvanized steel.16 This combination permits characterisation of the
chemical and electrochemical phenomena which occur on the cut edge of
galvanized steel. pH variations between 7 and 11 were observed, primarily
due to the formation of hydroxyl ions by the cathodic reaction.

More refined work was performed using capillary cells by the Böhni and
Suter group. They proposed a combination of capillaries, pH microsensor
and microelectrochemical cell to investigate current transients and local pH
changes in both non-chloride and chloride solutions. In this work a pH
microsensor (d = 10µm) was fixed at the centre of the microcapillary
opening (d = 100µm) under a microscope, and the microcapillary cell was
placed on any desired location of the metal sample.The tip of the microsen-
sor was positioned 50mm away from the surface of the samples. With this
multifunctional probe, they measured simultaneously the pH and the polar-
isation curves of local corrosion sites on reduced surfaces containing or not
containing MnS inclusions.17

Figure 1.5 shows the potential sweep of AISI 304 SS in 0.1 m NaCl solu-
tion in which a stable pit growth was obtained at the end of the experiment.
This combination of pH and current probes shows that the current (dark
line) and pH (dotted line) decreases started about 1 s after the sharp
increases in the currents. During the pit growth, the pH of the electrolyte
at 50 µm above the pit varied between 2.3 and 2.5.

1.5.2 Microlectrochemical cell and SECM

The objective of the work performed by Paik and Alkire,18 was to demon-
strate the role of adsorbed sulfur species near sulfide inclusions as a driving
force for the pitting of nickel.
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From an experimental point of view, electrochemical current–voltage
measurements on microarea electrodes were carried out with capillaries of
20–100 microns manipulated so as to cover specific sulfide inclusions, pre-
viously characterised by SEM/EDX measurements. On the other hand, the
active part of the scanning electrochemical microscopy apparatus, consisted
of a carbon fibre tip. The solution used for SECM measurements was 10mm

KI + 0.1m NaCl. The Ni and C fibre electrodes were independently con-
trolled by two separate potentiostatic circuits.The SECM tip potential (Etip)
was held at 0.6V to reduce I2 to triiodide.

1.5.3 SVET, AFM and SAM combination

Recently,5 a combination of SVET, AFM and SAM (scanning auger
microscopy) was proposed to study pitting corrosion on a MnS inclusion on
316L stainless steel. The main originality consists in modifying locally the
chemistry in its vicinity by injecting with a microcapillary an aggressive
solution of NaCl, H2SO4 or HCl (Fig. 1.3). Once a pit appears, the scanning
vibrating electrode technique (SVET) is used to follow the current fluctu-
ations in potentiostatic mode (non-conventional use of SVET) over and
around the pit when the metal is polarised at a passive potential. In paral-
lel, the activation of a MnS inclusion was studied ex situ using Auger elec-
tron spectroscopy (AES) and atomic force microscopy (AFM).
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It was observed that a single pit can be initiated only when hydrochloric
acid is injected, whereas sulfuric acid only partially dissolved the inclusion.
A significant enrichment in sulfur is detected around the inclusion by AES,
and micropits are observed in the metal at the edge of the inclusion after
HCl activation. Anodic zones are detected by SVET around the inclusion,
whereas a cathodic current flows from the inclusion.The anodic current was
clearly ascribed to the breakdown of passivity induced by adsorbed sulfur
species coming from local dissolution of MnS sulfides.

1.6 Conclusions

All these examples have demonstrated that combinations of local probes
give deeper understanding of local mechanisms and, in some cases, quanti-
tative measurement of the local corrosion rates. Nevertheless, local probing
is mainly performed consecutively, especially in the case of in situ analysis.
The future trend will be to develop specific multifunctional probes allow-
ing simultaneous measurement of electrochemical, chemical and topo-
graphical changes. Recent results obtained in other fields could then be
transferred.19

Such local probing, to monitor the generation and repassivation of
localised corrosion sites on various lateral length scales ranging from
nanometers up to tens of microns would be very useful to support the mod-
elling effort to correlate environmental conditions with surface morpho-
logical characteristics associated with the onset and stabilisation of localised
corrosion.
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2.1 Introduction

‘Self-healing’ properties are important for the anticorrosion performance
of galvanised steel.This is especially important at the cut edge of galvanised
steel where the steel substrate is exposed directly to the atmosphere. If the
face of the sample is painted, the ratio of anode to cathode surface area is
equal to the ratio of the thickness of the zinc coating to that of the steel
substrate. For many galvanised steel products, this can be on the order of
1/100 and is insufficient to assure galvanic protection for an extended length
of time. The good anti-cut edge corrosion properties of state-of-the-art gal-
vanic coatings is due in part to the formation of the inhibiting films of zinc-
based corrosion products on the exposed steel surface.The inhibiting nature
of these films may be enhanced by the addition of water-soluble inhibiting
pigments. We refer to this precipitation/passivation phenomenon as a ‘self-
healing’ mechanism.

The formation of inhibiting films depends upon the local chemical and
electrochemical environment. This environment is, in turn, determined by
the geometry of the defect, the composition of the coatings and the chem-
istry of the electrolyte. The geometry of the defect is important as changes
in the thickness of the steel substrate or zinc coating will have important
consequences on the distribution of current and, therefore, the precipita-
tion of corrosion products.

The nature of the electrolyte phase and the composition of the metallic
coating will determine the nature of the species present in solution and the
composition and solubility of the solid phases that might precipitate on the
cathodic surface. The majority of corrosion tests use NaCl solutions, but
other species such as ammonium and sulfate may also be important factors
in atmospheric corrosion in some environments and are included in the
electrolyte phase of certain corrosion tests. One such test is the ProhesionTM

test (ASTM G 85) that has an electrolyte containing 0.05% NaCl and 0.35%
(NH4)2SO4 at 35°C and is operated in cycles of one hour wet, one hour dry.

2
Observation of self healing functions on the

cut edge of galvanised steel using scanning

vibrating electrode technique (SVET) and 

pH microscopy
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The test is generally considered to be a less severe form of the more
common salt spray test because of the more dilute electrolyte and the fact
that the sample is not continuously wet; but anecdotal evidence has sug-
gested that cut edge corrosion of galvanized steel may be more severe in
this test than in similar NaCl-only based tests.

The goal of this work was to apply localised electrochemical methods to
characterise the behaviour of galvanised steel in NaCl and NaCl + 0.35%
(NH4)2SO4 solutions. For this work, scanning pH microscopy1 and the scan-
ning vibrating electrode technique (SVET) were used. Both of these tech-
niques have been successfully applied to cut edge corrosion in previous
studies.1–7 The SVET and pH microscopy are well suited for the character-
isation of galvanic coupling reactions with a spatial resolution consistent
with the form of the cut edge environment. In previous work,1 the SVET
and scanning pH microscopy were used to characterise the electrochemi-
cal and chemical environment on the cut edge of galvanised steel in a NaCl
solution. The results showed that inhibiting film formation occurs at the
interface between anodic and cathodic regions, probably brought about by
pH variation observed under these conditions.These results have been con-
firmed by Tada et al.8,9 who used different methods and electrode geome-
tries and who also measured the Zn+2 concentration around the zinc anodes.
In the present work, these results are confirmed for cut edge electrodes of
different thicknesses in the NaCl solution and are extended to measure-
ments in an ammonium sulfate containing electrolyte as used in the Pro-
hesionTM test.

2.2 Experimental method

The scanning vibrating electrode system (SVET) and the micro-capillary
ion selective electrodes have been previously described,1 including details
of fabrication, calibration, and their applicability to cut edge phenomena in
general. Briefly, a commercial SVET system from Applicable Electronics
was used. A Pt–Ir wire electrode, with a Pt black tip approximately 20 µm
in diameter was used as the vibrating probe. Measurements were performed
at 200 µm from the surface using a 0.5-s integration period. The SVET
response was calibrated in the pure electrolyte using a stainless-steel point
source.

The pH microelectrodes were fabricated in-house from single-barrelled
glass capillaries (OD = 1.5mm), pulled to form an approximately 5µm tip.
The ionophore was a hydrogen I cocktail B from Fluka, with a given func-
tional pH range of 5.5 to 12 and the electrodes were calibrated using stan-
dard pH buffer solutions.

The metallic samples consisted of commercial hot dip galvanised steel.
Steel thicknesses of 0.9, 1.5, 2.0 and 2.5mm were used with a constant zinc
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coating at 275gm−2 corresponding to approximately 25 µm per side by
optical microscopy. The samples were cut with a mechanical press into a 
1cm band. They were then mounted in Araldite resin and polished succes-
sively to a 1 µm diamond finish. Electrolytes were composed of reagent
grade products and deionised water (>10MΩcm). Experiments were per-
formed in two different electrolytes. The primary characteristics of the two
electrolytes are given in Table 2.1.

2.3 Results and discussion

2.3.1 Visual observation of phenomena

As cut edge electrodes are exposed to 30mM NaCl and ProhesionTM test
electrolyte, a precipitated film very rapidly forms a wavy pattern on the
surface of the steel during the first few seconds of the exposure. The cor-
rosion products then spread out and thicken slowly with the initial pattern
still visible after 2h of exposure.After 18h of exposure, the surface is visibly
covered with a film. Different behaviour is observed for the ammonium
sulfate solution. In this case, very little corrosion product precipitation is
observed during the early stages of the reaction although a complete 
coverage is obtained after 18h of exposure.

2.3.2 Raman analysis of corrosion products

The corrosion products formed in the NaCl solution are well known to be
zinc hydroxychloride Zn5(OH)8Cl2 and Zn(OH)2.10,11 The nature of the cor-
rosion products in sulfate containing media has been less well studied
although a database of the major products has been obtained.12 Figure 2.1
shows the Raman spectrum obtained for the corrosion products on the cut
edge in the ProhesionTM test electrolyte. This spectrum is representative of
the general class of zinc hydroxy sulfate species – the broad high frequency
peak is due to the elongation of OH groups in water and hydroxide ions;
and the low frequency features are due to the SO4

2− ion. The previously

Table 2.1 Composition of electrolytes used in this work with conductivity and
pH under aerated and non-aerated conditions

Composition R/Ωcm pH / air pH / N2

30mM NaCl 0.03M NaCl 303 5.7 6.5
ProhesionTM test 0.0086M NaCl 152 5.4 5.6

0.027M (NH4)2SO4
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cited work12 gives spectra for ZnSO4.3Zn(OH)2.nH2O with n vari-
able between 1 and 5; as well as NaZn4Cl(OH)6SO4.6H2O and
Zn4Cl2(OH)4SO4.5H2O. The spectrum in Fig. 2.1 is entirely consistent with
ZnSO4.3Zn(OH)2.5H2O and does not show some of the major features of
the zinc chlorohydroxide sulfates.

2.3.3 Galvanic corrosion rate measurement

The average value of zinc dissolution was measured in the ProhesionTM test
electrolyte by exposing the sample to 4ml for 24h. Following this exposure,
the quantity of Zn and Fe dissolved in the electrolyte was measured by ICP
atomic emission spectroscopy using standard analytical techniques. The Fe
content was consistently below the detection limit of this technique and no
red rust was visible on the cut edges indicating that the corrosion rate of
the steel was minimal. The Zn concentration was used to calculate the
average rate of zinc corrosion expressed in current by use of Faraday’s law
for the reaction.

Zn → Zn2+ + 2e− [2.1]

The results are shown in Fig. 2.2 as a function of steel thickness for these
samples. It is clear that the dissolution rate is a direct linear function of the
steel thickness. This demonstrates that the reaction rate is controlled by the
cathodic surface and is consistent with the rate-limiting step being the dif-
fusion-limited reduction of dissolved oxygen on the steel surface. Localised
polarisation curves on the anodic and cathodic sites of the cut edge also
supported this model.1

O2 + 2H2O + 4e− → 4OH− [2.2]
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2.1 Raman spectrum of corrosion products obtained after 32 h of
immersion in the ProhesionTM test electrolyte.
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2.3.4 Variations of anodic and cathodic current on cut edge

Typical current cartographies for the various electrolytes and samples were
measured after 15min of immersion in the centre of the cut edge electrode
for a 3.5mm × 4.0mm rectangle. The current distribution was very different
in the two electrolytes. In the ammonium sulfate solution, the zinc appeared
to be uniformly active and the cathodic reaction was evenly distributed on
the steel surface. Although the anodic current was uniform over the active
zinc edge, five samples out of seven showed a situation where only one side
of the galvanised steel cut edge was active despite the fact that both sides
were nominally identical. We attribute this to slight differences in sample
preparation although we were unable to determine a specific origin of this
behaviour.

By contrast, in the NaCl electrolyte both anodic and cathodic activity
showed significant non-uniformities. The anodic activity appeared to be
localised in specific areas of the zinc surface on the edge of the sample. The
zinc-based corrosion products appeared on the steel surface in a wavy
pattern; a clear correlation was observed between the formation of corro-
sion products and the current distribution. The dense part of the corrosion
product contours closely followed the iso-current contours between −10
and −30µAcm−2, forming rings around the anodic zones for the situation in
which the cathodic current was in the centre of the cut edge sample. In a
previous publication,1 it was suggested that this was due to the interaction
between Zn2+ formed at the anode (reaction 1) and OH− formed at the
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2.2 Variation of average galvanic coupling current over 24 h exposure
to 4 ml of the ProhesionTM test electrolyte. The linear relationship
demonstrates that the reaction is under cathodic control and most
likely limited by oxygen diffusion.



SVET and pH microscopy 17

cathode (reaction 2) by the precipitation reaction. Zinc oxides and hydrox-
ides show a minimum solubility between pH 9 and 10.

Several interesting trends may be established by inspection of the three
profiles. It is clear that the thickness of the steel sample influences the cor-
rosion product distribution. For the widest, 2.0-mm sample, very broad con-
tours are observed consistent with the spreading out of the cathodic
reaction on the steel surface. The 1.5-mm samples show a narrower corro-
sion product distribution while the 0.9-mm curve shows a very narrow wavy
pattern. Under these circumstances, the corrosion products no longer circle
the anodic reaction since the cathodes and anodes are no longer in the same
region of the cut edge. These trends were confirmed for the seven different
samples measured.

These results suggest that, in the NaCl solution, the cathodic reaction is
somehow pushed away from the anodic reaction. For the wider samples, the
cathodic reaction reaches its maximum in the centre of the cut edge,
whereas for the 0.9-mm sample, the cathodic reaction is pushed down from
the anodic zone. (The cartography shows that the entire upper zone appears
anodic, but this is due to the poor spatial resolution of the SVET. In fact,
the anodes are entirely localised on the zinc surfaces at the edges of the
sample, as indicated by the absence of red iron oxide formation during these
experiments.)

Figure 2.3 gives single line scans across the cut edge for the cartographies.
Note that in the ammonium sulfate electrolyte (5A), the anodic and
cathodic reactions are quite close to one another.The leading edge between
the anodic and cathodic regions is very abrupt and, in many cases, drops
from a maximum anodic activity to a maximum cathodic activity over a dis-
tance of only a few hundred micrometres. However, the anodic peak
maximum drops off slowly to the cathodic minimum, and the anodes and
cathodes are in general separated by a much larger distance than in the
ammonium sulfate electrolyte. This result demonstrates the inhibiting
nature of the corrosion products produced in the NaCl solution.

2.3.5 pH distributions on cut edge

A marked difference was observed between pH distributions measured
over the 0.9mm and 2.0mm surface in both the ProhesionTM and the NaCl
electrolyte after 15min of immersion. In the ammonium sulfate electrolyte,
only slight pH variation was observed despite the very significant anodic
and cathodic currents detected by the SVET.

Large pH variations were obtained in the NaCl solution ranging from
near neutral over the resin and in the anodic zones, to slightly above 10 in
cathodic regions. The pattern of precipitated corrosion products was as
observed for the SVET experiments: the corrosion products appeared in
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contours that seem to follow closely the iso-pH lines between 8 and 9 pH
units. The thickness of the contours varied with the steel thickness as pre-
viously described.

The pH changes are almost exclusively related to the production of
hydroxide by equation 2.2, the hydrolysis of Zn2+ being minimal.1,8,9 Since
the cathodic reaction is quite intense in the ProhesionTM test electrolyte, the
absence of a significant pH increase is probably due to a buffering effect
associated with the ammonium ion. This effect is demonstrated by the
experimental titration curves of Fig. 2.4. These experiments involved the
addition of 20µl volumes of 0.01 m NaOH to 100ml of the ProhesionTM test
electrolyte bringing the pH into the range of 8 to 10. For the ProhesionTM

electrolyte, significantly larger quantities of hydroxide must be generated
at the interface to give a pH increase into the 10–11 range as compared with
the NaCl electrolyte.

40 µA cm–2

100 µA cm–2

0 1000 2000 3000–1000

Distance from edge (µm)

a

b

2.3 Single line scans from the current cartographies of Fig. 2.2: 
a 1.5 mm sample in ProhesionTM test electrolyte; b 2 mm sample in
NaCl electrolyte.
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2.3.6 Equilibrium considerations

To better interpret the results of this work in terms of the equilibrium 
chemistry of the two electrolytes, calculations were performed using the
HYDRA-MEDUSA software and equilibrium database.13 This database
contains solubility data for zinc hydroxides, oxides, chlorides, hydroxychlo-
rides, hydroxysulfates, and chlorohydroxysulfates as well as the sequential
formation constants for ammonia and hydroxide complexes. Figure 2.5
gives the fraction of species in the two electrolytes as a function of pH for
1mm Zn2+ concentration. As the pH increases, the initial precipitation reac-
tion is Zn4(OH)6SO4 in the ProhesionTM test electrolyte in agreement with
the Raman results, and Zn5(OH)8Cl2 in the NaCl electrolyte in agreement
with previous reports. Above pH 10, Zn(OH)2 is the major stable phase in
both electrolytes. This diagram demonstrates that the increase in solubility
in the ProhesionTM test electrolyte is due to the formation of Zn(NH3)x

2+,
where x = 2 to 4, between pH 8 and 10. Above pH 10, the dominant species
are the Zn(OH)x

2−x, x = 3 to 4 in equilibrium with solid Zn(OH)2.
Figure 2.6 shows the variation of the log-solubility of Zn2+ as a function

of pH, determined for the two electrolytes. The solubility is calculated from
the sum of the various Zn2+ complexes in solution. The formation of solid
phases is indicated by a decrease in solubility. Several important points
become evident from this data. The letters refer to the indicated points on
the solubility – pH curve.

(i) The pH for the onset of precipitation is shifted to a higher value 
of pH. This is explained by the stability of the ZnSO4 complex in 
solution.
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2.4 Titration curves for 100 ml of 30 mM NaCl and the ProhesionTM

test electrolyte with 1.0 M NaOH.
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(ii) The minimum solubility of the solid zinc hydroxysulfate phase in 
ProhesionTM electrolyte is still an order of magnitude larger than that
of the hydroxychloride phase in 30mm NaCl.

(iii) The hydroxysulfate phase becomes increasingly soluble between pH
8 and 10, showing a maximum around pH 9.3 due to the formation
of NH3 complexes.

(iv) Finally, above pH 10, the solid Zn(OH)2 phase dominates and the sol-
ubility increases with subsequent increase in pH. Beyond point (d),
the two electrolytes show identical behaviour.

These results show that the precipitation of zinc-based corrosion products
occurs at a higher pH in the ProhesionTM test electrolyte than in the NaCl
solution.This is indicated by the onset of the solid phase and by the fact that
the solubility of Zn2+ is about an order of magnitude higher until a pH > 10,
at which point the two electrolytes show similar behaviour (Fig. 2.6).

2.4 Conclusions

This work has demonstrated that in the NaCl solution, there is a clear cor-
relation between the patterns of precipitated corrosion products, the pres-
ence of local anodes and cathodes, and the variations of pH on the cut edge
of galvanised steel. The corrosion products precipitate in specific regions of
iso-pH between 8 and 9, corresponding to a corrosion current between 
0 and −10µAcm−2. This observation may be attributed to the fact that
Zn(OH)2 has a minimum near pH 9.2 and becomes more soluble at higher
pH due to the formation of Zn(OH)4

−2. The non-uniformity of the anodic
and cathodic current distributions in this electrolyte suggests an inhibiting
effect of the corrosion products.

In the ammonium sulfate solution, the situation is quite different. Despite
significant anodic and cathodic activity, very little pH change is detected
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and no precipitation is observed at short times. These observations can be
interpreted in terms of the increased solubility of Zn2+ ion in the Prohe-
sionTM test electrolyte. This is due to two factors:

• A buffering effect due to the ammonium ion that leads to smaller pH
changes due to the cathodic oxygen reduction.

• The increased solubility of Zn2+ in electrolytes containing complexing
species such as ammonium and sulfate.

In more general terms, these results demonstrate that the self-healing mech-
anisms of galvanised steel are closely linked to the electrolyte chemistry.
The presence of (NH4)2SO4 in the ProhesionTM test electrolyte, for example,
selectively turns off the self-healing mechanism. Failure to understand and
account for these mechanisms when considering the results of accelerated
corrosion testing may lead to erroneous conclusions.
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3.1 Introduction

The incorporation of welded joints enabling the fabrication of structures
continues to be a popular strategy used by engineers at the design stage.
Such an approach is entirely acceptable subject to an understanding of the
implications of the joining technique on the resulting structural and corro-
sion behaviour of the materials used. Conventional fusion welding causes
the joint materials to experience complex heating regimes, where at the
weld itself, the material cools from a molten state, through to the parent
plate which experiences a thermal gradient from room temperature
through to its melting point. The implication of this process is that a weld
joint has a complicated microstructure ranging from an as-cast structure
through to the original microstructure of the original materials making up
the weld joint. In addition to this, the welding process contributes to the
development of residual stresses within the joint. Residual stresses not only
affect the mechanical properties of the joint but also the corrosion
response.1 Therefore welded joints can suffer from a reduction in structural
integrity not only from the standpoint of their structural strength and
fatigue performance, but also from the response of the heterogeneous
microstructure of the joint to the effect of the environment, i.e. corrosion.

Given that major microstructural changes and changes in local residual
stress state do occur during welding, this paper addresses the use of selected
corrosion test methods, including the scanning vibrating electrode tech-
nique, SVET, and the scanning droplet cell technique, SDC, to evaluate the
localised corrosion behaviour of welded joints.

3.1.1 Scanning vibrating electrode technique

Electrochemical scanning techniques are based broadly upon the assump-
tion that localised corrosion, where anodic and cathodic processes take

3
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(SDC) techniques to the study of 

weld corrosion
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place at separate sites, can be represented as point sources.The electric field
generated by sites of localised corrosion consists of equi-potential lines
which can be measured and graphically represented as a contour map.
SVET techniques rely on the spatial separation of anodic and cathodic
activity on a surface which lead to small variations in potential and the gen-
eration of ionic flow within the electrolyte. The potential gradient resulting
from actively corroding sites may be measured using a vibrating probe
system, where the vibrating probe, typically a Pt wire, oscillates between
two positions above or parallel to the surface.2 This experimental approach
has now found favour over that of single- and twin-probe systems, namely
the scanning reference electrode techniques (SRET), as it has the direct
advantage that the signal-to-noise ratio is significantly improved.3,4

For an anodic site acting as a point in space (PIS) current source, the elec-
tric field, E (V), at any point (x, y, z) in solution is given by:5

[3.1]

where I is the current through the PIS (mA) and x, y and z are the distances
to the PIS in their respective axes (cm).

The vibrating probe provides a direct measure of the electric field or,
from Ohm’s law, the component of current at the point in the direction in
which the electrode vibrates. Only one direction is considered; that is the
vibration perpendicular to the surface containing the current source.5 The
normal field strength (F) can be obtained from equation 3.1 by differenti-
ation with respect to z, as shown in equation 3.2.

[3.2]

The maximum field strength (Fmax) at height z occurs directly over the
current source,5 as follows:

[3.3]

The factors affecting the maximum output signal, sensitivity and resolution
have been reported elsewhere.6 For brevity, the operational parameters that
affect the SVET signal include:

(i) Time constant (TC): the output time constant of the lock-in amplifier.
(ii) Speed (v): the probe scan speed in the x-direction.
(iii) Vibration amplitude (VA): the vibration amplitude of the measure-

ment probe in µm, peak-to-peak value.
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(iv) Probe–sample distance: operator and specimen surface dependent,
being the distance of the probe above the sample surface.

(v) Scan mode, continuous sweep or step.

3.2 Materials and experimental methods

3.2.1 Materials

The following welded joints were selected for investigation.

(i) carbon steel–carbon steel,
(ii) carbon steel, laser weld
(iii) copper–stainless steel–aluminium bronze (CuSSAB)

3.2.2 Microstructural evaluation

Metallographic examination was carried out on selected samples to evalu-
ate the microstructures associated with each of these joints. Carbon steel
joints were etched in 2% Nital. Optical and scanning electron microscopy
(Phillips XL40, SEM) were used to obtain images of the sectioned welds.

3.2.3 Electrochemical measurements

The corrosion tendency of the different regions of the welded joints was
determined from measurements of corrosion potential (Ecorr) at selected
sites of the weld joint using a capillary electrode covering an area around
2–3mm. Unless stated, all quoted corrosion potential measurements are
based upon the use of a saturated calomel electrode (SCE).

3.2.4 Scanning droplet cell

SDC measurements were made using a Uniscan® 270 scanning droplet cell
to evaluate the open circuit potential along cross sections of the welds. This
technique involved scanning a continuously refreshed droplet, in both x and
y directions, over the surface of the weld in a step scan mode making local
measurements every 250 µm. This method generated a 2D area map of the
corrosion potential (versus Ag/AgCl reference electrode) of the weld. Maps
were generated in either 0.1m NaCl or an alkali solution, as described in
the following section.

3.2.5 SVET measurements

SVET measurements of individual weld joints were made using a Uniscan®

SVP100 system. Corrosion mapping was conducted at room temperature in
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either 0.1m NaCl (samples a and b) or an alkali-based solution, pH 8.3 and
conductivity of 1619 µScm−1 (sample c). Based upon an evaluation of the
optimum parameter settings for output signal and resolution,6 the follow-
ing experimental settings were used: step scan mode, probe–sample distance
100µm and a probe vibration amplitude of 30 µm. Colour contours on the
original SVET maps (Fig. 3.1–3.4) illustrated the anodic and cathodic activ-
ity on the surface.

3.3 Experimental results

3.3.1 Carbon steel–carbon steel

Measurements of corrosion potential were made for each of the different
microstructural zones of the welds, namely parent plate (PP), heat affected
zone (HAZ) and weld metal (WM). The results are given in Fig. 3.1. Also
shown in this figure are SVET and SDC corrosion potential maps for the
two steels. Cross-section photographs are shown to illustrate the location
of the measurements.

3.3.2 Carbon steel laser weld

The results of metallographic examination, electrochemical measurements
and SVET mapping for the laser welded joint are given in Fig. 3.2.

3.3.3 Copper–stainless steel–aluminium bronze (CuSSAB)

welded joint

The optical micrograph, individual Ecorr values, SVET at open circuit poten-
tial and SDC maps for the CuSSAB welded joint are given in Fig. 3.3.Addi-
tional SVET scans were carried out on this joint, being conducted at anodic
potentials of +50mV and +100mV. The results of these scans are presented
in Fig. 3.4. The results of SEM examination of the sample after corrosion
testing are shown in Fig. 3.5. In order to identify whether or not this welded
joint was susceptible to pitting and to compliment the SVET scans con-
ducted at anodic potentials, conventional dc polarisation curves were
obtained. Fig. 3.6a presents the corrosion response at room temperature
and at 40°C, while Fig. 3.6b shows the effect of increasing chloride ion con-
centration at room temperature.
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3.4 Discussion

3.4.1 Carbon steel–carbon steel weld

SVET mapping of the carbon steel–carbon steel joints A and B showed sig-
nificant differences in response, as presented in Fig. 3.1b. Steel A showed
highly localised attack of the weld metal, while steel B showed a lower
degree of attack of the weld region and more general corrosion across the
joint as a whole. Note in Fig. 3.1b, steel B, that the intense activity at the
top of the weld is associated with corrosion products that have developed
due to crevice corrosion between the steel and the delaminated coating.
The intense activity at the lower right hand edge of the sample is an arte-
fact wherein the SVET probe came into contact with the specimen during
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scanning.The localised corrosion response was somewhat unexpected given
that the nominal chemical composition of the parent plates of the two steels
was similar. Further analysis using the EDX elemental analysis facility of
the SEM showed there to be compositional differences between the PP,
HAZ and WM, see Table 3.1. For example, when the ratio of elements was
compared with the PP, i.e. PP ratio equal to unity; weld A contained 70%
less C and 650% more aluminium at the bottom section of the weld; note
the severe localised attack in the weld zone of steel A, as shown in Fig. 3.1.
The welded joint of steel B revealed much smaller compositional gradients
particularly for C and Al.

SDC scans of the two welds somewhat reflected the results obtained from
the SVET scans in that steel A exhibited a much more active weld zone
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than that of steel B. In fact, the SDC corrosion potential measurements
clearly indicated that the weld zone of steel B was cathodic to that of the
parent plate. This was further validated with capillary electrode Ecorr

measurements. SDC Ecorr measurements vary from that of the capillary 
electrode Ecorr measurements in that the former involve the use of a flowing
electrolyte over a small area, in this case around 300–500 µm diameter. The
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apparent benefit of this method is that it eliminates the averaging effect
which arises due to mass galvanic coupling due to differences in microstruc-
ture and draws out the slight changes of corrosion potential across the weld
section.

3.4.2 Carbon steel laser weld

SVET analysis of the laser welded joint showed highly localised attack of
the weld metal microstructure. From Fig. 3.2 it can be seen that corrosion
attack is confined to a zone 1 mm wide. This correlates with the Ecorr values
obtained from the individual microstructural zones, where again it can be
seen that there is a difference in potential of more than 60mV between the
PP and WM. Note: SDC results were not available at the time of writing.

3.4.3 CuSSAB weld

SVET tests conducted on the CuSSAB joint showed there to be little
observable localised corrosion activity within the alkali-based solution, Fig.
3.3b. In an attempt to assess whether or not this joint was susceptible to
pitting, additional SVET maps were obtained at applied anodic potentials
of +50mV and +100mV above the open circuit potential, see Fig. 3.4a 
and b, respectively. Analysis of these SVET maps showed no localised

Table 3.1 Chemical composition variations within the weld joint, as determined
from EDX analysis

Compositional analysis (ratio)

Element Parent plate HAZ Weld

Top Bottom

Steel A

Carbon 1 1.02 1.09 0.29
Aluminium 1 1 1 6.5
Silicon 1 1.19 1.8 2.1
Manganese 1 1 1.3 1.3
Iron 1 1 0.99 1.01
Copper 1 1 2 2

Steel B

Carbon 1 1.34 0.69 0.54
Aluminium 1 – 0.42 1.75
Silicon 1 1 1.59 1.88
Manganese 1 1 1 1.16
Iron 1 1 1 0.99
Copper 1 1.12 3.25 3.8
Chromium 1 1 0.42 0.75
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breakdown on any of the three materials making up the joint. This was con-
firmed through SEM analysis, see Fig. 3.5b–d. Furthermore, increasing the
temperature and chloride ion concentrations did not lead to the develop-
ment of localised corrosion, but rather to an increase in overall corrosion
rate activity of the whole weld joint. The effect of temperature on corro-
sion activity is presented in Fig. 3.6a, where it can be seen that corrosion
rate increases and no observation of pitting is observed. The effect of dif-
ferent chloride ion concentrations on the corrosion rate at room tempera-
ture is given in Fig. 3.6b. As expected, an increase in corrosion rate occurs
as the chloride ion concentration increases, but again no pitting is observed
on increasing the chloride ion concentration.When compared with the orig-
inal alkali solution where the chloride ion concentration is negligible, an
increase in corrosion current at room temperature of between 1–2 orders
of magnitude is observed, as shown Fig. 3.6a and b.

For comparison, an SDC map was also obtained for this weld joint, as
shown in Fig. 3.3c. From this figure it can be seen that the AB and Cu por-
tions of the joint are slightly more negative than the SS portion of the joint.
It should be recognised that when the three metals are coupled via the con-
ducting electrolyte a mixed potential, AB/Cu/SS, will develop. This mixed
potential was measured via the SDC electrode at +40mV, being almost the
half way between that of the SS and AB/Cu values.

3.5 Conclusions

SVET has shown itself to be a useful technique for differentiating, in situ

and in real time, corrosion activity of metals immersed in conducting elec-
trolytes. Care must be taken when interpreting SVET data from different
laboratories and from test to test as the output signal of the vibrating probe
system depends upon several parameters, related to both the machine set-
tings and solution conditions. In the present study, SVET and a novel SDC
have been used to assess the local corrosion activity of a selection of welds.
In all cases, the SVET results compare favourably with the SDC results and
that of the corrosion response observed visually on the samples.
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4.1 Introduction

The construction industry now requires galvanised organically coated steels
(OCS) with exceptional durability and this has led to considerable current
interest in the development and application of new zinc galvanising coat-
ings containing ca. 4.5% aluminium.This coating system demonstrates supe-
rior corrosion resistance and better ductility1 than conventional systems2

where aluminium is only included at very low levels (ca. 0.15%) as a means
of preventing large-scale iron/zinc intermetallic formation.3 Painted scribed
panels coated with 4.5% aluminium galvanising layers show superior cor-
rosion resistance4 generally displaying two to three times the performance
of conventional coated galvanised steel sheet containing 0.15% Al.

The 4.5% aluminium alloy coating has a relatively complex microstruc-
ture. During solidification, the β-zinc (pro-eutectic) phase, containing about
1% aluminium, crystallises first, followed by the crystallisation of a eutec-
tic of zinc containing about 5% aluminium.5 In producing such coatings, it
is desirable to maximise the amount of this latter, eutectic structure allow-
ing the coating to have maximum homogeneity. The unique microstructure
of the Zn/Al alloy coating is the reason for its increased corrosion resis-
tance. The zinc/aluminium eutectic retains the cathodic protection capabil-
ity seen in pure zinc coatings, but demonstrates a better intrinsic corrosion
resistance, which has been attributed to the development of an adherent
aluminium oxide layer over exposed areas.6 In the absence of significant
zinc dendritic phases, the coating has been shown to corrode through
uniform dissolution of the sub-micron lamellae.7 The corrosion resistance
of the coating is, however, critically dependent on its overall microstructure
and this can be affected by impurities such as lead and cadmium, which can
congregate at grain boundaries causing non-uniform corrosion phenom-
ena.2 Lead and other elements (e.g. Sb and Bi) also inhibit the nucleation
of the primary zinc resulting in fewer and larger crystals. A mischmetal of
cerium and lanthanum (ca. 0.1%) is also often added to the hot dip 
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galvanising bath to enhance the wetting ability of the alloy on the steel
surface.8 Additional elements, such as magnesium have also been incorpo-
rated to improve the overall corrosion performance of the coating.9 In
recent work,10,11 it has been shown that, as far as cut edge corrosion pro-
tection is concerned, this addition is not desirable since it leads to the for-
mation of a larger amount of primary zinc in the coating, which is exposed
at the cut edge on shearing the steel sheet.

One of the principal failure mechanisms in coated galvanised materials
is a form of localised corrosion occurring at cut edges of the organic coated
substrate, where the metallic coating is exposed.12 The undermining of the
organic coating as a result of anodic zinc dissolution, equation (4.1), with
cathodic oxygen reduction, equation (4.2), localised on the steel is fre-
quently, although not exclusively, a cause of cut edge corrosion.

Zn(s) → Zn2+(aq) + 2e− [4.1]
O2(g) + 2H2O(l) + 4e− → 4OH−(aq) [4.2]

In this study, the scanning vibrating electrode technique (SVET) has been
used to elucidate the mechanisms of surface and cut edge corrosion occur-
ring on a zinc aluminium alloy galvanised steel substrate in 5% aqueous
sodium chloride using experimental metallic coatings comprising ca. 4.5%
aluminium and 95.5% zinc deposited on a steel substrate in a hot dip gal-
vanising bath and cooled at varying rates using a high powered cooler on
an industrial coil coating line.

4.2 Experimental methods

4.2.1 Materials

Experimental samples of aluminium zinc alloy galvanised steel were pre-
pared, in which the metallic composition of the hot dip galvanising bath was
carefully controlled (with Al 4.5% Zn ca. 95.5%). Steel gauges of 0.67mm
and 0.47mm were chosen travelling through the galvanising bath at a rate
of 165 and 167m min−1, respectively. The strip entry temperature was 440°C
and the pot temperature was 420°C. The thickness of the galvanising layer
was controlled to ca. 20 µm using air knives. Solidification of the resultant
coating was then achieved using a fast air cooler situated above the air
knives enabling cooling rates of up to 40degs−1. Precise measurement of the
cooling rate was not possible in situ and as such the materials produced will
be referred to in terms of the percentage power output of the cooler. They
shall henceforth be referred to as 55H, 80H and 100H with the numeric
prefix being the power output of the cooler in percentage terms and ‘H’
representing heavy gauge i.e. 0.67mm. Samples of the light gauge 0.47mm,
consequently, are referred to as 55L, 80L and 100L.
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All other materials were purchased from Aldrich in their highest purity
and all solutions were prepared in distilled de-ionised water.

4.2.2 Sample preparation

For cut edge corrosion measurements, the samples were guillotined into 20
× 10mm coupons, which were then embedded in Metset or Bakelite resin
(for SVET and micrographic analysis, respectively) so as to avoid any geo-
metrical effects that might have been introduced as a result of differential
organic coating thickness.13 Each resultant sample was then ground to
reveal one metallic edge with the rest of the sample completely insulated
from the exposure electrolyte for SVET testing. Before immersion in the
electrolyte, the edge to be exposed was polished using increasingly fine car-
borundum paper (down to 1200 grade).The edge was then subject to optical
microscopic investigation to ensure that sample preparation had not lead
to the formation of any crevices at the metal mounting material interface
and that the edge remained completely flat.

In the case of samples prepared for surface corrosion investigation, the
large panels collected from the line trial were first guillotined into 50 ×

50mm coupons. The SVET scan area used was typically a 10 × 10mm in the
centre of this coupon. To avoid corrosion activity occurring anywhere
outside of the scan area, the samples were sealed with an extruded self-
adhesive tape (3M 5490).This tape was chosen since, in testing, it prevented
any crevice corrosion occurring beneath it and also could be removed from
the coupon after exposure without leaving an adherent residue. Hence, one
50 × 50mm coupon could be used to make several measurements of corro-
sion activity.

4.2.3 Micrographic investigations

The samples for microscopic investigation were polished down to a 1 µm
diamond slurry and then etched using chromic acid to bring out the
microstructure of the different phases. In order to examine the microstruc-
tural changes as a function of depth in the coating, the samples were first
indented with a Vickers Hardness Tester diamond. The depth into the
coating could then be estimated following careful polishing by measuring
the diameter of the indent and knowing the diamonds indentation angle
(136°). Hence images could be recorded at known positions within the
metallic coating. The images were then subjected to image analysis routines
(using Sigma Scan version 5.0) to calculate first the area of the primary zinc
phase at each level in the coating and then the overall volume fraction by
averaging the values at each level in the coating.
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4.2.4 The scanning vibrating electrode technique – SVET

The SVET has been shown to be an invaluable tool in the mechanistic
investigation of corrosion in organic coated steels14–17 and specifically cut
edge corrosion.18–21 This electrochemical technique operates by measure-
ment of the vertical component of current flux in solution, at known points,
above a corroding metal surface via a movable vibrating microtip elec-
trode.22,23 The SVET apparatus used has been assembled in our laborato-
ries; this apparatus is fully described elsewhere.19–21 The sample under test
was held vertically with the exposed cut edge horizontal and uppermost,
immersed in a tank of 5% (0.86moldm−3) aqueous sodium chloride elec-
trolyte, which was unstirred and open to the air. The dissolved oxygen 
concentration (in bulk solution) was assumed to be constant at 2.8 ×

10−4 moldm−3 (i.e. the equilibrium concentration for air saturated water)24

and all measurements were carried out at 25°C.
The SVET microtip electrode (probe) was scanned at a fixed height 

(100µm) above the exposed cut edge. The probe used consisted of a 125 µm
diameter platinum microdisc electrode, which was vibrated normal to the
scanned surface at a frequency of 140Hz with an amplitude of ca. 10µm.
The vibration frequency was set by a lockin amplifier (EG & G model
7260), which also served to measure the signal detected by the probe. The
probe was moved step-wise over the sample in a plane parallel to that of
the surface by linear bearings driven by stepper motors.

For cut edge corrosion measurements, the area scanned was typically 
20mm along the cut edge and 2mm perpendicular to this, across the edge.
The probe made 80 measurements along the length and 20 across the width
of the scan, generating a mesh of 1600 points across the surface. For surface
corrosion measurements, the scan area was typically 10 × 10mm with an
equal point density of 40 × 40, again generating a mesh of 1600 points.
During the 24-hour experimental period the SVET performed scans at
hourly intervals.

4.3 Results and discussion

4.3.1 Effects of cooling rate and gauge on zinc aluminium

alloy microstructure

Typical results of through coating imaging, described in section 4.2.3, are
shown in Fig. 4.1 for the light gauge samples. In Fig. 4.1, the images are taken
from near the coating surface (∼2µm in depth), the approximate centre of
the coating (∼10µm in depth) and at the interface between the coating and
the steel substrate (∼18 µm in depth). In these images, the zinc dendrites
show up as lighter areas. The remainder of the coating consists of a two-
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phase eutectic structure (predominantly of lamella morphology). From an
initial inspection of the images shown in Fig. 4.1 it appears that the primary
zinc dendrites are concentrated at, or close to the steel-coating interface
which reflects their nucleation from this surface. It is also clear from Fig.
4.1 that the zinc dendrites in the slowly cooled specimens are larger than
those in the rapidly cooled samples and that they are significantly fewer in
number.

The structure of the eutectic remains lamellar regardless of the cooling
rate and does not change when the gauge of the steel is altered (at least in
the limited range used here). Both samples cooled at the highest rate
(100 H/L) were predominantly of lamella morphology, but contained small
regions of rod eutectic. A further observation is that the inter-lamella
spacing of the rapidly cooled samples was reduced when compared with the
slowly cooled. This is to be expected given that the inter lamella spacing is
dependent upon the speed of growth.25

The average percentage area of primary material at each depth was cal-
culated from a number of micrographs taken from different depths and
positions in the coating. A summary of these results is presented in Fig. 4.2,
from which it can be seen that the average area of primary zinc is increas-
ing as the coating substrate interface is approached. This again reflects the
nucleation of zinc dendritic phases in the coating at the steel surface. By

10 µm

18 µm

2 µm

100 µm

55 L 80 L 100 L

100 µm 100 µm

100 µm 100 µm 100 µm

100 µm 100 µm 100 µm

a b c

4.1 Optical micrographic images of 95.5% zinc 4.5% aluminium alloy
galvanised coatings on a 0.47 mm gauge steel substrate as a function
of depth into the coating for a range of cooling rates: a 55L, 
b 80L and c 100L.
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taking the average of these results a measurement of the total volume per-
centage of zinc dendrites in coating can be obtained. The overall volume
fraction remains within ∼20% (±2%) for all cooling rates on both gauges.

The images at different positions in the coatings were recorded and
analysed to produce a full quantification of dendrite numbers in the coating.
These data are also summarised in Fig. 4.3, from which it can be seen that
the number of dendrites per unit area increases dramatically with the
cooling rate. Since the volume fraction is constant, the overall size of the
dendrites is necessarily lower in the more rapidly cooled samples.To a lesser
extent, an effect of gauge is also evident with an increase in dendrite
number on the heavy gauge materials for each cooling rate when compared
with the lighter gauge. The difficulty in inferring any mechanistic change as
a function of gauge is that there was no information on the individual strip
surface characteristics. In other words, whilst gauge might be responsible
for the changes observed, the effect of say surface roughness could not be
ruled out. What is clear, however, is that, within each gauge, the influence
of cooling rate on the microstructure of the coating both in terms of the
eutectic structure and the nature and distribution of zinc dendrites is 
the same.

The observed microscopic changes in the coating composition are also
matched by macroscopic changes in the eutectic cell sizes apparent on the
surface of the galvanised material. The cells grow radially from a central
nucleation point and cease growth upon impingement with neighbouring
cells. Solidification shrinkage occurs at the boundaries of the cells due to
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massive volume changes between the liquid and solid states. The size of the
eutectic cells was also measured using surface images processed through
image enhancing software and the summary of this measurement is pre-
sented in Fig. 4.4. The eutectic cell sizes decrease with faster cooling rates
leading to an increasing length of the depressed cell boundary on the
surface of the galvanised material as cooling rate increases.

4.3.2 SVET response for a point current source

SVET measurements are carried out in aqueous electrolyte employing a
vibrating microtip electrode at a small fixed distance above the corroding
surface. The SVET tip registers an alternating potential at the vibration 
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4.3 (a) Average size of primary dendrites and (b) interlamellar
spacing of eutectic for the 95.5% zinc 4.5% aluminium alloy
galvanised coatings on a 0.47(L)/0.67(H) mm gauge steel for cooling
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frequency that is proportional to the electrical field strength, F, or poten-
tial gradient in the direction of vibration. It has been shown26 for a point
current source (i), the value of F at any distance x, y and z from the point
source in a medium of conductivity κ is given by:

[4.3]

Furthermore, the maximum field strength (Fmax) will be obtained when
the SVET electrode is directly over the point source (x = y = 0):

[4.4]

The SVET apparatus was calibrated using a point current source consist-
ing of a platinum microdisc anode (25 µm diameter) set in an insulating
plane and a remote, large area (2cm2), platinum gauze cathode. The cali-
bration cell was immersed in 0.86moldm−3 (5%) aqueous NaCl and known
currents i (0.1–10 µA) were passed through it using a galvanostat. The
SVET probe was then scanned above the Pt microdisc anode at a constant
height of 100 µm. The field strength distribution above the microdisc elec-
trode exhibited the characteristic bell shape proportions reported previ-
ously22,23 with a width at half maximum (whm) height of 0.22mm. The
maximum electrical field strength values, Fmax were recorded when the
SVET probe was directly above the microdisc anode and increased linearly
with applied cell current, i (correlation coefficient 0.998). This produced a
calibration factor of 7.82 × 105 AV−1 m−2. This value was checked before
each experiment using a point source incorporated within the sample
holder.

The conductivity of 5% (0.86moldm−3) NaCl at 20°C is 7.01Sm−1 (70.1 ×

10−3 Ω−1 cm−1) and substituting this value into equations (4.3) and (4.4) gives
a theoretical value of the whm at z = 100µm of 0.153mm. This is approxi-
mately half of the experimental value of 0.22mm. This departure from the-
oretical performance derives from the finite dimensionality of the SVET
probe since the probe tip consists of a 125 µm microdisc electrode. As the
calibration cell anode may be considered as a point current source with a
whm value of 0.22mm, this value is an indication of the limiting spatial 
resolution of our SVET.

4.3.3 Cut edge corrosion measurements using SVET

Location and intensity of anodic sites

The SVET measures the normal component of current flux in the plane of
the scan. In the case of galvanised steel materials exposed to a chloride-
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containing electrolyte, this leads to localised corrosion and excellent SVET
detection efficiency. This has been recently demonstrated using ICP mass
spectrometry.27 In 24-h immersion experiments, SVET-measured total zinc
losses were found to correlate well with ICP MS measurements. In all cases
the SVET measurement was found to be an overestimate of zinc loss of
between 15 and 25%. This is most likely a reflection of the deposition of
corrosion product onto the metal surface and a failure of ions to be dis-
solved in solution and detected using ICP MS rather than an indication of
poor detection efficiency on the part of the SVET. Where there are issues
with detection efficiency are situations where the spatial separation of
anode and cathode is less than the whm value such that current loops do
not pass through the plane of the SVET scan. Hence, in cases of general
corrosion, the SVET could underestimate metal losses.

Figure 4.5 shows representative SVET iso-current contour plots obtained
by scanning the cut edge of 55H, 80H and 100H samples after a 12-h immer-
sion in 5% aqueous NaCl. The plots show anodic areas (dark) located on
the galvanising layers and cathodic activity (light) located on the steel.
Initial inspection of the current density scales in Figure 4.5 indicates that
the rate of corrosion is influenced by the microstructural changes induced
by altering the cooling rate. There are significantly higher corrosion current
densities occurring upon the more slowly cooled specimen and this trend
was found to be repeated for the light gauge materials.
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4.5 SVET iso-current contour plots showing the anodic (dark) and
cathodic (light) current density distribution over 55H, 80H and 100H
corroding cut edge samples embedded in a resin block after 12-h
immersion in 5% aqueous NaCl. The sample position is shown.
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Previous work has shown that immersion of zinc aluminium alloy gal-
vanising coatings led to preferential corrosion of the zinc dendritic phases.10

Figure 4.6 shows a micrograph of a typical cut edge directly after the end
of an experiment. The corrosion products have been removed using ultra-
sonic cleaning and the sample has not been chemically etched. This image
confirms that the primary dendrites have been corroded preferentially to
any other component of the coating or steel substrate.

Effects of metallic coating cooling rate on total zinc loss and anode

lifetimes along the cut edge

The SVET records signals proportional to the normal component of current
density in the plane of scan. The data from a single SVET iso-current
contour map can be integrated over the sample area to provide a measure
of the ionic current emitted for that particular scan.The simplifying assump-
tion made has been that from scan to scan the current remains constant. By
the use of Faraday’s law, the current data can be converted into a zinc loss
over the one-hour period. Summation of the individual hourly-scan zinc
losses yields a total zinc loss (tzl) over the 24-h immersion period. Each of
the six coating types was scanned five times and an average value of the
total zinc loss recorded by the SVET is presented for each sample in Fig.
4.7. This is a reliable measurement of zinc loss as has been recently demon-
strated for a wide range of galvanised steel samples immersed in 5% NaCl.10

By comparing the tzl values in Fig. 4.7, it is clear that, in both gauges of
materials, the increasing cooling rate decreases the level of corrosion activ-
ity.Thus, the critical factor in determining the corrosion activity on the 4.5%
Al zinc galvanising coating is not necessarily the volume fraction (which
remains constant) or number (which increases) of primary zinc dendrites,
but is rather their physical size. This is more clearly shown in Fig. 4.6, in
which the dendrite weight is compared with the tzl value measured using
SVET for the two gauges of material. In this plot, the weight of individual
dendrites has been calculated from a knowledge of the volume fraction, the
coating thickness and the number of dendrites per square mm. The plot in

Steel

Galfan layer

Resin block 20 µm

Corroded zinc dendritesSteel

Galfan layer

Resin block 20 µm

Corroded zinc dendrites

4.6 Optical micrograph of a sample of 55H following corrosion
showing the selective attack at the zinc dendrites.
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Fig. 4.8 illustrates the link between increasing corrosion intensity and the
individual mass of the dendrites in the coating (when the volume fraction
is constant at least). What is rather surprising is that the zinc loss from the
light gauge material is the greatest, again suggesting that the surface con-
dition of the heavy gauge strip may have been different, potentially leading
to greater nucleation.

To determine what the nature of the anodic events is on the metallic
coating we have subjected the SVET data to further scrutiny. Individual
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4.7 SVET-measured total zinc loss from 2 mm × 20 mm cut edges zinc
aluminium alloy galvanised steel samples embedded in a resin block
after 24-h immersion in 5% aerated NaCl as a function of the cooling
rate (55H/L, 80H/L and 100H/L) applied to the solidifying metallic
coating. Results are presented as an average of five 24-h experiments.

4.8 SVET-measured total zinc loss from 2 mm × 20 mm cut edges zinc
aluminium alloy galvanised steel samples embedded in a resin block
after 24-h immersion in 5% aerated NaCl compared with the dendrite
mass in the coating for light gauge (�) and heavy gauge (�) samples.
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anodes were identified over the 24-h exposure period and their temporal
evolution profile plotted for the 55H and 100H samples. The results for this
analysis for typical scans are shown in Fig. 4.9 (a) and (b) for the 55H and
100H samples, respectively. The results shown represent the number of
active anodes and their corrosion current densities as a function of time. In
order to simplify the analysis, it is assumed that each of these anodes is a
point current source. This is a reasonable assumption since, on this sub-
strate, corrosion is localised and the whm values measured were typically
<0.22mm suggesting that the anodes resembled closely our point source cal-
ibration cell. Inspection of the data reveals that, for the 55H sample, the
anodes are not only more intense, but display greater lifetimes as compared
with those for the 100H samples. Indeed twelve anodes are persistent (with
lifetimes 18–24h) throughout the exposure compared with only seven for
the 100H sample. Hence, the larger primary zinc dendrites in the 55H
sample are more prone to localised corrosive attack and reduce the overall
corrosion resistance of the galvanising coating towards cut edge corrosion.

The difference between individual anode zinc losses for the 55H and
100H samples is shown in Fig. 4.10. Whilst the number of anodes is broadly
similar, the larger dendrites present in the lower cooling rate (55H) samples
lead to elevated levels of zinc loss from the coating. One point of interest
is that the SVET measurement of individual anode zinc losses allows the
number of dendrites removed per anodic event to be calculated. For the
55H sample, the average zinc loss per anode from Fig. 4.10 is 6.7 µg and the
dendrite weight is 20ng which means that each anodic event consumes
some 335 dendrites. For the 100H, this falls to 155 dendrites (since the
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anodic events are on average responsible for 1.4 µg zinc loss and the den-
drites weigh 9ng).

Surface corrosion: location and intensity of anodic sites

Typical SVET iso-current contour maps are shown in Fig. 4.11 for the 55H
and 100H samples. These SVET maps were recorded after a 12-h immer-
sion in 5% NaCl and show two key features. Firstly, the intensity of the cor-
rosion activity is approximately two fold higher in the most rapidly cooled
(100H) sample and, secondly, the number of active anodes in any single scan
on the sample surface is actually higher for the 55H sample. The increase
in corrosion activity is in marked contrast to the decreasing corrosion inten-
sity as a function of cooling rate displayed in Figs. 4.7 and 4.8 for cut edge
corrosion. In all samples exposed to surface corrosion, anodes appeared in
the depressed regions, i.e. the eutectic cell grain boundaries.The same trend
was also observed for the light gauge panels and further quantification of
the SVET data was undertaken as detailed below.

Surface corrosion: effect of metallic coating cooling rate and gauge on 

total zinc loss and anodic lifetimes

As previously stated, it is possible to calculate the zinc loss (tzl) occurring
upon the surface from the SVET iso-current contour maps using Faraday’s
law. Figure 4.12 is an illustration of the effect that cooling rate and gauge
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4.10 Individual anode zinc losses for 55H (light bars) and 100H (dark
bars) from an exposed cut edge over 24 h of immersion freely
corroding in 5% aerated NaCl.
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have on the tzl values measured from the surfaces of the galvanised mate-
rials as a function of the cooling rate. Within the cooling rate subsets, there
is a reduction in zinc loss as the cooling rate is decreased. This result holds
for both of the steel gauges. The results in Fig. 4.12 also show a reduced
amount of zinc loss occurring upon surfaces of the light gauge samples.
Interestingly, this compares with increased zinc loss for the cut edge samples
on the light gauge substrate, again re-enforcing the link between
microstructure and corrosion resistance. Once again, it is difficult to provide
a direct reasoning for the change in microstructure between the two gauges
since little is know about the surface characteristics of the two coils.

Repeated scanning using the SVET showed that the anodes active
throughout the exposure period were located at triple points and eutectic

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Distance (mm)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

D
is

ta
n

c
e

 (
m

m
)

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Distance (mm)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

D
is

ta
n

c
e

 (
m

m
)

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

a b
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cell grain boundaries. The increase in corrosive attack upon the more
rapidly cooled samples also indicates that the differing corrosion perfor-
mance is a result of the changes in solidification at the surface.As described
earlier, the increase in cooling rate leads to a reduction in the eutectic cell
size (and consequently a change in the visual appearance). The reduction
in cell size corresponds with an increase in the unit length of the depressed
grain boundaries. The depressed region is a site for dendrite arms to pene-
trate the surface and act as sites for the initiation of corrosion. Hence the
increasing corrosion activity in the more rapidly cooled samples (100L 
and 100H) is due to the increasing eutectic cell boundary length and the
potential for initiation of corrosion at surface zinc dendrite arms in these
locations.

Upon examining the temporal evolution of anodic activity at specific sites
some interesting observations can be made using the SVET data. In terms
of the number of active anodes present over the 24-h exposure period, the
more rapidly cooled samples display a greater total number of active
anodes. In addition, the more rapidly cooled materials display higher anode
intensities, but, in general, anodic lifetimes are short. By contrast, the more
slowly cooled samples show anodes that are much more persistent but less
intense. This is summarised in Fig. 4.13, where anode lifetimes for surface
corrosion of the 55H and 100H samples are compared.

Individual anode zinc losses are compared in Fig. 4.14. These values are
obtained by summation of the current emerging from anodes shown in Fig.
4.13. These results highlight not only the increasing anode numbers in the
more rapidly cooled samples, but also that individual anode zinc losses are,
on average, higher for the 100H sample (0.92 µg as compared with 0.51 µg
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for 55H). Comparison with the dendritic weights (0.01 µg for 100H and 
0.02µg for 55H) allows the estimation of the numbers of dendrites com-
pletely removed per anodic event. For surface corrosion, this is therefore
92 and 25, respectively, for 100H and 55H. The fact that each anodic event
consumes more than one dendrite is not surprising since there is dendritic
interconnection in the coating. This is even greater in the case of the cut
edge corrosion. The individual anode mass losses from the cut edge corro-
sion data shown in Fig. 4.8 show that each anode in the case of cut edge
corrosion removes on average 1.3 µg and 6.7µg, respectively, for the 100H
and 55H samples.

The link between the surface and edge corrosion resistance, as deter-
mined using SVET, and eutectic cell size alterations, indicative of
microstructural changes, is shown in Fig. 4.15. For both the gauges, there is
a good correlation between surface and edge corrosion resistance and the
sizes of eutectic cells. This is important since it potentially enables the
coating line operator to be able to fine tune the production parameters for
maximum corrosion resistance on the basis of an on-line visual inspection.

4.4 Conclusions

The combined use of microstructural analysis and advanced localised cor-
rosion measurements using SVET has highlighted the link between coating
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composition and corrosion resistance and also the critical difference
between corrosion measurements made on the surfaces of OCS and at their
cut edges. The trends for cut edge and surface corrosion resistances deter-
mined are different, but both are a result of changes born from processing
parameters altering the microstructure. Increasing the cooling rate leads to
a large number of smaller primary zinc dendrites as a result of greater
nucleation. However, the volume percentage of this dendritic phase remains
constant, within experimental error. The increased cooling rate also pro-
duces a finer eutectic lamella, again as a result of rapid nucleation, which,
at very high cooling rates, forces a change in eutectic morphology to include
some rod structures. The increasing nucleation also leads to a reduction in
the surface eutectic cell size upon more rapid cooling, leading to an
increased length of cell boundary per unit area of coating.

The smaller number of large dendrites in the more slowly cooled samples
directly influences cut edge corrosion. The dendrites are preferentially cor-
roded and the lifetime and intensity of the anodes are greater, consequently
resulting in a greater amount of zinc loss.

The increase in unit length of depressed boundaries per unit area due to
the reduced eutectic cell size at higher cooling rates leads to a greater
amount of surface corrosion. The combinations of increasing eutectic cell
boundary and increasing dendritic penetration in the boundary region con-
tribute to elevated surface corrosion. This microstructural change in the
surface of the material leads to the formation of larger numbers of short-
lived high-intensity anodes.
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4.15 SVET-measured total zinc loss from 2 mm × 20 mm cut edges
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aluminium alloy galvanised steel samples after 24-h immersion in 5%
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gauges (diamonds light gauge and triangles heavy gauge).
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In summary, in the evaluation of new zinc aluminium alloy galvanising
chemistries and processing conditions, it is important to consider both
surface and edge corrosion and the precise way in which the localisation
and intensity of corrosion is influenced by microstructual changes.The com-
bination of SVET with conventional microscopic techniques is a powerful
development tool in this regard.
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5.1 Introduction

When a material is immersed in a non-sterile medium, a biofilm forms on
its surface by microorganisms that attach and grow on it. The local condi-
tions under the biofilm may induce severe biodeterioration and biocorro-
sion phenomena. Many industrial domains are concerned, such as harbour
structures, marine transportation, cooling units using natural waters and
pipelines. It has been observed that the free corrosion potential of stainless
steel in a passive state is slightly more anodic when the material is immersed
in natural sea water than in synthetic medium.1,2 The risk and the severity
of localised corrosion onset are consequently increased by the adhesion of
marine biofilms: pits were found larger in natural than in synthetic sea
water.3 To understand this phenomenon Mollica and Trevis4 have carried
out numerous experiments and have confirmed that the free corrosion
potential of stainless steel in synthetic or sterile sea water does not 
exceed +100mV/SCE although in natural sea water it may be up to 
+400mV/SCE. When crevice corrosion takes place, the corrosion rate is
higher in natural than in sterile sea water. The passive current was the same
in the two media proving that no modification of the anodic phenomena
occurred. On the other hand, when a constant potential was imposed to
stainless steel, the cathodic current increased at the same time as the biofilm
grew. Using this current increase through a galvanic coupling, Mollica5 has
developed a sensor, called BIOX, able to detect the biofilm formation, in
order to monitor biocorrosion in industrial equipments.

Concerning the aerobic MIC (microbially influenced corrosion), it is now
commonly agreed that the biofilm catalyses the reduction of oxygen,4,6

although the mechanisms are still a controversial topic. Several hypotheses
have been proposed to explain this catalysis: the formation of hydrogen 
peroxide,7 the modification of the oxides on the material surface8 and the
presence of biological molecules (enzymes as peroxidase, catalase . . .) that
contribute to the different steps of oxygen reduction.9 In our laboratory,
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this last hypothesis has been investigated10,11 because superoxide dismutase,
peroxidase and catalase activities have been detected in some marine
biofilms.12 It has been observed that when catalase was adsorbed on a glassy
carbon surface, catalase efficiently catalysed oxygen reduction via direct
electron transfer from the electrode.9,13 The results have been discussed 
with respect to the electrode surface properties (hydrophilic/hydrophobic
forces) and the enzyme structure: to be efficient, the heme group of the
catalase must be connected on the electrode surface.

This last study has shown that the measurement of global parameters,
such as free corrosion potential, current under polarisation, are useful to
detect the catalysis of oxygen reduction by the biofilm, but are not suffi-
cient to determine the elementary mechanisms of the biofilm action in
aerobic MIC. A local approach is needed to analyse coupling between
physico-chemical conditions, surface state and electrochemical properties
of the material. Although scanning vibrating electrode technique (SVET)
has been commonly used in the field of corrosion to map cathodic/anodic
sites on metallic surfaces, the technique has been rarely applied to bio-
catalysis studies. A previous local study applied to MIC has demonstrated
that the sea-water biofilm has a great influence on the current (the global
parameter) which increased two orders of magnitude, although only 2% of
the surface had been occupied by cathodic sites where oxygen reduction
was catalysed.14 Progress in this local analysis should lead to a greater
understanding of biofilm adhesion, growth and reactivity.

The purpose of the work described in this chapter was firstly to propose
a configuration to model the electrochemical behaviour of the biofilm.
Secondly, the goal was to show the ability of SVET to probe the biofilm
activity.

The system consisted of molecules able to catalyse oxygen reduction,
hemin or myoglobin, immobilised on the metallic surface. Myoglobin is a
protein that was proved to catalyse oxygen reduction on a carbon elec-
trode.15 With its iron protoporphyrin centre (called heme group), myoglo-
bin (Mb) is very close to enzymes like peroxydase and catalase and the
electron transfer between Mb and an electrode is easier than between an
enzyme and an electrode. Hemin is the heme group alone without the
protein shell; it is a simple protoporphyrin with FeII/FeIII as a redox active
centre for oxygen link.

Two immobilisation systems were tested:

• Adsorption of hemin from dimethylsulfoxide (DMSO) on a stainless-
steel surface: this technique gave good results for the oxygen reduction
catalysis on other materials13 but has never been tested on stainless steel.

• Cast polyion technique, which consists of depositing successive layers 
of polyion and protein of opposite charges. The strong electrostatic
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attraction between the successive polyion and protein layers would
result in a stable assembly. In this study, the protein myoglobin (Mb 
negatively charged at pH 7.5) and the polyion poly(ethyleneimine) 
(positively charged) were deposited on a graphite surface.

This paper presents results from both the macro and micro analyses: the
efficiency of the catalysis was demonstrated by measuring global parame-
ters, and SVET analysis gave information on the sites where the catalysis
took place. The micro analysis should give information on the area ratio of
the surface responsible for the global behaviour.

5.2 Experimental methods

5.2.1 Chemicals

Horse heart myoglobin (Mb) and hemin were purchased from Sigma and
Fluka, respectively. Poly(ethyleneimine) (PEI) average mol. wt. 1200 and
dimethylsulfoxide (DMSO) were purchased from Aldrich.

Solutions of NaCl (0.50 or 0.01m) were used for experiments with stain-
less steel and tris(hydroxymethyl) aminomethane (Tris, HCl buffer, 0.01m,
pH 7.5) for experiments with graphite.

5.2.2 Electrode preparation

The stainless-steel electrodes were made of URB 66 (weight percent com-
position: 23.92 Cr, 21.90 Ni, 5.44 Mo, 2.99 Mn 1.86 W, 1.54 Cu, 0.47 N,
0.014 N, 0.001 S, bulk iron) provided by INDUSTEEL Creusot (Le Creusot,
France). Electrodes were 3mm × 5mm sections embedded in epoxy resin
(Stuers, Epofix Kit) polished successively with P120, P180, P400, P800,
P1200, P2400 abrasive papers (Lam Plan), immersed during 15min in a HF
(2%) / HNO3 (20%) solution to be stripped and rinsed with the NaCl 
solution. To obtain reproducible oxidation states, polarisation during 18h
at constant potential (−0.50V/SCE) in 0.50m NaCl solution was performed,
before each experiment. The electrodes were then immersed in a DMSO
solution with (1mgmL−1) or without hemin for 15min. For SVET analysis,
galvanic coupling was performed by deposing hemin only on a part of the
stainless-steel surface, masking the rest under a Teflon rubber.

Pyrolytic graphite rods (6.15mm diameter), purchased from Le Carbone
Lorraine (France) were embedded in epoxy resin. The electrodes were 
polished successively with P240, P400, P1200 abrasive papers. The cast
polyion technique presented elsewhere16 was a modification of the classic
layer-by-layer procedure.17 Films were grown on graphite by repeated alter-
nate deposition of PEI and Mb. 20 µL of PEI aqueous solution (7mgmL−1

PEI, 0.5m NaCl) were deposited on the surface and air dried until complete
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water evaporation (about 1h). Then 20 µL MB solution (2mgmL−1 in Tris,
HCl buffer) were deposited on the surface and dried in air (about 1h).

5.2.3 Electrochemical set-up

A multichannel potentiostat VMP2 (Princeton Applied Research) able to
test individually four samples in the same time was used to follow the free
corrosion potential evolution versus time and to record current–potential
curves on stainless steel URB 66 electrodes. An EG&G 363A electro-
chemical set-up was used for cyclic voltammetry with the graphite elec-
trode. A Solartron electrochemical interface 1286 was used to impose a
constant potential during SVET analysis of the graphite surface. In each
case, the saturated calomel electrode (SCE) was used and the auxiliary elec-
trode was made of platinum.

5.2.4 SVET

Local current measurements were performed using an Applicable Elec-
tronics SVET (USA). Pt–Ir microelectrodes (Micro Probe Inc., USA) were
black platinised before being used as probes. The diameter of the sphere of
the black platinum deposit was about 15 µm with a corresponding capaci-
tance of around 10nF. The amplitude of vibration was typically 15–20 µm.
The ASET Software (Science Wares Inc., USA) converted the potential
drop measured by the microprobe with Ohm’s law into a current density
value. The calibration was made with a stainless-steel microelectrode used
as a point current source. The displacement of the microprobe was per-
formed using a motorised and computer controlled XYZ micromanipula-
tor allowing 0.5-µm steps. A video camera was used for imaging and to
control the distance between the microprobe and the sample surface. This
distance was 150 and 100 µm for stainless steel and graphite samples, respec-
tively. The results were then treated with Matlab software. For stainless
steel, the local analysis was performed at open potential at the interface
between areas without and with immobilised protein. For graphite samples,
the surface was polarised in floating mode at −0.30V/ECS with a 1286
Solartron Interface. The experimental set-up is illustrated in Fig. 5.1.

5.3 Results

5.3.1 Catalysis of oxygen reduction by hemin on 

stainless-steel surface

Sixteen samples were tested with and without immobilised haemin in 0.50 m

NaCl solution. The free corrosion potential (Ecorr) was recorded versus time
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during one hour and a current–potential curve was then plotted in the
cathodic direction from Ecorr to −0.90V/SCE with a potential scan rate of
0.005V s−1. As reported in Table 5.1, the average Ecorr of electrodes with
adsorbed hemin was higher than for electrodes without hemin. The stan-
dard deviation was also more important in the presence of hemin showing
a random distribution as it is commonly encountered in biocorrosion phe-
nomena. In one case, a sample recovered with hemin presented a Ecorr

value around +0.20V/ECS; this potential was close to those found in natural
sea water when a biofilm has grown on the surface. These results show that
the immobilisation of hemin clearly shifted the potential toward anodic
values. Current–potential curves like those of Fig. 5.2 proved that the poten-

RE

Auxiliary
electrode

Resin

Graphite
electode 

SCE
Vibrating 

microprobe

1286 Solartron
Interface SVET

X

Z

5.1 Schematic representation of the experimental setup for SVET
analysis of a graphite electrode under polarisation.

Table 5.1 Influence of hemin on the free corrosion potential of stainless steel
electrodes immersed in 0.50M NaCl. 16 samples were tested in the two cases

Samples without hemin Samples with hemin
Average potential/standard Average potential/standard 
deviation deviation
V(SCE)/V V(SCE)/V

At t = 0 −0.210 / 0.066 −0.088 / 0.138
At t = 30min −0.183 / 0.083 −0.075 / 0.139
At t = 60min −0.178 / 0.082 −0.060 / 0.126
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tial displacement of Ecorr was linked to the increase of the cathodic current
of oxygen reduction. Consequently, adsorbing haemin permitted catalysis
of the oxygen reduction on stainless steel and can be considered as a 
modelling system for the action of aerobic biofilm. It was demonstrated for
the first time to our knowledge that a very simple biological compound,
which may be present in biofilm, was able to give the same results in terms
of Ecorr as a natural biofilm.

A galvanic coupling was performed on the surface of stainless-steel 
specimens by depositing hemin only on a part of the surface, the left side
of sample as shown in Fig. 5.3a. SVET observations were carried out at open
potential at the boundary between the two areas with and without hemin:
three domains were observed (Fig. 5.3b):

• On the surface with hemin the local current was negative proving a
cathodic behaviour.

• On the surface without hemin the local current was positive as an anodic
surface

• At the boundary the current randomly varied from anodic to cathodic
values.

Consequently, SVET permitted observation of the catalysis of oxygen
reduction on the area where hemin was immobilised.At open potential, the
catalysis was proved to be efficient enough to create a galvanic coupling
between hemin (cathodic) and no hemin (anodic) zones on the surface.

5.3.2 Catalysis of oxygen reduction by myoglobin on

graphite surface

To simulate the biofilm behaviour, another immobilisation technique was
used, which consisted in alternatively depositing polyion and protein layers.

Potential (V/SCE)

Current  (mA)

v

–5.0 –0.1 0

–12

–4

With hemin

Without hemin

5.2 Current–potential curves obtained in 0.50M NaCl on stainless-
steel electrodes with or without hemin adsorbed from DMSO.
Potential scan rate: 0.005 V s−1.
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The protein used, myoglobin (Mb), was able to catalyse oxygen reduction
on graphite carbon as observed in previous works16 and reported in Fig. 5.4.
The cathodic current was higher in the presence of Mb than in its absence
in the domain of the electrochemical reduction of oxygen.

As in the case of hemin on stainless steel, mixed surfaces with and
without Mb deposited on graphite were prepared and scanned with SVET
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5.3 Interface between hemin and no hemin zones on stainless steel:
a optical image of the boundary, b local current map (3D) obtained by
SVET in 0.01M NaCl.
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(Fig. 5.5): on the optical image, the boundary between the two areas was
well observed (Fig. 5.5a). SVET analysis was performed when the sample
was cathodically polarised at −0.30V/SCE (Fig. 5.5b). Despite the cathodic
polarisation of the whole surface, negative local currents were found on 
the right part of the electrode surface only, where Mb was deposited and
catalysed the reduction of oxygen. Nevertheless, this cathodic right side
remained rather heterogeneous: only around one-half of the surface area
was efficient proving the distribution of the catalyst Mb was non-uniform.
This demonstrates that SVET is perfectly adapted for observing sites of 
biocatalysis.

5.4 Conclusions

Hemin, adsorbed from DMSO, was able to catalyse oxygen reduction on a
stainless-steel electrode. To our knowledge, it was the first time that this
electrocatalysis was demonstrated on stainless steel.

Moreover, to compare macro and micro scales for understanding MIC,
the immobilisation of hemin or myoglobin was a first step, simpler than
growing a biofilm. By accessing the sites where biocatalysis took place,
SVET was shown to be a powerful technique for evaluating the ratio of the
surface responsible of the global behaviour. Work is now in progress to
study the adhesion of micro-organisms on a surface, modelling the first
stage of biofilm formation.
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6.1 Introduction

Organic coatings are widely used to prevent corrosion of metallic structures
because they can easily be applied for a reasonable cost. It is generally
accepted that the coating efficiency is dependent on the intrinsic properties
of the organic film, on the substrate/coatings interface in terms of adher-
ence, on the inhibitive pigments included in the film and on the degree of
environmental aggressiveness.

In marine corrosion, one of the main objectives is to increase the dura-
bility of organic coatings to fifteen years and more. Thus, the long-range
forecast of organic coatings and the characterisation of the ageing state in
service constitute key technological goals. Moreover, for environmental and
human health considerations, the development of low toxicity paints (water-
based paints) has become a priority. As yet, no correlation has been estab-
lished between the resistance in service and results obtained in laboratories,
which could allow coating durability to be reliably predicted. As a matter
of fact, for these new systems, there is a lack of feedback on their behav-
iour in actual use. Faced with this challenge, the strategy developed in dif-
ferent industries is the same:

(i) To perform correlation studies between accelerated ageing and
natural ageing of a whole range of paint systems.

(ii) To develop fundamental research on the structures of polymers and
on the mechanisms of ageing of the organic films by using techniques
such as electrochemical impedance spectroscopy (EIS), scanning
vibrating electrode technique (SVET), scanning Kelvin probe (SKP),
Fourier transform infrared spectroscopy (FTIS), differential scanning
calorimetry (DSC) or dynamic mechanical analysis (DMA) to
measure the glass transition temperature, adherence testing, etc.

Starting from these considerations, a study has been performed on a large
scale to develop an accelerated procedure of ageing to obtain a good esti-
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mation of the paint durability in a natural environment. In parallel, it is nec-
essary to obtain a better knowledge of the degradation mechanisms as a
function of exposure time. The present work constitutes part of this exten-
sive project on the study of natural or artificial ageing of paints. The aim of
the study is to characterise the processes involved in the degradation of an
organic coating from artificial defects and to assess the extent of delami-
nation underneath the coating by a non-conventional method: the local
electrochemical impedance spectroscopy (LEIS). During the last decade, it
has been demonstrated that LEIS is a powerful tool to investigate localised
corrosion on bare metal surfaces and on coated alloys.1–10

6.2 Experimental methods

6.2.1 Samples

Substrate consisted of carbon steel sheets (150mm × 150mm × 2mm). The
coating was an epoxy vinyl primer with calcium ferrite, iron oxide and talc
as additives. It was applied on degreased and sand-blasted (Sa 2.5) steel as
defined in ISO 8501. Liquid paint was applied by air spraying and, after
drying, the coating was about 80 µm thick.The corrosive medium was a 0.1m

NaCl solution for conventional impedance and 0.001 m NaCl solution for
LEIS. In this case, the experiments were carried out in a low conductivity
medium (9.4 10−5 Scm−1 for 0.001 m NaCl) to optimise resolution.

6.2.2 Ageing procedure

The delamination occurred from two types of artificial defects (Fig. 6.1).
The first one was done manually with a cutting knife. The defect had a 
V-shaped profile. The second one was performed with a scribing machine
and a 2mm width is specified for the drill.

The ageing was performed in a salt spray chamber from which the
samples were removed after 20, 30 and 50 days of exposure. A reference
sample (0 day) was tested for comparison. Independently of the exposure
time, two corrosion product layers were observed: an outer layer, which was
brown, rusty and poorly adherent, and an inner layer which was black and
strongly adherent. The thickness of the layers increased with the exposure
time. For global impedance, the samples were tested with the corrosion
product layers. For localised impedance, it was necessary to remove the cor-
rosion product by a cathodic polarisation at −1.5 V/SCE for 4 h because the
impedance of the corrosion products was high, masking the delamination.
It was assumed that the duration of the cathodic polarisation was short
enough to avoid coating delamination, which is due to the exposure to the
salt spray.
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6.2.3 Electrochemical measurements

For the classical EIS measurements, a three-electrode cell was used: the
working electrode with an exposed area of 24cm2, the saturated calomel
reference electrode (SCE) and a platinum auxiliary electrode. Electro-
chemical impedance measurements were performed using a Solartron 1287
electrochemical interface and a Solartron 1250 frequency response analyser
in a frequency range of 65kHz to several mHz with eight points per decade
using 10mV peak-to-peak sinusoidal voltage.

Localised electrochemical impedance spectroscopy (LEIS) was carried
out with a Solartron 1275. This method used a five-electrode configuration
(Fig. 6.2). LEIS measurements were made from the ratio of the applied ac
voltage to the local ac current density. The applied voltage (∆Vapplied) was
the potential difference between the working electrode and the reference
electrode. The local ac current density (ilocal) was calculated using Ohm’s
law:

a b

2 mm

<0.05 mm

6.1 Schematic representation of the two artificial defects: a machine
scribing, b cutter scribing.
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6.2 Schematic representation of the LEIS apparatus.
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[6.1]

where κ is the conductivity of the electrolyte and d the distance between
the two probes positioned on and in a conical plastic holder: one protrudes
from the tip of the cone and the other is a ring placed around the cone 3
mm from the tip.

The local impedance Zlocal is calculated by the relationship:

[6.2]

For local electrochemical impedance mapping (LEIM) the probe was
stepped across a designated area of the sample. In the present case, the
analysed area was 32000µm × 24000µm above the active zone.The step size
was 500 µm in the x and y directions. The extremity of the probe was posi-
tioned as close as possible to the surface; the resolution was less good when
it was held 100 µm above the surface. The measurement parameters were
optimised: amplitude: 0.1V, integration time: 1s, delay: 2 s. Admittance was
plotted rather than impedance to improve the space resolution of the
mapping.

To study delamination, two excitation frequencies were chosen: 5kHz
and 10Hz. The value of 5kHz was chosen to take into account the organic
coating. The value of 10Hz was chosen as a trade-off between quick scan-
ning and the fact that the contribution of localised corrosion to the overall
impedance is generally found in the low-frequency range. Here, only the
plots at 5kHz are reported because delamination was more visible at this
frequency.

6.3 Results and discussion

6.3.1 Conventional impedance

Figure 6.3 shows the conventional impedance diagram obtained for the
coating in the absence of defects. This diagram is typical of a coated system.
It can be recalled that the impedance spectrum was divided into two dif-
ferent parts: the high frequency part (HF) is assumed to represent the prop-
erties of the coating and the low frequency part (LF) to represent the
reaction occurring at the bottom of the pores of the coating.11 The imped-
ance values are relatively high (1.2 × 108 Ω cm2) and it can be considered
that good protection is obtained.

Then, global impedance spectra were recorded for the coated systems
with the artificial defects and for different ageing times in the salt spray
chamber (0, 20, 30 and 50 days). The results are reported in Fig. 6.4 for the
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cutter scribe mark and in Fig. 6.5 for machine scribing. The area of unpro-
tected steel was large and thus the diagrams are only representative of the
processes occurring in the defect. For the reference (without exposure to
the salt spray chamber), a single distorted capacitive loop is observed. The
diagram characterises the corrosion of bare metal.

During exposure to the salt spray, the corrosion spread out and the cor-
rosion products sealed the scribes. As a consequence, the diagrams were
strongly modified when the exposure time increased: a linear part can be
seen in the low frequency range of the diagrams which can be attributed to
diffusion processes through the corrosion product layers. Comparison of
Fig. 6.4 and Fig. 6.5 shows that the impedance is lower in Fig. 6.5 due to the
fact that the scribe mark was larger.The evolution of the diagrams as a func-
tion of the exposure to the salt spray was not identical for the two scribes.
This could be due to a difference in the development of the corrosion
product layers during the exposure to the salt spray. As a matter of fact, the
two scribe marks do not have the same morphology, the cutter scribe mark
being narrower. It can be assumed that the corrosion products led to a more
confined environment in the narrower mark. According to Funke,12 due to
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6.3 Conventional impedance diagram for the coating without defects
after 24 h of immersion in 0.1M NaCl solution.
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6.4 Conventional impedance diagrams obtained for the epoxyvinyl
primer with an artificial defect (cutter scribing) after different durations
of exposure in the salt spray chamber: (�) 0 day, (�) 20 days, (�) 30
days, (�) 50 days.
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the large unprotected steel area, rust formation is dynamic: the corrosion
products formed are subjected to continuous rupture and healing.

Looking at Fig. 6.4 and Fig. 6.5, it can be concluded that, from the global
diagrams it is not easy to analyse the delamination process to determine
the delaminated area. Thus, local impedance spectroscopy was used.

6.3.2 Localised electrochemical impedance 

mapping (LEIM)

Figure 6.6 presents LEIM obtained for the coating with an artificial defect
(cutter scribing) after different durations of ageing in the salt spray
chamber. After 20 days of exposure, a step is clearly observed on the edge
of the scribe which increased with the ageing time. After 50 days of expo-
sure, the step is no longer observed, but baseline admittance is higher. This
indicates that the studied zone is not large enough to visualise the step.
Thus, delamination is significant.

Figure 6.7 concerns machine scribing. After 20 days of exposure, the
mapping is relatively close to that obtained for the reference. However, a
modification of the admittance can be noted near the scribe, but the width
of the scribe masks the phenomenon. After 30 and 50 days of exposure,
delamination is clearly visible and is more significant than for cutter scrib-
ing.This could be due to the greater width of the scratch. Some blisters were
observed beside the scratch.

To analyse the results, the coating was removed after the electrochemical
tests. Independently of the shape of the defect, corrosion products were only
observed around the scribes.This observation corresponds, on the LEIM, to
the low values of admittance (high values of impedance). Around the cor-
rosion products and particularly after 30 and 50 days of exposure in the salt
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6.5 Conventional impedance diagrams obtained for the epoxyvinyl
primer with an artificial defect (machine scribing) after different
durations of exposure in the salt spray chamber: (�) 0 day, (�) 20
days, (�) 30 days, (�) 50 days.
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spray chamber, the coating was easily removed revealing the delaminated
zone. On the LEIM, this corresponds to high values of admittance (low
impedance).The low values of impedance correspond to loss of adherence of
the organic coating.Finally, it can be concluded that LEIM allowed the delam-
ination process to be observed. A relatively good agreement was obtained
between the delaminated areas measured by visual observations, after the
removal of the coating, and localised electrochemical measurements.

For the studied systems, the delamination mechanism can be described
by reference to the works of Funke:12

(i) the corrosion products are formed at the scribes and spread out
around the scribes. According to Barton et al.,13 in the presence of
chloride, fairly soluble ferrous chloride hydrate or hydroxychlorides
are formed (rusty layer). The transformation of these corrosion prod-
ucts to insoluble oxides, e.g. Fe2O3, by hydrolysis and oxidation (black
layer) leads to the release of chloride anions which can again partic-
ipate in producing soluble primary corrosion products, thus enhanc-
ing the action of the local corrosion elements autocatalytically.

(ii) The region located under the corrosion products becomes anodic
whereas the region under the coating becomes cathodic.Oxygen,which

a 0 day 20 days

30 days 50 days

b

c d

6.6 Cutter scribing. LEIM carried out at 5 kHz (a) before exposure in
the salt spray chamber, (b), (c) and (d) after different durations of
exposure to the salt spray.
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a 0 day 20 days

30 days 50 days

b

c d

6.7 Machine scribing. LEIM carried out at 35 kHz (a) before exposure
in the salt spray chamber, (b), (c) and (d) after different durations of
exposure to the salt spray.

diffuses through the coating, can then be reduced to OH−. Locally, the
pH is significantly increased and the delamination is propagated.

(iii) The anodic zones advance due to the formation of corrosion prod-
ucts, increasing the area of the oxygen reduction and thus propagat-
ing delamination under the coating.

A schematic description of the mechanism discussed above is presented in
Fig. 6.8.

According to Funke,12 the basic principle of blister development is always
the different availability of oxygen at various locations in the coated system,
and this is subjected to change during exposure due to the formation of cor-
rosion products.

6.4 Conclusions

LEIS was used to investigate delamination at the steel/organic coating
interface. Initiation and propagation of delamination were clearly observed
on industrial samples. This point is important because localised measure-
ments usually are performed on small samples specially prepared for the
particular technique used.14 LEIM revealed the presence of the corrosion
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products in and beside the scratches and delaminated areas around the
scribe marks.

The propagation of delamination is in agreement with different studies
reported in the literature.The development of the corrosion products in the
scratch and diffusion of oxygen through the coating play important roles.

In the future, it will be necessary to obtain more information from local
impedance spectra and also to establish the correlation between the results
obtained with conventional impedance and localised impedance.
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7.1 Introduction

Despite a considerable amount of published data,1,2 some fundamental
aspects of the mechanisms operating in the early stages of pitting of passi-
vated metal surfaces in chloride-containing solutions remain to be investi-
gated in detail. In particular, nanometer and sub-nanometer scale data on
the modifications of the structure of the passivated surface associated with
the stages of passivity breakdown and metastable pitting are necessary to
elucidate the relationship between the structure of the passivated surface
and its reactivity in chloride-containing electrolytes. In this paper, recent
results obtained on nickel single-crystal model surfaces are reported to
illustrate the application of Scanning Tunnelling Microscopy (STM) and
Atomic Force Microscopy (AFM) to the study of passivity breakdown and
pitting.

A prerequisite of such studies is a good control of the passivated surface.
The chemical composition3–20 and structure21–31 of the passive film formed
on nickel are well documented. A Ni(II) hydroxylated oxide is formed. It
is well described by a bilayer model with the inner part consisting of nickel
oxide (NiO) and with the outer part consisting of surface hydroxylated NiO
or bulk nickel hydroxide, Ni(OH)2.7–19,27,28,30 In acid electrolytes, the 
thickness of the passive film has been found to range between 0.9 and 
1.2nm,4,5,7–9,10,17,19 some authors reporting a small gradual increase up to 
2nm with increasing potential.15,18,27,28,30 The structure is crystalline with NiO
growing along the (111) direction stabilised by surface hydroxylation. The
surface of the inner NiO(111) crystalline structure, observed ex situ and in
situ, is facetted as a result of a tilt of the oxide lattice with respect to the
substrate lattice.23,24,26–30 A non-crystalline structure, observed in situ,22,27,28,30

has been assigned to a thicker and likely porous layer of hydrated 
hydroxide [possibly α-Ni(OH2)] covering the inner NiO(111) crystalline
structure.27,28

7
Initial stages of localised corrosion by pitting

of passivated nickel surfaces studied by

scanning tunnelling microscopy (STM) 

and atomic force microscopy (AFM)
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Recent studies have shown that the initial stages of pitting of Ni can be
followed by scanning tunnelling microscopy (STM).32,33 The measurements,
performed by ex situ STM on Ni(111) single-crystal surfaces pre-passivated
in a chloride-free sulfuric acid solution and subsequently exposed to chlo-
ride above the pitting potential, revealed localised attacks of the metal
surface with a lateral size of 43 ± 13nm at the surface, a depth of 3 ± 1nm
and a density of ∼3 × 108 cm−2, not observable by usual current transient
measurements. Their assignment to metastable (i.e. repassivated) pits was
confirmed by the observation, inside the pits, of a crystalline atomic struc-
ture having the same symmetry and parameters as the structure of the 
passivated surface before exposure to chloride. This structure was also
observed by in situ measurements in the non-pitted areas exposed to chlo-
ride.34 The location of the pits at the grain boundaries of the crystalline
structure of the passive film and their preferential elongation in the direc-
tion of the substrate steps show the deterministic role of the structure of
the passive film and substrate in passivity breakdown.

7.2 Experimental methods

The samples used in this work were 10 and 12mm diameter single-crys-
talline disks of nickel, oriented (111) within ±1° by x-ray Laüe back dif-
fraction. Surface preparation is quite critical for the (sub-)nanometer scale
identification of topographic features related to the initiation of pitting.The
treatment included successively mechanical polishing with a diamond sus-
pension (down to a grain size of 0.25 µm), electrochemical polishing in a
55% vol. solution of H2SO4 (at 0.5Acm−2 for 10–15min) and annealing at
1275K for 15h in a flow of purified hydrogen (6N purity) at atmospheric
pressure. The sample was then transferred in air to the electrochemical cell
of the STM/AFM where the surface (0.78 or 1.13cm2) was exposed to the
electrolyte. The electrolytes (pH 2.8) were 0.05 m H2SO4 + 0.095m NaOH
without and with 0.05 m NaCl, prepared from high-purity chemicals and
Millipore water (resistivity >18MΩcm).

The STM/AFM observations were performed with a Molecular Imaging
instrument. A modified electrochemical cell was used. It consists of a Au
ring counter electrode, a Pt reference electrode, the Ni(111) surface and the
electrolyte (Fig. 7.1). The electrolyte (300–400 µl) is maintained by surface
tension between the working electrode and the ring counter electrode. Such
a configuration allows a good control of the cleanliness of the experiment
and prevents the occurrence of crevice corrosion that was observed at
occluded areas in the presence of chloride when a cell with a Viton O-ring
sealing was used. This design also allows in situ STM (Fig. 7.1b) and AFM
measurements. The potential of the Pt reference electrode was calibrated
using the characteristic features of the polarization curve (ESHE = EPt +
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0.75V) and proved to be sufficiently reproducible and stable. Before each
measurement, the two Pt electrodes were cleaned first in a 2 :1 mixture of
concentrated H2SO4 and H2O2, then in concentrated HNO3, and finally
thoroughly rinsed with Millipore water.

For STM, the tips were produced from W wire etched in KOH and iso-
lated with Apiezon wax. The setpoint currents (It) used were in the range
of 0.7 to 3nA and the images of the passivated surface were empty-states
images (electrons tunnelling from the tip to the surface). For AFM, Si tips
(radius of curvature of 10nm) were used. Images were acquired in the inter-
mittent contact (‘Tapping’) mode at the resonance frequency of the can-
tilever (∼68kHz). STM and AFM images were acquired in the topographic
mode.

After mounting, the electrochemical cell was connected at −0.05VSHE.
The natural oxide formed by exposure to air of the Ni surface was reduced
cathodically at −0.25VSHE, i.e. below the corrosion potential of ∼0VSHE.
Then, the surface was passivated (in the chloride-free solution) by stepping
the potential to +0.55VSHE. Afterwards, the potential was increased step-
wise by increments of 0.1V up to +1.05VSHE in the absence or presence of
chloride (0.05 m).The upper value is above the pitting potential in the Cl−-
containing solution. The values of the pitting potential (+0.9VSHE) and
repassivation potential (+0.45VSHE) were measured from polarisation
curves recorded at 1mVs−1 in the presence of chloride (0.05 m) in a classi-
cal electrochemical cell (Fig. 7.2).

In the in situ STM experiments, the topography of the metallic surface
before passivation was first checked at −0.25VSHE. The passivated surface
was monitored by recording sequences of images at potentials ranging from

RE CE

a b
1 cm

7.1 a Schematic views of the modified electrochemical cell, top
shows the reference and counter electrodes and the electrode holder,
bottom shows the cell mounted with the electrolyte above the sample
surface; b side view of the assembled EC-STM set up showing the tip
covered with Apiezon wax ready to engage.
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0.85 to 1.05VSHE. In the ex situ AFM experiments, the topography was
observed after annealing, after passivation at 0.55VSHE for 30min and after
increasing the potential stepwise (0.1V per step) every 30min up to 
1.05VSHE.

7.3 Results and discussion

In situ STM measurements have been used to study the effect of chloride
and potential on the dissolution of the passivated surface. Figure 7.3 shows
a sequence of EC-STM images of the passivated surface recorded at 
+0.85VSHE in the absence of chloride.

The topography is characteristic of the crystalline passivated surface. It
is assigned to the growth along the (111) direction of a passive film con-
sisting of NiO and having a hydroxylated surface. The formation of facets
is due to a tilt between the oxide and substrate lattices (values ranging from
3 to 13° have been reported24,28,29). Their triangular shape results from the
stabilisation of the facet edges along the close-packed 〈1–10〉 directions of
the oxide lattice growing in anti-parallel epitaxy on Ni(111).29 A similar
facetted surface is observed in the presence of chlorides.34

The observed dissolution of the passivated surface is a 2D process
localised at step edges. It is marked in one site in Fig. 7.3. The dissolution
leads to a progressively decreasing size of the facets by a step flow process.
No 3D dissolution of the oxide lattice (i.e. pitting) is observed in these con-
ditions. The process is similar to that observed for the active dissolution of
non-passivated metal surfaces at moderate potential on Ni26 and Cu35. It
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7.2 Polarisation curve of the Ni(111) surface in 0.05 M H2SO4 + 0.095 M
NaOH + 0.05 M NaCl (pH 2.9) at a scan rate of 1 mV s−1. Stable pitting
(1) and repassivation (2) are observed at 0.9 and 0.45 VSHE,
respectively.
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demonstrates the role of the step edges as preferential reactivity sites of the
surface of the passive film. A major observation is that the dissolution of
the oxide film strongly depends on the local structure of the surface and, in
particular, on the crystallographic orientation of the facet edges. It can be
observed that the facets having edges oriented along the close-packed
〈1–10〉 directions of the oxide lattice dissolve much less rapidly, due to the
higher coordination of the surface atoms at these edges, than the facets
being delimited by edges having higher index directions. A resulting phe-
nomenon is that the passivated surface slowly changes with time towards a
topography constituted of more stable oxide facets, delimited by the close-
packed directions of the NiO lattice. The atomic model of such a stable 
facet is illustrated in Fig. 7.4. The orientation of the facet edges along the

a b c

7.3 Sequence of topographic EC-STM images (75 nm × 75 nm, 63 s
per image, Etip = −0.6 V, Itip = 0.85 nA, Z range = 1.14 nm) showing the
dissolution of the passivated Ni(111) surface at +0.85 VSHE in 0.05 M
H2SO4 + 0.095 M NaOH (pH 2.9). The crystallographic directions of 
the oxide are indicated. The open circles show a localised area of
dissolution.

7.4 Atomic model of a (111) oriented facet delimited by edges
oriented along the close-packed directions of the NiO lattice. Oxygen
(or surface hydroxyls) and Ni are represented by large and small
spheres, respectively.
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close-packed directions of the NiO lattice produces steps that are oriented
along the {100} planes, the most stable orientations of the NiO structure.36

The dissolution rate of the facets can be obtained by measuring the
decrease in size for a known elapsed time between two STM images.Values
have been extracted from corrosion tests performed on different surfaces
polarised at potentials below and above the pitting potential and in the
presence (0.05m NaCl) or absence of chlorides. They are compiled in Fig.
7.5. The values obtained at +0.85VSHE range from 0.11 to 0.95nm2 s−1 with
an average of 0.44 ± 0.17 in the absence of chloride. Values measured at the
same potential in the presence of chloride range from 0.11 to 1.24 with an
average of 0.44 ± 0.25nm2 s−1. A large dispersion is observed in both cases.
It is assigned to the local structure of the facet edges that can slow down
and even stop the dissolution depending on its orientation. Given that there
are 13.3 Ni(II) cations per nm2 on a NiO(111) surface, this average value
amounts to 6 ± 3 Ni2+ cations dissolving per second. At higher potentials,
similar average values of the dissolution rate are obtained (0.35 ± 0.19nm2

s−1 at 0.95VSHE and 0.32 ± 0.09nm2 s−1 at 1VSHE). No significant effect of the
presence of chlorides is observed at a potential of 0.95VSHE (i.e above the
pitting potential value).

These results show that no significant increase of the average dissolution
rate of the oxide lattice is measured when the potential increases from
below to above the pitting value. This shows that the potential drop at the
passive film electrolyte interface, which is associated with the surface reac-
tion leading to the dissolution of the oxide, remains constant. The results
also show no significant influence of the presence of chloride on the average
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7.5 Dissolution rate of the passivated Ni(111) surface in 0.05 M H2SO4

+ 0.095 M NaOH (pH 2.9) measured by EC-STM in the absence or
presence of chlorides (0.05 M NaCl) at the potentials of 0.85, 0.95 and 
1 VSHE.
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dissolution rate of the oxide lattice of the passive film. This indicates that
the surface reaction of dissolution of the oxide at regular step edges of a
well-passivated surface is not enhanced by the presence of chloride in the
electrolyte in steady-state conditions. This result seems to be in contrast
with the mechanism of passivity breakdown based on an enhanced disso-
lution of the barrier oxide layer in the presence of chlorides.1 However, the
chloride may have a significant role in specific sites where the dissolution
of the oxide is expected to be fast on the basis of the mechanism revealed
by the STM results. Such sites likely correspond to grain boundaries of the
oxide film, as shown by the previous observations of pit initiation at these
sites,32,33 and confirmed by the AFM results reported below. Grain bound-
aries can be described by a high density of step edges forming a line defect
propagating through the oxide layer. If they are not oriented along the
close-packed directions of the oxide lattice, the dissolution of the step edges
forming the grain boundary will be initiated and will ‘open’ the grain
boundary. A possible role of the chloride, at this stage, could be to retard
the reorientation of the dissolving step edges along the more stable close-
packed directions of the oxide lattice, which is necessary to stop the disso-
lution of the oxide, as shown by the results presented above.

Ex situ AFM measurements were used to further investigate passivity
breakdown and the effects of chlorides on the initiation of localised 
corrosion.

Figure 7.6 shows two AFM images showing the modifications of the
topography of the Ni(111) surface induced by its passivation at +0.55VSHE

(in the absence of chloride). Before passivation, the terrace and step 

a b

7.6 Topographic AFM images (1000 nm × 1000 nm, Z range = 3 nm) of
the Ni[111] surface after a annealing and b passivation for 30 min in
0.05 M H2SO4 + 0.095 M NaOH (pH 2.9) at +0.55 VSHE.
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topography of the annealed surface is clearly observed (Fig. 7.6a).The steps
are monoatomic (height of 1.9 ± 0.2nm, in excellent agreement with the
reticular distance of 0.203nm for Ni(111)). After passivation at +0.55VSHE,
the surface is roughened as previously observed by STM.24,28,30 In Fig. 7.6b,
the orientation of the steps of the substrate can still be identified, but the
surface is covered with platelets assigned to the grains of the passive film.
It was the facetted surface of these grains that was revealed by the typical
higher magnification STM images shown in Fig. 7.3. The platelets com-
pletely cover the surface. Their lateral size, varying from 50 to 230nm, sug-
gests a varying degree of advancement of the coalescence of the oxide
grains.

Between the platelets, depressions with a depth varying from 0.4 to 
1.4nm are measured. Their formation is assigned to the dissolution occur-
ring on the not-yet passivated (or less protected) sites that are formed in
the transient process of growth of the oxide film, before complete passiva-
tion of the surface. This phenomenon of localised corrosion of the partially
passivated surface has been previously observed by in situ STM.30 These
AFM measurements confirm the topographic nature of these sites result-
ing from a more prolonged dissolution of the surface before passivation.

Figure 7.7 shows the modifications observed after increasing the poten-
tial up to +1.05VSHE and the effect of the presence of chloride in the solu-
tion (0.05 m). In the absence of chloride (Fig. 7.7a), the surface still appears
to be covered by platelets. A major difference with the surface passivated
at +0.55VSHE is the depth of the depressions observed between the platelets.

T
ba

7.7 Topographic AFM images (500 nm × 500 nm, Z range = 3 nm) of
the Ni(111) surface after pre-passivation for 30 min in 0.05 M H2SO4 +

0.095 M NaOH (pH 2.9) at +0.55 VSHE, and subsequent increase of the
potential stepwise (steps of 0.1 V) every 30 min up to +1.05 VSHE in: 
a the absence or b the presence of chloride.
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It ranges from 2.2 to 3.8nm which is significantly larger than the depth of
the depressions measured after passivation at +0.55VSHE. It is also signifi-
cantly larger than the thickness of the passive film formed in these condi-
tions (<2nm). The lateral size of these depressions ranges from 20 to 30nm
at the surface and their density is (3 ± 2) × 1010 cm−2. They are similar to the
depressions previously observed by STM after exposing to chlorides the
Ni(111) surface pre-passivated at +0.85VSHE.32 These AFM measurements
confirm their topographic nature. These depressions can therefore be
assigned to local sites of the passivated surface where enhanced corrosion
was produced by the increase of the potential in the passive range, in the
absence of chloride. This implies that the surface, pre-passivated at 
+0.55VSHE, has been locally modified (i.e. depassivated), with a local
enhancement of the corrosion of the substrate, and subsequently repaired
(i.e. repassivated). It cannot be concluded, however, whether these events
correspond to the exposition of the bare metal surface to the electrolyte
(complete passivity breakdown) or only results from a temporary enhance-
ment of dissolution without complete removal of the passive film. The
genuine topographic nature of the observed depressions indicates never-
theless that the original passive film has been totally renewed to match the
topography of a locally corroded substrate surface. One essential new result
reported here is that such local modifications of the passive film occur in
the absence of chloride, showing that the key role of the chloride in pitting
is not related to the initiation of these modifications.

In the presence of chlorides (Fig. 7.7b), the surface also appears covered
by platelets corresponding to the oxide grains. Their facetted surface is not
resolved in this measurement, but is confirmed by the EC-STM results pre-
sented in Fig. 7.3. Between the grains, depressions are observed, most of
them having the dimensions of the depressions observed previously.
However, significantly larger depressions are also observed (marked by
circles in Fig. 7.7b). Their lateral dimension ranges between 40 and 50nm
at the surface and their depth between 5 to 6nm. Their density is (2 ± 1) ×

109 cm−2 range. The values are in agreement with those of the localised
attacks of the passivated surface observed by STM after exposing to chlo-
rides the Ni(111) surface pre-passivated at +0.85VSHE.32,33 Such attacks were
assigned to metastable pits based on the absence of variations of the current
characteristic of stable pitting during the corrosion test and on the mea-
surement of the lattice of the passivated surface inside the pits.32,33 It can
also be seen in Fig. 7.7b that an area, marked T, corresponding to an
extended terrace of the substrate, exhibits many fewer depressions than the
rest of the imaged surface where narrower terraces are observed due to a
higher density of substrate step edges. This confirms the role of the defects
of the substrate (monoatomic step edges) in passivity breakdown previ-
ously evidenced by STM.32
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The AFM results presented here confirm the formation of such
metastable pits at the nanometer scale in the presence of chlorides. The
measured depth clearly demonstrates that pits have been initiated. These
measurements indicate that the chlorides have a marked effect in the repair
stage following the modifications of passivity initiating an enhanced corro-
sion of the substrate. The increased size of the metastable pits observed in
the presence of chloride suggests that the role of the chloride is to modify
and/or retard the stabilisation of the oxide dissolving in the more defective
grain boundary sites of the passive film and, thus, to sustain the transient
localised corrosion of the substrate initiated by the dissolution of the oxide.

The occurrence of stable pitting was observed in the corrosion tests per-
formed in the presence of chlorides. It was characterised by a steady
increase of the current generally observed after the potential step to 
+1.05VSHE and could be stopped by stepping the potential down to 
+0.55VSHE. The AFM examination of areas of 25 µm × 25µm or less, chosen
randomly on the surface, did not reveal any pits of micrometre or sub-
micrometre dimensions. Figure 7.8a shows one image as an example.

The local defects (one example is circled) observed in this image were
already present after the surface preparation and did not result from the
corrosion test. Pits of micrometre size could, however, be localised by
optical microscopy as shown in Fig. 7.8b. Their lateral size ranges from 10
to 50 µm. Their density, estimated to be 5 × 102 cm−2, is low, which explains
why they could not be localised when the AFM tip was positioned randomly
on the sample surface. These observations show the extreme difficulty of
using AFM to study the transition between metastable and stable pitting
on well-prepared surfaces due to the low density of the pits. The combina-

b

 

a

7.8 a AFM image (15 µm × 15 µm, Z range = 6 nm) and b optical
micrograph of the Ni(111) surface after increasing the potential from
0.55 to 1.05 VSHE stepwise (steps of 0.1 V) every 30 min in 0.05 M H2SO4

+ 0.095 M NaOH + 0.05 M NaCl (pH 2.9).
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tion of optical microscopy and AFM observation can only allow the loca-
tion of pits already having a size of a few microns or more (i.e. stable pits)
but not their initial stages of growth.37 Samples with a high density of het-
erogeneities (i.e. inclusions) generating a high density of stable pits can be
used.38 However, their surface preparation is quite critical in order to allow
nanometre scale observation at and near the inclusions. One possibility to
resolve this difficulty could be to use the scanning tip of the AFM instru-
ment during the corrosion test in order to generate a local modification of
the passivated surface that could lead to stable pitting.

7.4 Conclusions

In situ EC-STM and ex situ AFM measurements have been combined to
investigate the effects of chlorides and potential in the initial stages of
localised corrosion by pitting of a Ni(111) surface pre-passivated in 0.05 m

H2SO4 + 0.095m NaOH (pH 2.8). The STM measurements show the deter-
ministic role of the structure of the surface of the passive film on its disso-
lution, independently of the subsequent addition of chloride (0.05 m) in the
electrolyte. The passive film dissolves at the edges of the facets resulting
from the tilted epitaxy between the NiO(111) oxide and the Ni(111) sub-
strate lattice. This leads to a 2D step flow process stabilising the facets with
edges oriented along the close-packed directions of the oxide lattice. The
average dissolution rate, measured to be 0.44 ± 0.25nm2 s−1, does not vary
significantly with applied potential below or above the pitting value 
(∼0.9VSHE), or with the presence or not of chlorides in the electrolyte. This
indicates that the potential drop at the passive film/electrolyte interface,
associated with the surface reaction of dissolution of the oxide film, remains
constant. This reaction is not accelerated by the presence of chloride at the
regular step edges of the well-passivated surface. The chlorides may,
however, prevent the stabilisation of the dissolving oxide film in the more
disoriented steps forming the grain boundaries of the passive film.

The AFM measurements show that increasing the potential in the passive
range by successive potential steps up to 1.05VSHE in the absence of 
chlorides causes the roughening of the pre-passivated surface with the for-
mation of local depressions of nanometer dimensions (20 to 30nm at the
surface) and a density of (3 ± 2) × 1010 cm−2. The depth of 2.2 to 3.8nm is
indicative of the corrosion of the substrate, locally enhanced following dis-
solution of the passive film, but not necessarily resulting from passivity
breakdown and exposure of the bare metal surface to the electrolyte. In 
the presence of chloride, larger (40 to 50nm at the surface and 5 to 6nm
deep) localised attacks of the substrate surface with a density of (2 ± 1) ×

109 cm−2 were observed. These sites of corrosion are assigned to metastable
pits. Their growth was observed in the presence of chloride whereas their
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initiation was observed in the absence of chloride suggesting a predomi-
nant effect of the chlorides which is to prevent the stabilisation of the oxide
dissolving at the grain boundaries of the passive film, thus sustaining the
transient localised corrosion of the substrate initiated by the local dissolu-
tion of the oxide and, finally, blocking the repassivation.
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8.1 Introduction

For evident economic reasons, the study of localised corrosion of steels in
aggressive media is crucial. It has been investigated for over 50 years so that
now the kinetics of pitting and stress-induced corrosion have become more
closely defined.

Corrosion as well as metallurgy and mechanical characterisation of stain-
less steels have been intensely studied by electronic microscopy (SEM,
TEM) and classical electrochemical ways. These investigation techniques
do not give an accurate picture of the very first steps in the mechanism of
localised corrosion because they do not allow the instrument to closely map
the surface while being in a corrosive liquid medium.

With the advent of local probe microscopy like scanning tunnelling
microscopy (STM) and atomic force microscopy (AFM) 20 years ago,1 in

situ studies of corrosion have become possible. In metallurgy indeed, STM
and AFM have proved to be very useful tools to study steels. The mor-
phology of phases like martensite or of precipitates have been investigated
by air STM. The atomic structure of passive films on austenitic steel,2 pure
iron3 or pure chromium4 have been imaged by STM. Surface effects of
plastic deformation on steels have also been analysed by these local probe
microscopies.5 In situ AFM studies have been carried out on pitting corro-
sion of stainless steels and show the relationship between pits and precipi-
tates on the surface.6,7,8 To our knowledge, in situ stress-induced corrosion
of stainless steels has never been studied by AFM. This article will relate
the first attempts to fill this gap.

This paper reports the first results of an in situ AFM study of localised
corrosion (pitting and stress-induced corrosion) of a 304L stainless steel.
Therefore an original set-up including an AFM, a traction device and an
electrochemical cell has been developed.

8
In situ atomic force microscopy (AFM) study

of pitting corrosion and corrosion under strain

in a 304L stainless steel

F. A . M A RT I N, J. C O U S T Y, J. - L . M A S S O N 
and C. BATA I L L O N, CEA, France
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8.2 Experimental method

The original set-up developed in the laboratory needed to take into account
many constraints; the sample itself had to be shaped to answer the drastic
criteria of the study and the system had to be designed with respect to the
congestion due to each component, which was not compressible. The set-
up comprises an atomic force microscope, a traction device and an electro-
chemical cell.

8.2.1 Sample

The 304L stainless steel used has the chemical composition given in Table
8.1 (wt%). The shape of the test pieces is determined by three main points:
1) the room given to the sample in the set-up, 2) the fact that the strains
must be localised under the scanning area (max 100 µm × 100µm), 3) the
possibility of adapting an electrochemical cell to the sample. Therefore, the
strains in samples with different shapes have been simulated with CATIA
V.59 and the definitive design of the test pieces are shown in Fig. 8.1. The
test pieces are rectangular (57mm × 19mm × 0.8mm) with two holes in

Table 8.1 Chemical composition of the 304L (wt%)

Composition (wt%)

C Mn S Ni Cr Mo N Cu Fe
0.018 1.72 0.0005 10.14 18.68 0.35 0.072 0.15 balance

ba Stress concentration area

1 mm

Unidirectional stress

5xσmeasured

σmeasured

6

7

Ø
6

Ø
8.

1

19

57

8.1 a Test piece shape and dimensions (mm) and b strain simulation
with CATIA V.5. showing the concentration of stress in a very small
area for this conformation of the sample. The force applied is 350 N.
The figure shows the final state of the test piece.
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order to concentrate the stress in a small area. After machining, they 
were polished mechanically by SiC grains and diamond paste to a 3-µm
grain size, then polished chemical-mechanically with colloidal silica from
STRUERS (40nm particle size) for 20h. They were washed in distilled
water, then in ethyl alcohol with ultrasonic stirring and dried with N2. The
austenitic (fcc) grain structure was completely revealed by the chemical-
mechanical polishing. The typical corrugation (RMS) of the surface was
about 1Å for areas of at least 1 µm2.

8.2.2 Description of the set-up

The atomic force microscope (AFM) used is a Picoscan II from Molecular
Imaging. It is used in contact mode. It is placed in a ‘stand-alone’ configu-
ration above a ‘line-hole-plane’ disc to ensure a good stability and repro-
ducibility of the position of the scanner. The traction device is fixed to the
base of the set-up via a vernier x–y translation platform to position the
sample under the AFM tip.The electrochemical cell is fixed to the test piece,
which is attached to the jaws of the traction device. A general scheme of
the set-up is presented in Fig. 8.2.

a

8

4

9

32

10

5
7

2

1

10
6

5

c

b

8.2 a General scheme of the set-up: 1 AFM head from Molecular
Imaging in ‘stand-alone’ configuration, 2 base isolated from high-
frequency vibrations, 3 x–y stage, 4 traction plate, 5 electrochemical
cell, 6 sample, 7 AFM tip, 8 aqueous solution reservoir, 9 silver wire
(CE) and 10 copper wire connected to the test piece; b picture of the
experimental apparatus (scale 1 : 10); c upper view of the
electrochemical cell mounted on the sample.
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Concerning the electrochemical cell, notice that the working electrode
(WE) is the sample and that the counter electrode (CE) is a silver wire,
which is also used as a pseudo reference. The potential is applied and con-
trolled by a GAMRY interface. The solution used is a borate buffer
([H3BO3] = 0.1molL−1, [borax] = 0.002molL−1) with various concentrations
of NaCl, pH buffered at 7.5. The whole experiment was made at room tem-
perature (20°C).

The traction device (Deben 5000N) stretches the sample at constant
speed (0.02mmmin) while the total force is measured. The scanning area is
localised with a CDD camera focused on the AFM tip and the sample (i.e.
the whole system: sample + electrochemical cell + traction device) is moved
until the tip is pointed to the area between the two holes, in the strain-
concentrating zone of the test piece.

8.3 Results and discussion

This study is divided into three parts to validate two by two the techniques
associated in the set-up.The first part comprises the evaluation of the ability
of the system to scan and map the surface during a traction test. The second
part is dedicated to the electrochemical behaviour of the 304L test pieces
in corrosive solution and, in the last part, results obtained in situ with AFM
in solution during traction will be presented.

8.3.1 In situ AFM scanning during traction in air

The experiment was carried out in air at room temperature. Because of the
configuration of the system (test piece fixed at one end and stress applied
to the other end), the scanned area moves during traction. As a conse-
quence, a step-by-step traction is necessary to avoid losing it. The traction
speed is 0.02mmmin−1. After each step, the tip is approached and the same
area as before is scanned. The result of this traction observed by AFM is
shown in Fig. 8.3. It should be noticed that the force value on the curve is
the measured value, which corresponds to a fifth of the strain applied to the
sample in the area observed. Furthermore, the spikes observed on the trac-
tion curve (see arrows) are due to relaxation of the jaws of the traction
system while scanning with the AFM and depend on the scanning duration.

First of all, Fig. 8.3 shows clearly that the grain structure has been
revealed by the mechanical-chemical polishing, which may have dissolved
preferentially certain orientations of grains. At least six different grains can
be enumerated on the images (dashed lines). When the sample is stretched,
lines appear inside grains. These lines are all parallel to each other within
a grain. This happens when the elastic limit of the test piece is exceeded in
the scanning zone. These lines are actually steps with a typical height of 
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2nm and correspond to slip planes emerging at the surface of the grains.
When the deformation rate increases, the density of such slip lines also
increases. It is assumed that, the sample being made of an austenitic stain-
less steel with a fcc crystallographic structure, the slip planes are the dense
planes [111].10,11 This explains why the slip lines are parallel to each other
within a grain but have different orientation from grain to grain.
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8.3 Topographic images of the same area during traction obtained in
contact mode AFM and corresponding traction curve; a, b, c, d, e, f
correspond to different deformations in the traction curve. While a is
still in the elastic domain, b, c, d, e, and f belong to the plastic
domain. At least six grains can be seen on the images, delimited here
by dashed white lines. The arrows in d indicate the slip lines.
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Above a certain stress applied to the sample, which is around 800N as
measured on Fig. 8.3, the emerging of another slip plane system occurs
inside grains (Fig. 8.4). It is then supposed that the stress at this moment is
strong enough to liberate a new and tighter slip system instead of carrying
on developing the first one. It is assumed that this secondary slip plane
system should belong to the [111] plane type (another one with a direction
hardly solicited considering the general stress direction) or to the [110]
plane type. At this deformation rate, two slip plane systems are active to
ensure the plastic deformation.

Figure 8.4 shows also the high vertical resolution of the set-up: a step 4
Å high can be imaged, which corresponds to few (2 or 3) Bürgers vectors
translations. At the very best, it would be possible to make the system able
to image a step formed by one Bürgers vector translation. This confirms the
choices made during the set-up conception.

If the sample is brought to a higher stress (Fig. 8.5), the strain fields are
strong enough to rotate the grains and the step emergence almost stops in
favour of this grain loosening.
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8.4 Topographic contact AFM image of the surface inside a grain.
The arrows indicate the trace of the slip planes: 2 different
orientations. The profiles A and B taken along the lines A and B,
respectively, show steps, the height of which can vary between 4 Å
and 9 nm.
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All these observations are consistent with results obtained with an AFM
in air after nano-indentation.12 For the following studies, the traction was
stopped before the grain loosening.

8.3.2 304L Stainless steel immersed in chloride solution

In this experiment, a sample was simply immersed in the borate buffer solu-
tion with differing concentrations of chloride, waiting for free pitting cor-
rosion to initiate. The free corrosion potential of the stainless steel was
measured and then applied to it for hours or days. At the same time, the
same area of the sample was scanned with the AFM at different times and
the intensity of the current between the sample and the CE was recorded.
Pitting corrosion is a well known stochastic phenomenon.13–16 On the
macroscopic scale, pitting occurs after weeks in those conditions and seems
not to be accelerated by the Cl− concentration at room temperature. In
order to avoid degradation of the AFM head, which is immersed in the cor-
rosive solution too, in situ investigations cannot be pursued beyond three
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8.5 Topographic contact AFM images of the surface a before and b
after high deformation rate (40% for b) and profiles drawn along the
dashed lines. After the high deformation, grain loosening occurred,
showing as different slopes from grain to grain.
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full days. The concentrations of NaCl used were 9, 20, 30, 50, 70 and 
100gL−1. In any case, there was no sign of a change at the nanometric level
in the outer structure of the stainless steel on ten different areas (100mm
× 100µm) of the sample. It is due to the fact that, at free corrosion poten-
tial, the 304L stainless steel holds itself at about 300–400mV under the
pitting potential evaluated from cyclic polarisations (this recording is in
good agreement with results previously published17,18). The cyclic polarisa-
tion curve (Fig. 8.6) obtained in borate buffer solution, [NaCl] = 9gL−1, con-
firms it. Speed scan was 0.1mVs−1.

Now, the objective is to hold the potential close to the electrochemical
noise and observe what happens with or without traction of the test piece
in solution. First, experiments made without stress have revealed difficul-
ties: for potential applied to the sample too close to the pitting potential,
unexpected pitting appears and chromium oxides create bichromates.These
compounds precipitate and strongly perturb the measurements of the AFM
cantilever position.

8.3.3 In situ AFM scanning during traction in 

chloride solution

Since the difficulties encountered for AFM-scanning and controlling the
potential at the same time by an electrochemical way have not yet been dis-
missed, the experiments have been carried out at open circuit potential; that
is, at the corrosion potential of the system (sample + CE/Reference elec-
trode). The solution was an aqueous borate buffer, pH = 7.5, with [NaCl] =
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8.6 Cyclic polarisation scan of the 304L polished sample in aqueous
borate buffer solution containing 9 g L−1 of NaCl, at room temperature:
a corrosion potential, b electrochemical noise before pitting
(depassivation / passivation cycles), c pitting potential, and d return.
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1molL−1. During AFM scanning, the solution was left open to air at ambient
temperature.

A three-step traction was carried out, until the plastic domain was
reached, with about 1h left in between each step in order to scan the whole
area and to allow the electrochemical system to stabilise. The traction
curves were very similar to the one obtained in air and the quality of the
AFM imaging in solution was preserved. Figure 8.7 sums up the experiment.

This experiment shows mainly three features: the limit of elasticity is the
same even with the electrochemical cell, which could harden the system,
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8.7 Evolution of the topography of the surface during traction (same
traction curve as in air) at each step a, b and c; a and b are still in the
elastic domain whereas c is in the plastic one. Time elapsed between
a and c: 48 h. The rings and the horizontal profiles corresponding
show the pitting propagation of a pre-existent pit and the arrows
show the slip lines in the grains. The z-scale is the same in all three
images.
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and the set-up is valuable for such an in situ study. Because of the nature
of the materials (the AFM is made from stainless steel as well), the com-
plete experiment must not exceed 72h. Because of the time needed for
imaging and for traction, the total duration of the experiment presented
here was at least 48h.

Once the plastic domain is reached, slip lines are clearly visible and are
not preferentially attacked by the chloride medium. This is essentially due
to the very low duration of the experiment: the stochastic phenomenon of
pitting or stress corrosion had not enough time to incubate before the scan
was made.

Nonetheless, the chloride solution is corrosive enough to enable pitting
propagation on a pre-existing pit. The deepness of the pit indeed increases
with time exposure to the solution. Measurements shown on Fig. 8.7 give a
good estimation of the deepening rate of the pit, viz. at least 5nm in 48h,
which corresponds to a speed of 1Åh−1. This result also illustrates the 
accuracy of the set-up. This pit, initiated during the mechanical-chemical
polishing, is probably located around an impurity on the surface or some
inclusion.

8.4 Conclusions

These first observations show that AFM allows the study of local corrosion
phenomena in detail. The set-up presented here comprises all the require-
ments for an in situ investigation of stress-induced corrosion.

The set-up is now operational and presents a very good resolution at the
nanoscale. It has proved its efficiency for the observation of the nanomet-
ric surface modifications during traction in chloride solutions: 4Å high slip
planes are visible, pitting can clearly be observed in situ and the potential
of the sample controlled.

The resolution of the set-up is sufficient to get a good estimation of the
growth of a pit with time in a chloride solution. Actually, pit deepening has
been measured at a speed of approximately 1Åh−1.

A complementary in situ study of corrosion induced by stress in chloride
solution is in progress and involves adjusting the potential of the sample.
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9.1 Introduction

In situ electrochemical scanning tunnelling microscopy (EC-STM) has
quickly become an important tool for surface characterisation of electrodes
with atomic resolution in electrolyte solutions.1–3 High-resolution STM
imaging has been achieved in solution for various metal electrode surfaces,
deposited metal layers, adsorbed anions, and organic molecules.2,3 STM is
capable of characterising surfaces of not only metal electrodes, but also
semiconductors such as Si, GaAs, and InP.2,3 Details of etching processes of
semiconductor electrodes were revealed through the observation of surface
structures.3

The ZnO electrode is one of the most intensively investigated semicon-
ductors for various applications such as short wavelength lasers,4 high-
sensitivity gas sensors,5 electrodes for solar batteries,6 and catalysts.7

Exposure in solution of atomically well-ordered single-crystal surfaces of
ZnO has long been desired for understanding electrochemical reactions
taking place at the ZnO electrode on an atomic scale. However, surface
topographic images of ZnO in aqueous solutions have only been acquired
without atomic resolution mainly because of the difficulty in the prepara-
tion of a well-defined semiconductor surface as described in our previous
paper.8 It was reported that ZnO surfaces etched in a concentrated HCl
solution showed a rolling hill topography, and atomically flat terraces were
rarely observed.8

Figure 9.1 shows an illustrative depiction of the surface structure of
ZnO[0001]. To obtain atomically flat surfaces of ZnO[0001]-Zn, surface
structures were systematically investigated after etching using various acid
and alkaline solutions. In a previous study, it was found that alkaline solu-
tions such as 3m NaOH produce atomically flat surfaces with wide terraces
on ZnO[0001]-Zn.9 Each atom was resolved by STM, showing a [1 × 1]
structure in solution. In this study, the etching processes of ZnO[0001]-Zn
surface in solution is reported.

9
Etching processes of ZnO[0001] 

surface in solution

J. I N U K A I and K . I TAYA, Tohoku University, Japan
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9.2 Experimental methods

ZnO[0001] single crystals (5mm × 5mm × 1mm, undoped) were obtained
from Atomergic Chem. Corp. USA.The surface of the crystals was polished
and metallographically finished with 0.25 µm diamond paste, and sonicated
in acetone, ethanol, and pure water. They were further etched in the dark
at the rest potential either in 6m HCl for 30s or in 3m NaOH for 5min.After
the chemical etching, the surface was repeatedly rinsed in pure water.

Current–potential curves were obtained in the dark in a 0.1m KClO4 solu-
tion previously deoxygenated with N2. In situ STM measurements were
carried out in 0.1m KClO4 or 0.1m NaOH near respective rest potentials in
the dark using a NanoScope-E (Digital Instruments, Inc.). Two Pt wires as
the reference and the counter electrodes were fixed in the electrochemical
cell for STM. Tungsten wires electrochemically polished and insulated with
nail polish were used as the scanning tips.

Solutions were prepared from ultrapure grade reagents, obtained from
Kanto Chemical Co., of HCl, NaOH, and KClO4, and ultrapure water 
(Millipore-Q). All potentials were reported with respect to a saturated
calomel electrode (SCE).

9.3 Results and discussion

Figure 9.2 shows a current–potential curve in 0.1m KClO4 (pH = 5.3) for a
ZnO[0001]-Zn previously etched in NaOH as described above. Practically
no current was seen in the potential range between −0.3 and 1V in the dark.
The cathodic current commencing at ca. −0.4V is due to the hydrogen evo-
lution reaction. The reduction of ZnO might also be expected to occur at

[0001]

[0001] Zn

O

9.1 Schematic view of ZnO[0001] surface.
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cathodic potentials.The flat-band potential of ca. −0.7V was measured from
Mott-Schotky plots, and was significantly more negative than that of 
−0.3V vs. Ag/AgCl found in 0.1m KCl (pH = 4.0).8 This result strongly sug-
gests that the surface structure is an important factor determining the flat
band potential.

STM measurements were first made for surfaces pretreated with 6m HCl.
The tip electrode potential was set at a value more negative than the flat
band potential. Under this condition, stable electron tunnelling from the tip
electrode to the semiconductor was observed, allowing an accurate deter-
mination of surface topography based on the energy diagram for a 
semiconductor/liquid/metal junction discussed in our previous paper.8 STM
images were subsequently observed at −0.2V. The surface etched in 6m HCl
was atomically rough, characterised by a ‘rolling-hill’ structure. Many pits
and large steps were consistently observed for the sample prepared in acidic
solutions. No clear atomic steps were observed on the surfaces. This result
was almost the same as that reported previously.8

The appearance of wide atomically flat terraces on a large scale STM
image of the ZnO[0001]-Zn surface in 0.1m KClO4 after etching in 3m

NaOH clearly shows that the etching procedure using 3m NaOH produces
well-defined surfaces.9 Wider terraces extend over 100nm. All steps are of
the bilayer type with a height of 0.26nm. On the ZnO[0001]-Zn surface, pits
are rarely observed on terraces. The steps are composed of straight lines,
which are located in the direction forming an angle of 60° as expected for
a surface with threefold symmetry. Etching in 3m NaOH even for a pro-
longed period of 1h produced atomically flat Zn-terminated surfaces.
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in the dark with a ZnO[0001]-Zn etched in 3M NaOH. Scan rate =
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It is clearly seen on a top view of a high-resolution STM image of an area
of 4.7nm × 4.7nm on the ZnO[0001]-Zn in 0.1m NaOH that the atomic
structure has a threefold symmetry. The interatomic distance was measured
to be 0.33nm. No sign of contamination was seen in the STM images. This
result shows that the Zn-terminated ZnO[0001]-[1 × 1] structure can be
exposed by chemical etching using NaOH.9 We also succeeded in imaging
atoms on the terraces of the O-terminated ZnO[0001

–
] surface in solution,

and obtained atomic images of a [1 × 1] structure. Our study demonstrates
that the known etching processes10,11 of ZnO[0001]-Zn as well as 
ZnO[0001

–
]-O can now be elucidated on an atomic level by in situ STM.

An etching process of ZnO[0001]-Zn in 0.1m NaOH was recorded in 4
min. It is notable that straight and zigzag steps are alternately aligned on
the ZnO[0001]-Zn surface. Etching was observed at steps, and the etching
rate was higher at zigzag steps than at straight steps. The etching processes
can be explained by the arrangement of Zn and O atoms on ZnO[0001]-
Zn (Fig. 9.1).
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10.1 Introduction

The formation and properties of conversion coatings on aluminium may be
rather complex due to the heterogeneous microstructure inherent with
commercial alloys. In particular, corrosion as well as surface treatment
processes are significantly influenced by the presence of intermetallic par-
ticles exhibiting electrochemical properties different from the aluminium
matrix. The influence of alloy metallurgy in the formation of chromate 
conversion coating (CCC) on AA2024-T3 alloy has been extensively
addressed.1–5 The CCC films have been found to significantly reduce the
activity of both cathodic and anodic sites on the alloy surface.6–8 Among the
chromate-free pre-treatments,Ti–Zr based processes appear to have gained
the most widespread acceptance. It has been shown that Ti–Zr based con-
version layers deposit preferentially at cathodic particles on the aluminium
surface due to locally high pH in these areas during immersion treatment.9,10

Scanning Kelvin probe force microscopy (SKPFM) allows mapping of
topography and Volta potential distribution on passive surfaces in air.11

It combines the classical Kelvin probe technique12 with atomic force
microscopy.13–15 Since the SKPFM probes are much smaller than probes
used in the classical Kelvin probe technique and operate at much smaller
distances from the surface, an improved lateral resolution is obtained. The
lateral resolution of SKPFM is reported to be better than 0.1 µm,16–18 com-
pared with ∼100 µm for the standard Kelvin probe technique.19 SEM has
frequently been used in combination with SKPFM to relate local Volta
potential maps with local microstructure and chemistry of aluminium
alloys.20–31 The ability to map the potential on a sub-micron scale is very
useful in electrochemical studies of commercial aluminium alloys, which
contain intermetallic particles on that scale and larger.

Several factors are believed to influence the Volta potential measure-
ments, e.g. composition and structure of the oxide film covering the alu-
minium surface and intermetallics, tip–sample distance and adsorption of

10
Scanning Kelvin probe force microscopy

(SKPFM) applied to various conversion

coated aluminium surfaces
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material at the surface.20 A linear relation between the Volta potential mea-
sured in air and the open circuit potential in different corrosive aqueous
environments has been established.21–24 Even though the surface state in air
is different from that in solution, this linear relation gives first-hand 
indications of the expected electrochemical properties at sub-µm scale of
different phases on dry surfaces.

Conventional polishing methods have generally been employed to obtain
surfaces suitable for SKPFM mapping. However, mechanical polishing is
known to produce a deformed fragmented surface layer which distorts local
chemistry and microstructure and adds chemical substances (lubricants) to
the surface. Recent works have therefore introduced ultramicrotomy (UM)
as a suitable sample preparation technique for AFM4,32 and SKPFM33,34

studies of aluminium. In addition to preserving the bulk chemistry of the
samples at the surface35 extremely smooth surfaces are obtained.4 Further-
more, the ultramicrotomed thin foils can be utilised to combine SKPFM
and transmission electron microscopy (TEM) from the same area.33

In the present work, SKPFM was used to study how conventional chro-
mating and Ti–Zr based pre-treatment, respectively, affect the Volta poten-
tial of intermetallic particles relative to the matrix of an extruded EN
AW-6082 aluminium alloy. UM was employed to obtain clean and micro-
scopically smooth surfaces and the SKPFM measurements were combined
with field emission SEM and electron probe microanalysis (EPMA) to 
identify the intermetallic phases present at the surface. The significance 
of the results is briefly discussed in the light of previous filiform corrosion
(FFC) test results obtained for painted specimens subjected to similar 
pre-treatments.36,37

10.2 Experimental methods

10.2.1 Materials and specimen preparation

The test material was commercially produced EN AW-6082-T6 aluminium
(composition by weight as determined from spectrographic analysis:
0.63%Mg, 1.0%Si, 0.53%Mn, 0.17%Fe, 0.0034%Cu, 0.016%Zn, 0.013%Ti,
Al balance) which was cut from 150 × 4mm extrusions. Clean and smooth
surfaces of the alloy, suitable for SKPFM examination, were prepared by
use of a Reichert-Jung ultramicrotome. The mounted specimen block was
trimmed with fresh glass knives to obtain rectangular 35 µm × 2mm section
surfaces. Final sectioning was performed with a MicroStar diamond knife.
The specimen was oriented such that the ultramicrotomed surfaces were
parallel and close to (within a few µm of) the original as-extruded surface.

The freshly generated surfaces were treated according to the following
conversion coating procedures, respectively:
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(i) Ti–Zr based pre-treatment: Deoxidation in 4% Alfideox 73 (Candor
Sweden AB) for 30s, tap water rinsing, immersion in 4% Gardobond®

X4707 (Chemetall GmbH) (pH 2.9, 20°C) for 1min, rinsing in distilled
water and air drying.

(ii) Chromating: Deoxidation in 4% AlfideoxTM 73 for 30s, tap water
rinsing, immersion in 15mL−1 Alodine® C6100 (Henkel Surface Tech-
nologies) for 3min, rinsing in distilled water and air drying.

10.2.2 Surface characterisation

Topography and Volta potentials of the ultramicrotomed surfaces before
and after the chemical treatments were mapped using a Nanoscope IIIa
MultimodeTM AFM, equipped with an ExtenderTM Electronics Module. All
potential mapping was performed in air with commercially available metal-
coated cantilevers from MicroMasch. The lift scan height employed was 
100nm, where effects of dipole charges close to the surface are believed to
be small. The areas mapped with SKPFM were identified and imaged by a
Hitachi S-4300SE field emission SEM equipped with an energy dispersive
x-ray analysis system (EDS). Before conversion coating, selected inter-
metallic particles exposed at the freshly sectioned surface were identified
and their composition determined by use of a JXA-8900 Superprobe 
electron probe microanalyzer (EPMA) operated at 15kV.

10.3 Results

10.3.1 Intermetallic particles in the alloy

Optical microscopy showed that the extruded EN AW-6082-T6 alloy exhib-
ited a fibrous microstructure with a recrystallised surface layer, about 
500µm in thickness.SEM examination of the as-extruded surface (Fig.10.1a)
showed the presence of intermetallic particles typically a few microme-
tres in size.According to EPMA of the ultramicrotomed surface (Fig. 10.1b)
these particles were a) Al–Mn–Fe–Si particles consisting of 63–73% Al,
11–13% Mn, 10–16% Fe and 7–9% Si, corresponding to the cubic α-
Al(Fe,Mn)Si phase38 and b) Mg–Si particles with a Mg/Si ratio similar to the
binary Mg2Si phase. In addition, precipitation hardening Mg–Si phase par-
ticles will obviously be present in the artificially aged alloy; however, these
can only be resolved in TEM and are not considered in the present study.

10.3.2 Effect of Ti–Zr based pre-treatment

SKPFM Volta potential maps were recorded at different Mg2Si particles
before and after Ti–Zr based treatment. On the freshly ultramicrotomed
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surface a Volta potential difference of about 300mV was typically recorded
between the Mg2Si particles and the aluminium matrix. An example is
shown in Fig. 10.2a, where part of a relatively large Mg2Si particle (appears
bright) was mapped. According to earlier observations10,38,39 the Mg2Si
phase is electrochemically more active than the aluminium matrix.
However, after Ti–Zr treatment (Fig. 10.2b), no significant Volta potential
difference was observed between the same particle and the aluminium
matrix. Subsequent SEM/EDS analysis at an accelerating voltage of 10kV,
corresponding to an analysis depth of about 1 µm, showed that this particle
was depleted in Mg during the chemical treatment, leaving a Si-rich oxide
particle on the surface (Fig. 10.3).

Contrary to the behaviour of the Mg2Si phase, SKPFM measurements
showed that the Volta potential difference between the α-Al(Fe,Mn)Si
phase and the aluminium matrix was generally little affected by the Ti–Zr
treatment.The Volta potential difference measured on the ultramicrotomed

a

b
20 µm

5 µm

10.1 a SEM image of as-extruded EN AW-6082 surface, b optical
micrograph of ultramicrotomed specimen surface.
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10.2 SKPFM Volta potential maps with line scans across an Mg2Si
particle a before and b after Ti–Zr based treatment.
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10.3 a SEM image of transformed Mg2Si particle and b x-ray EDS
spectrum, indicating that all Mg is selectively dissolved during
treatment (no MgKα peak observed at 1.25 keV). Framed area in a
corresponds to area mapped in Fig. 10.2b.
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surface was typically about 500mV (Fig. 10.4a). The contrast from the α-
Al(Fe,Mn)Si phase (appears dark in Fig. 10.4) was reversed relative to the
Mg2Si phase, indicating that the α-Al(Fe,Mn)Si particle is nobler than 
the surrounding matrix, as expected.8,10,38 After Ti–Zr treatment, the Volta
potential difference was reduced by 50–100mV (Fig. 10.4b), i.e. only a
reduction of 10–20% compared with the untreated surface.

SEM/EDS analyses of α-Al(Fe,Mn)Si particles showed no significant
change in the composition of this phase as a result of the Ti–Zr treatment.
The conversion layers formed by Ti–Zr based pre-treatment are generally
too thin (typically 10–50nm) to be detected by EDS analysis. However,
since these layers deposit preferentially at cathodic sites on the aluminium
surface,9,10 significant variations in thickness occur. Thus, the presence of a
thin Ti–Zr oxide film deposited on the α-Al(Fe,Mn)Si particles could gen-
erally be confirmed by SEM/EDS analysis.
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10.4 SKPFM Volta potential maps with line scans across α-
Al(Fe,Mn)Si particle a before and b after Ti–Zr based treatment.
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10.3.3 Effect of chromate conversion coating

SKPFM results obtained before and after chromate conversion coating are
summarised in Fig. 10.5. As shown in Figs. 10.2 and 10.4, the cathodic α-
Al(Fe,Mn)Si phase appeared dark while the anodic Mg2Si phase appeared
bright relative to the aluminium matrix on the ultramicrotomed surface.
The Volta potential difference of the α-Al(Fe,Mn)Si particle on the as-
ultramicrotomed surface in Fig. 10.5a was about 500mV, as seen from the
potential line scan across the particle. Shortly after chromating (2h) the
measured Volta potential difference was less than 100mV (Fig. 10.5b), i.e.
a reduction of more than 80% relative to the as-ultramicrotomed surface.
However, another SKPFM measurement performed 24h after the chromate
treatment showed that the Volta potential difference between the α-
Al(Fe,Mn)Si particle and matrix was increased significantly by storage
under ambient conditions (Fig. 10.5c).

After chromate conversion treatment, the Mg2Si phase exhibited no
Volta potential contrast relative to the surrounding matrix, similar to the
result obtained for the Ti–Zr treated surface.

Examination of the chromated surface in SEM showed that the alu-
minium matrix was coated with a cracked CCC (Fig. 10.6a). A significantly
thinner film, not detectable by x-ray EDS analysis (Fig. 10.6b), was formed
on the α-Al(Fe,Mn)Si particles. This is in good agreement with earlier
observations.3,5,8

10.4 Discussion

The SKPFM results showed that the Volta potential difference of the α-
Al(Fe,Mn)Si particles relative to the matrix in EN AW-6082 aluminium was
little affected by the Ti–Zr based treatment, whereas a significant reduction
in the Volta potential difference occurred as a result of chromate conver-
sion treatment. Although questions exist regarding the nature of the poten-
tial measured by SKPFM in air, these observations are consistent with
recent results which showed that chromating effectively inhibited cathodic
activity of the α-Al(Fe,Mn)Si phase in chloride solution, while the Ti-Zr
based process provided little or no cathodic inhibition.40

Furthermore, the present SKPFM results showed an increasing Volta
potential difference for the α-Al(Fe,Mn)Si particles with time after chro-
mate treatment. In other words, the effect of chromate treatment appeared
to be gradually reduced with time. CCCs are known to age during storage
in air, generally leading to a loss in the corrosion protection provided by
the coating. While the improvement in corrosion resistance due to the CCC
is lost gradually during ambient temperature exposure, corrosion resistance
is lost in a matter of minutes at temperatures above 60°C. The ageing
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process is attributed to various phenomena, including immobilisation of the
Cr6+, dehydration and structural changes in the conversion coatings.41–45

Dehydration of the CCC leads to the development of shrinkage cracking
in the conversion coating and this was suggested as the main cause of a
gradual loss in the oxygen reduction inhibition by CCC on AA2024 alu-
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10.5 SKPFM Volta potential maps with line scans across an α-
Al(Fe,Mn)Si particle on EN AW-6082, a as ultramicrotomed, b 2 h after
chromating and c 24 h after chromating.
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minium.45 Apparently, shrinkage cracking facilitated the oxygen reduction
reaction by exposing the underlying Cu-rich substrate.

SKPFM results shown in Fig. 10.5 indicate that ageing of the thin CCC
on the α-Al(Fe,Mn)Si particles also occurred, apparently leading to
increased ennoblement (increased Volta potential difference) of the parti-
cles relative to the surrounding matrix. More detailed analysis of the struc-
tural and compositional changes occurring on the intermetallic particles is
required in order to better understand the nature of this ageing process.

The relatively large Mg2Si particles observed in EN AW-6082 are proba-
bly not crucial with respect to the corrosion properties of this alloy after
pre-treatment. The acidic deoxidation and conversion coating solutions
apparently cause Mg to dissolve selectively from the Mg2Si phase, resulting
in the formation of electrochemically inert Si-rich oxide particles on the
alloy surface.

The presence of cathodic particles has previously been shown to have a
crucial effect on the susceptibility of aluminium alloys to FFC46,47 and other
types of localised corrosion.48,49 In fact, corrosion tests have demonstrated
that the presence of electrochemically noble second-phase particles is a
necessity for FFC to occur.37,47 Thus, inhibition of the cathodic activity on
the iron-containing phases is clearly a desirable feature, which should be
considered in searches for CCC replacements.

Application of the presently studied conversion coatings on EN AW-6060
aluminium in earlier work36,37 showed that the chromate treatment was
superior to the Ti–Zr based alternative in terms of FFC resistance of epoxy-
coated surfaces. This was partly attributed to a more effective inhibition of
the oxygen reduction reaction on the α-Al(Fe,Mn)Si particles by the CCC
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MnMn
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Mn
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Mn
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10.6 a SEM image of chromated surface with α-Al(Fe,Mn)Si particle
mapped in Fig. 10.5 b x-ray EDS analysis of particle. The CCC on the
α-Al(Fe,Mn)Si particle was too thin to be detected.
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during corrosion. The SKPFM results presently obtained for alloy EN AW-
6082 indicate that the cathodic inhibition of such particles by the CCC
becomes less important with time due to ageing of the conversion coating,
a process which seems to occur also in the thin CCC film on the α-
Al(Fe,Mn)Si particles. However, in order to obtain a high FFC resistance,
good adhesion between the organic coating and the substrate is another
important factor. Previous adhesion tests 37 showed that the CCC was supe-
rior to the Ti–Zr based alternative also in this respect.

10.5 Conclusions

Local potential measurements with SKPFM on ultramicrotomed EN 
AW-6082 surfaces before and after application of a conversion coating
showed that:
• The Volta potential difference of cathodic α-Al(Fe,Mn)Si particles

present in the alloy surface was reduced from about 500mV to <100mV
as a result of chromate treatment. However, the Volta potential differ-
ence increased again during exposure to ambient atmosphere, indicat-
ing an ageing effect of the thin CCC present on the α-Al(Fe,Mn)Si
particles.

• Application of a chromate-free Ti–Zr based treatment, which caused
preferential deposition of a thin Ti–Zr oxide film on the α-Al(Fe,Mn)Si
particles, reduced the Volta potential difference of the particles only to
a very limited extent.

• Anodic Mg2Si particles exhibited a Volta potential difference of about
300mV (reversed polarity relative to the α-Al(Fe,Mn)Si phase) on the
as-ultramicrotomed surface. During chemical treatments, these particles
were transformed by selective dissolution of Mg to form Si-rich oxide
particles with no significant Volta potential difference relative to the sur-
rounding matrix.

• The SKPFM results indicate that the CCC inhibits the cathodic activity
of the α-Al(Fe,Mn)Si phase considerably while the Ti–Zr based process
provides little or no cathodic inhibition, in line with previous electro-
chemical studies performed for these conversion coatings.
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11.1 Introduction

Magnesium has gained much interest as a structural material for auto-
motive and aerospace applications due to its low density and high specific
strength. However, the use of magnesium alloys in engineering applications
is mainly limited by their unsatisfying surface properties and their poor cor-
rosion resistance. In recent years, significant improvements have been made
in achieving a better corrosion resistance, in particular by reducing im-
purities such as Fe, Cu, and Ni. Intermetallic phases, a result of the casting
process, play an important role in the corrosion process. The role of these
intermetallic phases has been addressed in a number of papers.1–10 Lunder
et al.2,5,9 have studied the detrimental effect of intermetallic phases found
in AZ91D magnesium alloy (i.e. Al8Mn5, Al6Mn), by performing electro-
chemical studies on synthesised phases in solution. The same authors have
also studied the beneficial role of Mn additions6 and the influence of β-
Mg17Al12 phase,4 suggesting that this phase acts as a corrosion barrier and,
thereby, reduces the corrosion rate of AZ91D alloy. However, despite the
fact that magnesium alloys as structural materials are mostly used in atmos-
pheric environments, the literature on the effect of intermetallics on the
corrosion behaviour of magnesium alloys is exclusively dealing with an 
electrochemical approach in solution. It is well known that the corrosion
processes in aqueous solutions are different from that of atmospheric envi-
ronments. Therefore, a better knowledge of the corrosion properties of
magnesium alloys under atmospheric conditions is crucial for the under-
standing of the corrosion mechanisms of magnesium alloys.

Recently, new techniques, such as the scanning Kelvin probe (SKP) and
the scanning Kelvin probe force microscopy (SKPFM), have been devel-
oped making possible the investigation of the corrosion processes under

11
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atmospheric weathering conditions at the micro- or even at the nano-scale.
SKP is a non destructive technique for measuring the surface distribution
of the Volta potential. Stratmann et al.11–13 have shown that the open-circuit
potential is linearly dependent on the Volta potential measured under a thin
electrolyte layer. This has been confirmed by others authors.14,15 Since the
beginning of the 90s, SKPFM was mainly used by physicists for investigat-
ing the behaviour of thin films.16–19 However, a few studies have been 
conducted using SKPFM in the field of corrosion science. Schmutz and
Frankel15,20,21 have studied the localised corrosion of AA2024 T3 using
SKPFM. The Volta potential of intermetallic particles on AA 2024 T3 was
determined at the submicron scale. It has been shown that the lateral 
resolution was at least 0.1 µm.15 This gives unique information on the local
nobility of inhomogeneities on surfaces at the submicron scale. More
recently, the mechanisms of filiform corrosion of coated carbon steel have
been investigated by SKPFM.22

In the present study, SKP and SKPFM techniques have been used
together with topographic atomic force microscopy (AFM) and field emis-
sion gun scanning electron microscopy (FEG-SEM) in order to obtain a
better understanding on the influence of the microstructure on the corro-
sion behaviour of AZ91D magnesium alloy.

11.2 Experimental methods

11.2.1 Materials

Die cast commercial AZ91D magnesium alloy was used. The composition
of the alloy is given in Table 11.1. Pure magnesium (99.9%) and pure 
aluminum (99.999%) were also used.

Bulk material β-Mg17Al12 phase, Al8Mn5 intermetallic particles and
homogenised magnesium phase (2.7 Al, 0.3 Mn, 97 Mg in wt%) were 
synthesised in a similar way to that described in references 2, 5 and 9, e.g.
by a controlled solidification procedure from pure components.4 The β-
Mg17Al12 phase was prepared by melting pure magnesium together with 44
wt% of pure aluminum in a boronitride crucible. To protect the melt from

Table 11.1 Nominal composition (weight %) of AZ91D magnesium alloy

Composition (wt%)

Al Zn Mn Ni Cu Si Fe Mg
8.9 0.75 0.26 0.0008 0.0019 0.009 0.0027 remainder
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oxidation, the melt was covered by a salt solution (NaCl–KCl–MgCl2) and
kept in a protective atmosphere (CO2–4%SF6). The Mg–Al melt was
homogenised at 700–720°C and cooled to 650°C. The salt solution was then
removed and the melt was subsequently slowly cooled to 460°C. Then, the
furnace was turned off and the temperature was recorded. The melt slowly
solidified between 455 and 450°C. When the cast reached 430°C, it was
rapidly cooled to room temperature in order to avoid the formation of
other phases. Homogenised Mg 3wt% Al was prepared in a similar way as
β-Mg17Al12 phase. The homogeneity was then evaluated by slicing the cast
in two and examining the sections with an optical microscope.

The η-Al8Mn5 phase was prepared by mixing aluminium and 52 wt% of
manganese in an alumina crucible. The metals were then introduced in an
infrared oven and heated at 1140°C.The melt was also protected by a liquid
salt and a CO2–4%SF6 atmosphere. After approximately 30min, the melt
was slowly cooled to 800°C, homogenised in order to get a large grain size,
and finally quickly cooled to room temperature. The phase was then iden-
tified using x-ray diffraction and a microprobe technique using a Cameca
SX 100.

11.2.2 Electrochemical methods

Electrochemical measurements were performed using an EG & G poten-
tiostat / galvanostat 283. All potentials were measured versus a saturated
calomel electrode (SCE) and expressed versus the standard hydrogen elec-
trode (SHE) in the text. The cathodic polarisation curves were recorded at
the rate of 20mVmin−1 from the rest potential towards −1.75V vs. SCE.
Solutions were prepared from reagent grade chemicals and de-ionised
water. The electrochemical measurements were performed in different
NaCl solutions of 1, 0.85, 0.1, 0.01 and 0.001molL−1. NaCl solution 
0.85molL−1 was saturated with Mg(OH)2. The solutions were de-aerated by
purging with nitrogen. The pH was 6.7 for all solutions except for 0.85mol
L−1 NaCl where a pH of 10.3 was measured.

11.2.3 Scanning Kelvin probe

SKP is a non-destructive technique that can measure the Volta potential of
a metal or a polymer-coated metal. The principle of SKP has been given in
the literature.14,22 The Volta potentials were measured using a commercial
scanning Kelvin probe from ‘UBM Messtechnik’. The equipment can be
used for measuring the change in Volta potential versus time at a single
point above the surface or mapping the Volta potential on a part of the
sample. The reference electrode was made of a Ni–Cr alloy with a tip diam-
eter of about 50 µm. The distance between the needle and the sample was
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kept constant at 50 µm during all measurements. This arrangement gives a
lateral resolution of the probe in the range of 80–100 µm. The probe was
calibrated in humid air (95% rh) above a Cu/CuSO4 saturated electrode
and potentials are given versus SHE. The sample were polished down to
1200 grit, and cleaned ultrasonically in an acetone–ethanol bath. The
samples were thereafter exposed to air at a controlled relative humidity
between 10 and 95%. The relative humidity was controlled using a sensor
located inside the exposure chamber. All measurements were performed at
room temperature, e.g. 20°C.

11.2.4 Scanning Kelvin probe force microscopy

A commercial atomic force microscope (Thermomicroscope) was used in
this work. The tip was made of silicon nitride coated with silver and sup-
plied by Veeco Thermomicroscopes. All measurements were conducted at
room temperature (20°C) and at a controlled relative humidity (40% rh).
The samples were prepared in a similar way as described above for SKP
measurements. The grinding of the surface of AZ91D causes a smear out
of the soft magnesium. Therefore, in order to reveal the microstructure of
the AZ91D alloy, the sample was etched for 2 s in 1ml HNO3, 20 ml glacial
acetic acid, 50ml ethylene glycol and 17ml distilled H2O.23 The samples
were then cleaned ultrasonically in an ethanol bath. The measurements
were performed at the height of 100nm.

11.2.5 Field emission gun scanning microscopy

Compositional analysis of the AZ91D surface was performed using a field
emission gun scanning electron microscopy (FEG-SEM) model LEO 1530
equipped with energy dispersive spectrometry (EDS) model INCA-Energy
from LINK. The acceleration voltage was 15kV.

11.3 Results and discussion

11.3.1 Microstructure of AZ91D magnesium alloy

In agreement with the literature,6,24 the intermetallic particles observed in
the microstructure of AZ91D alloy, have a size ranging from 0.5 to 15 µm.
In order to identify the intermetallic phases, electron probe microanalysis
(EPMA) was performed. The results are presented in Table 11.2. It should
be noticed that for intermetallics of small size (e.g. less than 5 µm), several
particles were analysed to get a representative value. The analysis showed
that the phase surrounding the grains consisted of approximately 71 at%
Mg and 27 at% Al, and that the intermetallic particles consisted of approx-
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imately 61 at% Al and 38 at% Mn. By comparing the results from the
microprobe analysis with existing phase diagrams, it was possible to con-
clude that the phase that precipitated around the grains was β-Mg17Al12 and
that the intermetallic particles were made of η-Al8Mn5. As further inferred
from Table 11.2, and in agreement with the literature, zinc was mainly dis-
solved in the β phase (1.6 at% in the β-phase compared with 0.04 at% in
the matrix). The phases detected in AZ91D alloy are consistent with the lit-
erature on the subject.5,9 It was also observed that Al8Mn5 intermetallic par-
ticles also contained a small percentage of iron. It should be mentioned that
the content of iron varied from about 0.2 to 2.8 at%. It is well known that
manganese has a high tendency to bind to iron to form different inter-
metallic particles.6,25 Iron is often a result from impurities during the casting
process.3 It should be noted that even other particles such as Mg2Si can be
found in AZ91. However, these particles are harmless with respect to cor-
rosion and consequently these particles were not included in this work.

11.3.2 Electrochemical measurements

The open-circuit potential of the different phases, pure magnesium and
AZ91D alloy was measured in different electrolytes containing various con-
centrations of chloride ions. The results are summarised in Table 11.3. The
open-circuit potential of the different phases increased in the follow-
ing order: η-Al8Mn5 > β-Mg17Al12 > homogenised magnesium ∼ pure 

Table 11.2 Typical EPMA analysis of the matrix and intermetallic particles in
AZ91D

Element Concentration (at%)

Matrix Al8(Mn,Fe)5 β-Mg17Al12

Mg 97 (1) 71.5
Al 2.95 61.1 26.8
Si 0 0.15 0.046
Mn 0.025 37.7 0.041
Fe 0.004 (2) 0
Cu 0.007 0.022 0.004
Zn 0.04 0.11 1.6
Ca 0 0.02 0
La ≤0.003 ≤0.003 0.002
Ce ≤0.003 ≤0.001 0

(1) Mg varied from 0 to 41 at% in the analysis of Al8Mn5-particles due to the
surrounding magnesium-matrix that influences the EDAX signal. (2) The
content of iron in Al8Mn5 varied from 0.2 to 2.8 at%.
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magnesium ∼ AZ91D. This indicates that η-Al8Mn5 is the noblest phase. As
further inferred from Table 11.3, the open-circuit potential decreased with
increasing NaCl concentration in the electrolyte independently of the com-
position of the phase or the alloy. This is due to an increase of the active
surface areas. The surface was covered with a protective oxide layer. In the
case of pure magnesium and homogenised magnesium, the layer probably
consisted of Mg(OH)2,26 whereas in the case of aluminium containing
phases, the oxide layer is formed by Al2O3.27 In the presence of NaCl, the
protective oxide layer is weakened due to the adsorption of chloride ions,
and Mg(OH)2 is thus transformed into soluble MgCl2.28 Consequently, an
increase in chloride concentration resulted in the formation of larger active
areas. This could also be observed visually, as the number of pits formed on
the surface increased with increasing NaCl concentration. The potential
values obtained in the presence of 0.85molL−1 NaCl electrolyte saturated
with Mg(OH)2 are in agreement with the literature.9 The low open circuit
potential observed for η-Al8Mn5 in 0.85molL−1 NaCl saturated with
Mg(OH)2 may be explained by the high pH of this electrolyte leading to a
depassivation of the surface of η-Al8Mn5 phase at this pH. It should be
noted that the open-circuit potential of the β-phase remained unchanged
even at alkaline pH. This may be due to a better corrosion resistance of the
β-phase compared with the η-Al8Mn5 phase at alkaline pH.

Figure 11.1 shows the cathodic polarisation curves for AZ91D alloy, pure
magnesium, β-Mg17Al12 phase, homogenised magnesium, and η-Al8Mn5

phase. The measurements were performed in 0.85molL−1 NaCl saturated
with Mg(OH)2. It can be seen that AZ91D alloy, pure magnesium and
homogenised magnesium phase have approximately the same cathodic
behaviour. The cathodic current densities of the samples increased in the
following order: AZ91D alloy ∼ homogenised magnesium ∼ pure magne-
sium < β-Mg17Al12 < η-Al8Mn5. Hence, the β-Mg17Al12 and η-Al8Mn5

showed the highest cathodic current densities. The cathodic reaction is

Table 11.3 Corrosion potential in different NaCl solutions. The solution at 
0.85molL−1 was saturated with Mg(OH)2

Phase/Alloy NaCl, molL−1

0.01 0.1 0.85 1

Homogenised magnesium −1.30 −1.33 −1.36 −1.36
β-Mg17Al12 −0.90 −0.93 −0.98 −0.96
η-Al8Mn5 −0.42 −0.49 −0.97 −0.53
AZ91D −1.26 −1.28 −1.33 −1.33
Pure magnesium −1.24 −1.30 −1.35 −1.36
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almost exclusively due to water reduction.29 This could be seen visually
since gas bubbles were formed at the surface. The number of gas bubbles
increased when decreasing the potential. Hence, from Fig. 11.1, it can be
concluded that in 0.85molL−1 NaCl solution saturated with Mg(OH)2, both
β-Mg17Al12 and η-Al8Mn5 will work as a cathode when coupled with the
homogenised magnesium phase. The cathodic activity of the η-Al8Mn5 was,
however, much higher than β-Mg17Al12 phase. This is in agreement with the
literature on the subject.5,30

11.3.3 Scanning Kelvin probe measurements

It has been shown by Stratmann and co-workers that the corrosion poten-
tial of a bare metal covered with a layer of electrolyte is related linearly to
the Volta potential measured in air according to the following equation:11–13

[11.1]

where We
ref is the electronic work function of the probe material, F is the

Faraday constant, χsol
gas is the dipole potential of the solution gas interface,

E1/2 is the half cell potential of the reference electrode, and Ψref
sol is the Volta

potential difference.
In agreement with previous works, a linear relationship with a slope close

to unity has been measured between the Volta potential and the open-
circuit potential of pure metals. This is clearly shown in Fig. 11.2, for 6 
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different pure metals. The Volta potential was measured in air at 40% rh
whereas the open-circuit potential was measured in deaerated water. From
Fig. 11.2, it is clear that, over a broad potential range, the Volta potential of
pure metals is a linear function of the open-circuit potential with a slope
close to unity. This is in agreement with the literature on the subject.13–22

Volta potential measurements have also been performed on various 
magnesium-containing phases and at three different relative humidities, i.e.
10, 40 and 95% rh. The results are shown in Fig. 11.3. From the results, it is
obvious that the Volta potential for the different phases decreased in the
following order: η-Al8Mn5 > β-Mg17Al12 > homogenised Mg. It is well
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known that the Volta potential is highly influenced by the surface state of
the samples.31 A freshly polished surface resulted in a higher Volta poten-
tial. In the case of the homogenised magnesium, the Volta potential was at
around −1300mV for a freshly polished surface, but the potential increased
as the oxide/hydroxide layer formed and finally stabilised at about 
−1140mV. The η-Al8Mn5 and β-Mg17Al12 phases exhibited a similar behav-
iour.A Volta potential of −780mV and −980mV was measured for η-Al8Mn5

and β-Mg17Al12, respectively, at 40% rh. As shown in Fig. 11.3, the Volta
potential of η-Al8Mn5 and β-Mg17Al12 phases was influenced by the relative
humidity in the exposure chamber. The Volta potential increased by about
80mV for η-Al8Mn5 when changing the relative humidity from 40 to 95%
rh.The Volta potential decreased again when decreasing the relative humid-
ity. On the other hand, the Volta potential of the homogenised magnesium
phase seems to be rather independent of the changes in the relative humid-
ity in the exposure chamber. This is related to the aluminium content in the
different phases (e.g. 54.7 and 44 wt% for η-Al8Mn5 and β-Mg17Al12, respec-
tively, compared with 2.7 wt% for the homogenised magnesium phase). The
high aluminium content in η-Al8Mn5 and β-Mg17Al12 phases will favour the
oxygen reduction as the cathodic process, while hydrogen evolution will
govern the cathodic reaction on the homogenised magnesium phase.

11.3.4 AFM/SKPM measurements

In order to measure the potential of the different phases at the nano- and
micro-scale, it is important to calibrate the scanning Kelvin probe force
microscope. Figure 11.4 shows a plot of the Volta potential measured by
SKPFM versus the Volta potential measured by SKP. Care was taken to
measure exactly over the same area with both techniques. As inferred from
Fig. 11.4, the Volta potentials measured by SKPFM show a linear depen-
dency with those measured by SKP. As observed in Fig. 11.2, the correla-
tion in Volta potential observed by the two techniques remained valid for
different metals and alloys over a wide potential range. This indicates that
the Volta potential was more or less independent of the distance between
the tip and the sample (e.g. the operating distance), which was ranging from
about 100nm for SKPFM to about 50µm for SKP. However, the lateral res-
olution of SKPFM will largely be dependent upon the operating distance
(e.g. the distance between the probe and the metal surface).Thus, the results
shown in Figs. 11.2 and 11.4 justify the use of SKPFM to measure a differ-
ence in local nobility at the sub-micron scale.

The structure of a grain in AZ91D alloy was studied. The relative com-
positions of magnesium, aluminium and manganese were measured at four
different locations. The results are given in Table 11.4. The grain consists of
homogenised magnesium, with a composition of about 6 at% aluminium
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and 94 at% magnesium (location 2). At the grain boundaries, around the
homogenised grain (locations 3 and 4), β-Mg17Al12 phase was observed.
The concentration of aluminium in β-Mg17Al12 varied from 6 at% in the
homogenised magnesium grain to about 30 at% at the grain boundaries
(location 1), in agreement with the literature.28 In the middle of the grain,
an Al–Mn intermetallic particle can be clearly seen. Comparing the com-
position determined using FEG-SEM coupled to EDS technique with the
analysis performed by microprobe and existing phase diagrams, it can be
concluded that the Al–Mn intermetallic particle is of type Al8Mn5. It should
be noted that, although EDS analysis of this particle shows a content of 
magnesium, this is an artefact due to interference of the EDS signal with
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11.4 Comparison of Volta potentials measured with the SKPFM and
the SKP.

Table 11.4 Composition and Volta potential measured by SKPFM (at 40%rh and
20°C) at locations 1–4

Location Concentration (at%) Phase Volta potential

Mg Al Mn
(mV vs. SHE)

1 15.8 53.8 30.4 Al8Mn5 −640
2 93.8 6.1 0.1 Homogenised Mg −1025
3 89.2 10.6 0.2 β-Mg17Al12 −805
4 71.2 28.7 0.1 β-Mg17Al12 −760
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the magnesium matrix surroundings. Most of the intermetallic particles
found in AZ91D had a circular form and were found in the middle of the
homogenised magnesium grain, in full agreement with the solidifying
process.

Measurements of Volta potential distribution for AZ91D were per-
formed using SKPFM at 40% rh and at 20°C. Brighter areas indicate higher
Volta potentials and the darker locations correspond to lower Volta 
potentials, which in this case corresponds to the homogenised magnesium
phase. The average Volta potentials at the four different locations studied
by FEG-SEM are shown in Table 11.4. As inferred from Table 11.4, the
Volta potential of the homogenised magnesium phase was about −1025mV.
Both Al8Mn5 intermetallic and β-Mg17Al12 phase showed nobler potentials
of about −640 and −760mV, respectively. Again, the high Volta potential of
β-Mg17Al12 phase compared with the magnesium matrix is linked to the alu-
minium content of 30 at% for β-Mg17Al12 phase. It should also be noted that
the locations between homogenised magnesium and β-Mg17Al12 where the
aluminium content was lower (e.g. around 10 at%) showed a lower Volta
potential at −800mV.

It should be pointed out that, since the Thermoscope instrument lacks
the lift mode capability, the Volta potential was mapped at the same time
as the topographic image, which gave rise to a so called ‘etching-effect’ that
might generate a noisy signal. Therefore, an area analysis should be pre-
ferred to a single-point analysis when analysing the Volta potential image.
The area analysis has been used to average the Volta potential in a number
of SKPFM images of the homogenised magnesium, β-Mg17Al12 and the
Al8Mn5 particle. The results are given in Table 11.5. The potential within a
single phase was not uniform. Relatively large variations of up 80mV could

Table 11.5 Corrosion potential of homogenised magnesium, β-Mg17Al12 and η-
Al8Mn5 phases measured in NaCl solutions and under atmospheric conditions
using SKP and SKPFM

Phases NaCl solution Atmosphere

Corrosion potential Volta potential 
(mV vs. SHE) (mV vs. SHE)

0.01M 0.1M 1M SKP SKPFM

40%rh 95%rh
40%rh

Homogenised magnesium −1300 −1330 −1360 −1140 −1140 −980
β-Mg17Al12 −900 −930 −960 −980 −900 −800
η-Al8Mn5 −420 −490 −530 −780 −690 −690
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be found within the homogenised magnesium phase. For Al8Mn5 inter-
metallic particles, variations within different particles were in the range of
120mV. This is due to variation in the aluminium content of the inter-
metallic particles from 58 to 67%.

The difference in Volta potential between the homogenised magnesium
and β-Mg17Al12 was around 200mV while a higher potential difference
around 300–350mV was observed between the homogenised magnesium
and Al8Mn5 intermetallic particle. Analyses of other locations in AZ91D
alloy indicated that a similar relative difference could be found between
the homogenised magnesium, β-Mg17Al12 and Al8Mn5 intermetallic.The rel-
ative differences between β-Mg17Al12 phase and Al8Mn5 intermetallic mea-
sured using SKPFM correspond well to the Volta potential values obtained
using SKP and measured over bulk made phases (see Figure 11.4). One
should, however, note that minor deviations can be expected due to differ-
ences in composition between the synthesised phases and the phases found
in the actual alloy.

A closer examination of a large number of SKPFM images on AZ91D
indicates that the surface coverage of areas with a Volta potential higher
than 100mV above that of the homogenised magnesium phase can be esti-
mated to approximately 45% of the total area. The areas with higher Volta
potential correspond mainly to areas with β-Mg17Al12 phase and areas with
a higher aluminum content (see Table 11.5).

The influence of the aluminium content on the Volta potential of Mg–Al
phases is given in Fig. 11.5. It is clear that a high aluminium content results
in an increase in the Volta potential as expected. Thus, it is more likely that
the areas of high Volta potential in Fig. 11.5 are closely linked to areas with
increasing aluminium content. Therefore, the formation of a zone at higher
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Volta potential along the grain boundary corresponds probably to the for-
mation of an Al-rich coring. It has also been reported that the aluminium
content is higher at the surface layer than in the bulk of Mg–Al alloys.27,32

This can be an explanation of the relatively large areas with a higher Volta
potential.

As reported elsewhere, manganese content in the Al8Mn5 phase also
decreases from the centre of the particle to the edges.23 This effect may
explain the decrease in the Volta potential observed at the edges of inter-
metallics of Al8Mn5 type. The remaining area in AZ91D alloy corresponds
to homogenised magnesium. It should be noted that the intermetallic phase
Al8Mn5 covered less than 1% of the surface area.

From SKPFM results, it is clear that β-Mg17Al12 phase and Al8Mn5 inter-
metallic work as local cathodes when coupled to the homogenised magne-
sium phase. The surface coverage of β-Mg17Al12 phase is much higher than
that of the intermetallic phases (e.g. about 40% compared with 1%) and
consequently, this first phase should play an important role in the initiation
of the corrosion on AZ91D. However, it is well known that β-Mg17Al12

phase itself is resistant to corrosion, forming a corrosion resistant barrier
with the precipitation of an Al-rich coring along the grain boundary. Thus,
more work is needed in order to fully understand the exact role of the β-
Mg17Al12 phase.

It is well known from the literature that the intermetallic particles play
an important role in the initiation process of localised corrosion attacks on
passive surfaces.1,8 The effect of Al8Mn5 particles is linked to the fact that
these particles will act as efficient cathodes with respect to the homogenised
magnesium phase (see Fig. 11.2). Although these particles are only cover-
ing about 1% of the surface, an important effect may be expected as the
cathodic efficiency of Al8Mn5 particles is much higher than that of β-phase.
An examination of AZ91D samples after exposure to NaCl solutions con-
firmed these results.The amount of pits increased together with the amount
of NaCl. The pitting started at locations where the passivity of the AZ91D
alloy was weaker, e.g. around the intermetallic particles.

11.4 Conclusions

The following conclusions may be drawn from this work:

• SKPFM is a powerful tool to measure difference in local nobility
induced by the microstructure.

• A linear relationship was observed between the Volta potential mea-
sured by SKPFM and that measured by SKP.

• The Volta potential of Mg-Al phases was dependent on the aluminium
content.
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• A good relationship was observed between the precipitation of Al-rich
phases and the Volta potential.

• β-Mg17Al12 phase and Al8Mn5 intermetallic particles work as local 
cathodes when coupled to the homogenised magnesium phase under
atmospheric weathering conditions.

• Corrosion on AZ91D magnesium alloy was initiated as pits starting at
locations around the intermetallic particle Al8Mn5, probably due to the
combined effect of high local nobility and high cathodic efficiency.
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12.1 Introduction

The 7xxx aluminium alloys, such as AA7075, are susceptible to severe
localised corrosion, like pitting, intergranular corrosion and exfoliation 
corrosion.1–3 The susceptibility of these alloys is strongly affected by heat
treatments, which change the microstructure of the alloy in order to give
optimum mechanical properties.4–6 The low resistance to localised corrosion
of particular microstructures represents a problem for the application of
7xxx alloys in the aerospace industry.

The microstructure of AA7075 exhibits intermetallics and strengthening
particles.7 The intermetallics are formed during casting and ingot homogeni-
sation due to interaction between alloying elements and impurities present
in the alloy.8 In AA7075, the Al7Cu2Fe and (Al,Cu)6(Fe,Cu) are the most
abundant intermetallics, while Mg2Si intermetallics are present in smaller
quantities.7,9 The strengthening particles have the composition MgZn2 (η

phase). Their precipitation in the matrix during aging provides strength to
the alloy.4,5 In addition, the strengthening particles precipitate at the grain
boundaries strongly affecting the resistance to intergranular corrosion of
the alloy. Solution heat treatment and aging both change the size, the com-
position and the distribution of the strengthening particles in AA7075.6,10

The electrochemical behaviour of 7xxx alloys has been investigated by
means of open circuit potential (OCP) and potentiodynamic polarisation
measurements. The potentiodynamic polarisation curves for AA7075
exhibit one breakdown potential for the peak-strength T6 temper and two
breakdown potentials for the solution heat treated and the overaged (T76)
tempers.11–13 The Al7Cu2Fe and (Al,Cu)6(Fe,Cu) intermetallics are the initi-

12
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ation sites for pitting in Al–ZN–Mg–Cu alloys.1–3 The pitting is due to local
dissolution of the matrix or to dissolution of the intermetallics because
there is galvanic coupling between intermetallics and matrix.3 The inter-
metallics containing Cu and Fe are cathodic with respect to the matrix and
promote dissolution of the matrix, while Mg-rich intermetallics are anodic
with respect to the matrix and dissolve preferentially.1,14 Scanning Kelvin
probe force microscopy (SKPFM) is used to measure the Volta potential
difference between intermetallics and matrix in air.15–20 In AA7075, the
Volta potential difference between intermetallics and matrix depends on
the composition of the intermetallics and on the heat treatments performed
on the alloy.21,22 The microcapillary cell technique23–26 is used to measure
local breakdown potentials for areas of aluminium alloys containing one or
a few intermetallics.27,28 The Volta potentials measured with the SKPFM are
related to the local breakdown potentials measured with the microcapillary
cell.28–30

12.2 Results and discussion

Table 12.1 reports the wt% composition for two intermetallics in AA7349,
which was measured by means of SEM-EDS. Both intermetallics contain
Cu and Fe. The intermetallic 1 exhibits a higher Cu content and a lower Fe
content than the intermetallic 2. Moreover, both intermetallics contain Mn
with the Mn content of intermetallic 2 significantly higher as compared with
intermetallic 1.

After characterisation of a large number of intermetallics (about 50), the
intermetallic 1 is identified as a Al7Cu2Fe+Mn intermetallic and inter-
metallic 2 as a (Al,Cu)6(Fe,Cu)+Mn intermetallic. Mg2Si intermetallics are
also present in the microstructure of AA7349. Fig. 12.1 shows the inter-
metallics 1 and 2 in AA7349.

AA7349 exhibits the same types of intermetallics found in AA7075 and
in the experimental alloy (indicated as EA1) with composition in the range
of AA7449.28–30 In contrast with AA7075, the Cu- and Fe-rich intermetallics
in AA7349 and EA1 contain small amounts of Mn (and Si for EA1). This
is indicated by ‘+Mn’ in the composition of the intermetallics (Fig. 12.1).

Table 12.1 Wt% composition for two intermetallics in AA7349

Intermetallic Al Zn Mg Cu Fe Si Cr Mn

1 61.6 3.5 0.7 23.6 9.6 0 0.2 0.8
2 65.4 4.1 0.1 6.3 20.9 0 0.5 2.7
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This is attributed to the different chemical composition of the alloys 
investigated.

Figure 12.2 shows the potentiodynamic polarisation curves for different
tempers of AA7075 (macro-electrochemical behaviour). This topic is dis-
cussed in detail in another paper.29 The temper that underwent solution 
heat treatment at 470°C for 1h (AA7075-SW60) exhibits a breakdown at

12.1 Example of intermetallics in AA7349.
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12.2 Potentiodynamic polarisation curves for AA7075-SW60, AA7075-
2ST6 and AA7075-T73 in 3.5% NaCl solution at pH 4.
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−0.799V vs. SCE, while the peak-strength T6 temper (AA7075-2ST6) and
the overaged temper (AA7075-T76) show the breakdown respectively at 
−0.770V vs. SCE and at −0.762V vs. SCE. The existence of a more nega-
tive breakdown for AA7075-SW60 than for AA7075-2ST6 and AA7075-
T76 demonstrates that solution heat treatment increases the susceptibility
to localised corrosion, while aging to the peak-strength and overaging
improves the resistance to localised attack.

Figure 12.3 shows that the localised attack takes place in the form of
pitting at the periphery of the intermetallics and as intergranular and exfo-
liation corrosion in AA7349-T76511. This was also observed for AA7075
and EA1, as reported elsewhere.28–30 In particular, it was shown that the
intermetallics are the initiation sites for the localised corrosion.

Figure 12.4 shows a topographic map (a), a Volta potential map (b), a
topographic line scan (c), and a Volta potential line scan (d) measured with
the SKPFM for AA7075. The intermetallics 1, 2 and 3 are brighter than the
matrix (Fig. 12.4b) meaning that a positive Volta potential difference exists
between these intermetallics and the surrounding matrix. The intermetallic
3 exhibits a Volta potential difference of +437mV relative to the matrix in
the Volta potential line scan in Fig. 12.4d. The intermetallics 4 and 5 are
darker than the matrix (Fig. 12.4b) indicating that a negative Volta poten-
tial difference exists between these intermetallics and the surrounding
matrix. In Fig. 12.4d, the intermetallic 4 exhibits a potential difference of
about −95mV relative to the matrix.

a b

8 µm
8.00µm

40 µm
40.00µm

12.3 Micrographs of a the exposed surface and b the cross-section
for AA7349-T76511 after potentiodynamic polarisation in 3.5% NaCl
solution at pH 4.
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Table 12.2 reports the Volta potential differences measured for as
received AA7075-T6. The existence of positive Volta potential differences
between the intermetallics and the matrix indicates that the intermetallics
have cathodic behaviour relative to the matrix, while the existence of neg-
ative Volta potential differences implies that the intermetallics have anodic
behaviour relative to the matrix.

The Volta potential differences in Table 12.2 exhibit a rather large 
standard deviation for all types of intermetallics. This is associated with a
rather large range of variation, as shown by the values of the maximum and
minimum Volta potential differences.

Figure 12.5 shows an SEM micrograph (a), a Volta potential map (b), a
Volta potential line scan (c) and EDS elemental maps (d and e) for a Cu-
and Fe-rich intermetallic in AA7075. Figure 12.5c shows a Volta potential
difference of 102mV between point 1 and point 2 in Fig. 12.5a and b. The
EDS elemental maps in Fig. 12.5d and e indicate that the existence of this
potential difference is associated with a higher Cu content at point 2 than
at point 1. Therefore, it is concluded that the existence of a range for the
Volta potential difference (Table 12.2) is due to small changes in the com-
position of the intermetallics (content of Cu, Fe, Si and Mg).

Previous work29 shows that solution heat treatment strongly increases the
Volta potential differences relative to the matrix for all types of inter-
metallics in AA7075, while aging and overaging decreases the potential dif-
ferences. This is related to the change in Mg and Zn content of the matrix
caused by either dissolution or precipitation of MgZn2 strengthening during
heat treatment.

Figure 12.6 shows the areas characterised with the microcapillary cell 
for solution heat treated AA7075-SW60 (Fig. 12.6a) and for over-aged
AA7075-T73 (Fig. 12.6b) and the potentiodynamic polarisation curves 
(Fig. 12.6c) for these tempers (micro-electrochemical behaviour). The

Table 12.2 Volta potential differences relative to the matrix for different types
of intermetallics in as received AA7075-T6 (ART6) (number of intermetallics,
maximum and minimum, average and standard deviation)

Temper Number Volta potential difference (mV)

Al7Cu2Fe (Al,Cu)6(Fe,Cu) Mg2Si

ART6 36 max. +475 +402 −112
min. +281 +257 −181
av. +396 +341 −141
st. dev 64 38 34
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micro-electrochemical behaviour of AA7075 is considered in detail in
another paper.29 The potentiodynamic polarisation curve for AA7075-
SW60 exhibits a breakdown at −0.51V vs. CE (1m calomel electrode), while
AA7075-T73 shows a breakdown at −0.44V vs. CE. This is associated with
a higher Volta potential difference for the intermetallics visible in Fig. 12.6a
for AA7075-SW60 (about 700mV) than for those in Fig. 12.6b (about 
500mV).29 The existence of a more negative local breakdown potential for
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12.6 SEM micrographs showing the areas characterised with the
microcapillary cell for a AA7075-SW60 and b AA7075-T76; and c first
0.05 V of the potentiodynamic polarization curves for these two
tempers. The scan rate was 0.1 V s−1.
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AA7075-SW60 than for AA7075-T73 (similar temper to AA7075-T76) 
is in accordance with the macro-electrochemical behaviour shown in 
Fig. 12.2. This confirms that the solution heat treatment of AA7075
increases the susceptibility to localised corrosion, while aging and overag-
ing decrease it.

Furthermore, the areas containing Al7Cu2Fe intermetallics exhibit 
more negative local breakdown potentials than the areas containing
(Al,Cu)6(Fe,Cu) intermetallics.28–30 This is in accordance with the existence
of higher Volta potential difference for the former type of intermetallics
(Table 12.2). The local breakdown potentials measured for AA7349 are
more negative than those for AA7075 when similar tempers are compared
(not shown here). This is associated with a higher susceptibility to localised
corrosion for the former alloy in the macro-electrochemical behaviour.30

The effect of heat treatment is less strong for EA1 than for AA7075.30

The results of the characterisation by means of the SKPFM and micro-
capillary cell validate the interpretation of the Volta potential between the
intermetallics and the matrix as a driving force for the initiation of localised
corrosion. The areas of the sample surface showing high Volta potential dif-
ferences between the intermetallics and the matrix exhibit higher suscep-
tibility to localised corrosion (more negative breakdown potentials) than
areas with low Volta potential differences. This is observed both when the
effect of the composition of the intermetallics is considered and when the
effect of the heat treatment is investigated.28–30

12.3 Conclusions

From the measurements of Volta potential difference with the SKPFM for
AA7075, AA7349 and EA1, it can be concluded that:

• Rather high Volta potential differences (in the order of a few hundred
mV) exist between the intermetallics and the matrix for the alloys inves-
tigated. The Al7Cu2Fe and (Al,Cu)6(Fe,Cu) have cathodic behaviour 
relative to the matrix, while the Mg2Si intermetallics have anodic 
behaviour. Furthermore, the Al7Cu2Fe intermetallics have stronger
cathodic behaviour than the (Al,Cu)6(Fe,Cu) intermetallics.

• The Volta potential difference between the intermetallics and the matrix
is strongly affected by heat treatment of AA7075.

• The existence of Volta potential differences between the intermetallics
and the matrix is interpreted as the driving force for the initiation of
localised corrosion at the location of the intermetallics.

From the measurements of local breakdown potential with the micro-
capillary cell, it can be concluded that:
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• The existence of intermetallics in the matrix of the alloys causes a break-
down in the potentiodynamic polarisation curves measured with the
microcapillary cell. The areas containing intermetallics exhibit a more
negative local breakdown potential than the matrix.

• The areas containing the Al7Cu2Fe intermetallics are more susceptible
to localised corrosion than the areas containing the (Al,Cu)6(Fe,Cu)
intermetallics.

• The local breakdown potentials measured with the microcapillary cell
are strongly affected by heat treatments performed on AA7075. The
solution heat treatment increases the susceptibility of AA7075 to 
the initiation of localised corrosion. The aging and overaging decrease
the susceptibility of AA7075 to the initiation of localised corrosion.

• The local breakdown potentials measured for AA7349 are more nega-
tive than for AA7075. This indicates a higher susceptibility to localised
corrosion for the former alloys than for AA7075. The effect of the heat
treatment on the measurements of Volta potential difference is less
strong for EA1 than for AA7075.

The complementary use of SKPFM, SEM-EDS and microcapillary cell
gives access to complementary information about the micro-electrochemical
behaviour of the alloys investigated. The SKPFM technique is very useful
for measuring the Volta potential differences between the intermetallics
and the matrix (in air), while the microcapillary cell technique makes it 
possible to study of the local breakdown potentials of areas containing the
intermetallics (in solution).The measurements of Volta potential difference
and of local breakdown potential exhibit the same trend.This indicates that
a high driving force for the initiation of the localised corrosion (Volta
potential difference) corresponds to a high susceptibility to the initiation of
the attack (local breakdown potential).
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13.1 Introduction

Atmospheric corrosion of steels is a commonly observed phenomena. It is
well known that the atmospheric corrosion of steel is accelerated by sea salt
particles in a seashore environment. However, the mechanism of atmos-
pheric corrosion of steel has not been clarified because of the difficulty of
experimental work. We have developed a new atmospheric corrosion test
device that can control the amount of attached sea salt particles. By using
this device, a certain concentration of sea salt particles was attached to a
low alloy steel and the initiation of atmospheric corrosion was observed by
the super Kelvin force microscope (SKFM).1

13.2 Experimental method

The Kelvin force method used in SKFM was originally developed by 
Yasutake et al.2 In this method, topography and surface potential can be
obtained at the same time in the non-contact mode. The scanning device
for x–y direction involves an accurate x–y stage. The accuracy of the x–y
stage is less than 0.1 µm for repeated positioning. The x–y stage can move
up to 10cm × 10cm, but the maximum scanning area is limited to 1cm × 1
cm. The minimum step of the x–y stage is 0.1µm, so the scan area of 25.6
µm × 25.6µm is the minimum scan area for the stage scan mode when the
acquired data points are 256 × 256. The specimen size of 20cm × 20cm ×

2.5cm can be observed. Two types of piezo scanner can be used. One is 
100µm × 100µm × 15µm of working distance and another is 0 × 0 × 40µm
of working distance.After setting the observing position, the scan mode can
be chosen as either the stage scan mode or the piezo scan mode. If we use
the scanner of 100 × 100 × 15µm, the scan range can be chosen from 10nm
to 1cm. The tip used for SKFM measurement was a conductive gold-coated
Si tip with a resonant frequency of around 25kHz. The SKFM image was
taken every hour with data points of 256 × 256.

13
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Test specimens were two types of low alloy steels, SM50B and 3%Ni steel,
mechanically polished up to 1 µm roughness. For SKFM observation, sea
salt particles of 0.012mgcm−2 were attached by using a new atmospheric
corrosion test device under low relative humidity conditions (30% rh) for
preventing the corrosion. An accumulation rate of sea salt particles of 0.2
to 1mdd was used for the corrosion test at a constant humidity of 90% rh.
The number of attached sea salt particles is estimated by using 30MHz of
gold-coated quartz crystals. The initiation of atmospheric corrosion was
observed by SKFM under humidity control conditions. A relative humidity
range of between 48 and 85% rh was used to study the initiation of atmos-
pheric corrosion. In this case, relative humidity was controlled by control-
ling the specimen surface temperature with a cooler. A Kelvin force
microscope and a colour laser microscope were also used to observe the
detail of corrosion. The nucleation of a thin liquid film was observed by
KFM and SKFM at rh of 35 to 40% after keeping the specimen at 85% rh
for 1h and attaching a sea salt particle concentration of 0.01mgcm−2.

13.3 Results and discussion

13.3.1 SKFM observation of initiation of corrosion

Figure 13.1 shows the SKFM images of SM50B tested in a humidity of 48
to 85% rh. The concentration of attached sea salt particles was 12 µgcm−2.
As the relative humidity increased, the area of the part where the poten-
tial was more negative than that of usual sea salt particles attached
increased rapidly, as shown in Fig. 13.1b to d, and the potential of the most
observed area moved in a negative direction as seen in Fig. 13.1e. Filiform
corrosion with widths much bigger than the diameter of the sea salt parti-
cle attached progressed rapidly. The increase in the area of the negative
potential part is considered to be due to the increase of the formation of
FeCl3, resulting from an increase in the amount of liquid, due to the NaCl
which is the main component of the sea salt particle becoming liquid above
73% rh. The size of sea salt particle also increased due to the increase in
volume from the state change of NaCl from solid to liquid. The potential
of the corroding part was more negative than the other part. After the rel-
ative humidity was decreased to 48% again, the area of the negative poten-
tial part still remained as seen in Fig. 13.1f. Figure 13.2 shows the optical
microscope image immediately after the corrosion test.A transparent green
liquid was observed at the corroding part. The former FT IR microscope
analysis showed3 that this liquid was FeCl2. The volume of this liquid was
over 100 times bigger than that of a sea salt particle. The mechanism of the
formation of the big liquid droplet is considered as follows: after the 
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13.1 SKFM observation of atmospheric corrosion of SM50B at 
rh of 48 to 85%: a at the start (48% rh), b after 3 h (67% rh), c after 
9 h (83% rh), d after 11 h (85% rh), e after 15 h (85% rh), f after 17 h
(48% rh).
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specimen surface is covered with thin liquid film, the Cl− ion can move to
the corroding part to keep electrical neutrality. Cl− ion is supplied by the
sea salt particles near the corrosion part. Figure 13.3 shows the distribution
of sea salt particles in the square area indicated in Fig. 13.2 at the start as
shown in Fig. 13.3a and 17h after test started as seen in Fig. 13.3b. The
decrease in the height of sea salt particles shows evidence of Cl− ion move-
ment. Thus, the existence of a very thin liquid film plays an important role
in the mechanism of atmospheric corrosion in a seashore environment.

13.3.2 Observation of nucleation of thin liquid film

Figure 13.4 shows the SKFM image of SM50B (left image) and 3%Ni steel.
The existence of a negative potential part indicates the existence of a thin

13.2 Optical microscope image immediately after corrosion test.
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13.3 Distribution of sea salt particles at a the beginning and 
b 17 h after test started.
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13.4 SKFM image of low alloy steels after keeping at 85% rh for 
1 h (1.2 mm × 1.2 mm): a SM50B, b 3%Ni.

liquid film. The coverage ratio of thin liquid film on SM50B was bigger than
that on 3%Ni steel, because 3%Ni steel is more resistant than SM50B to
corrosion. The corrosion product in which the potential is noble was
observed within the negative potential part (Fig. 13.5). This also shows the
thin liquid film was produced by corrosion. Fig. 13.6 shows the KFM image
of the part where the potential was changed. No evidence of the existence
of a thin liquid film was observed on the surface profile image of SM 50B
in spite of the maximum height difference in the surface profile being about
20nm, while small particles of 10nm in maximum height were observed at
the negative potential part on 3%Ni steel.
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13.5 Relation between corrosion product and thin liquid film
(SM50B).

13.6 KFM image of low alloy steels near the potential boundary: 
a SM50B, b 3%Ni.
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13.3.3 Constant relative humidity test

Figure 13.7 shows the results of a constant relative humidity test for 
low alloy steels with a sea salt accumulation rate of 0.2 to 1mdd (mgdm−2

day−1). When the sea salt accumulation rate was low, the corrosion rate of
3%Ni steel was much lower than SM50B, whereas the corrosion rate
became similar as the sea salt accumulation rate increased. Figure 13.8
shows the optical microscope image of low alloy steels after testing. The
corrosion morphology was the same at the sea salt accumulation rate of 1
mdd. Thus, the main difference between 3Ni steel and SM50B was the ini-
tiation time of atmospheric corrosion.

13.4 Conclusions

Atmospheric corrosion tests were carried out under high relative humidity
conditions. The results show that a very thin liquid film was formed around
the corrosion products once corrosion started. After the specimen surface
was covered with a thin liquid film, Cl− ion could move to the corroding
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13.8 Optical microscope image of low alloy steels after constant
humidity test: a 0.2 mdd, left 3%Ni steel, right SM50B; b 1 mdd, left
3%Ni steel, right SM50B.

13.7 Effect of accumulation rate of sea salt on corrosion rate for low
alloy steels: a SM50B, b 3%Ni steel.
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part to increase the corrosion rate. The mechanism of atmospheric corro-
sion by sea salt particles under high relative humidity condition was similar
on both SM50B and 3%Ni steel.The main difference was the initiation time
of corrosion.
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14.1 Introduction

Numerous studies have shown that MnS inclusions in stainless steels are
good precursor sites for pitting corrosion.1–3 The dissolution of MnS inclu-
sions which produces sulfur species in the solution (HS− ions during the
chemical dissolution4 and S2O3

2− ions during the electrochemical dissolu-
tion5–7) is generally accompanied with a local drop of the pH. It has been
suggested that once a critical value of pH is reached, pits initiate. Other
workers8–9 have proposed that pit initiation is induced by the precipitation
of a MnCl2 salt film which prevents repassivation of the metal and main-
tains a local acidity due to hydrolysis reactions. However, heterogeneous
surface stress distributions are developed at the interface between the
matrix and such heterogeneities10–18 and these stress gradients may signifi-
cantly affect the mechanisms of dissolution and pitting corrosion.

For applied stresses close to the apparent yield strength, surface microc-
racks may initiate either along the matrix–inclusion interface or through
some inclusions. Local electrochemical experiments performed in chloride-
based media using microcapillary-based techniques19 have revealed that the
presence of such microcracks shifts the onset potential for MnS dissolution
to more negative values and that stable pitting is observed after a period
of MnS dissolution. In the absence of microcracks, only current transients
occur during dissolution of the inclusion. To explore whether such micro-
cracks might serve to generate locally high concentrations of aggressive
species, the chemistry inside a crack along the interface was simulated using
a finite element difference model.19 For experimental conditions where
stable pitting was observed, simulations predict that the pH is about 2 and
the chloride concentration is around 6m in a 3 µm deep crack. Although
stainless steels are ductile, other mechanisms of cracking were identified
above the apparent yield strength, including surface microcracks in the
metallic matrix close to the inclusions.20 It should be mentioned that surface
microcracks can nucleate on stainless steels under various modes of 
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deformation (such as cyclic loading on sites of plastic strain localisation21

and cyclic bending22) and during the outgassed cycle after hydrogena-
tion.23–24 To our knowledge, no local electrochemical measurements have
been carried out to determine the influence of such surface microcracks on
the pitting susceptibility of stainless steels.

Therefore, the objective of this paper is to determine the influence of
surface microcracks initiated in the matrix on the electrochemical behav-
iour and the pitting susceptibility of stainless steels. The location where
microcracks initiated was predicted by calculating the surface stress field
around inclusions considering the real microstructure of materials20–25 and
by analysing the local electrochemical measurements performed using the
electrochemical microcell technique on the bases of these mechanical data.

14.2 Experimental method

Experiments were performed on a resulfurised 316L stainless steel (chem-
ical composition: Ni 11.04, Cr 16.67, Mn 1.529, S 0.0251, Si 0.424, P 0.025,
Mo 2.26, C 0.018 and N 0.069 wt%). The yield and ultimate strength of
tensile specimens are 258 and 590MPa, respectively. Specimens were
mechanically polished with emery papers and smoothed with diamond
pastes (down to 1 µm). It should be noticed that the polishing operations
were systematically carried out along the x1-axis (rolling direction). Spher-
oidised inclusions (depth below 5 µm and size ranging from 5 to 40 µm) were
found to be heterogeneously distributed on the surface, as shown in Fig.
14.1. A set of specimens was then subjected to an uniaxial tensile loading
at 10% plastic strain along the x1-axis. The morphology of microcracks near
MnS inclusions was investigated after unloading using a field-emission type

50 µm

14.1 Morphology of MnS inclusions observed using optical
microscopy.
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scanning electron microsope (FE-SEM, JEOL 6400F) with an integrated
electron dispersion spectrometer (SEM-EDS).

Local electrochemical measurements were carried out on the unstrained
specimens and on the strained specimens after unloading using the elec-
trochemical microcell technique.26 This technique consists of a glass micro-
capillary which is filled with electrolyte. The tip of the capillary (100 µm in
diameter) is sealed to the specimen surface with a layer of silicon rubber.
The entire setup is mounted on a microscope for precise positioning of the
capillary on the surface. After positioning the microcapillary, a cathodic
potential of −600mV/SCE was applied for 2min after which potentio-
dynamic polarisation curves were determined in 1.5m NaCl, pH 3 at a scan
rate of 1mVs−1. A modified high resolution potentiostat having a current
detection limit of 20 fA (Jaissle 1002T-NC-3) was used. The counter elec-
trode was a platinum wire and the reference electrode was a saturated
calomel electrode (SCE).

14.3 Results and discussion

14.3.1 Local electrochemical behaviour of matrix in

absence of surface microcracks

In order to have reference plots and to determine some key parameters
such as the onset potential for MnS dissolution and the pitting potential,
local electrochemical measurements were first performed on the unstrained
specimen (Fig. 14.2). In the absence of inclusions, it can be seen that the
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14.2 Local polarisation curves determined in 1.5M NaCl, pH 3 at 24°C
on 316L SS with 0.025% S. The sites on the unstrained specimen
contain a the matrix without inclusions and b the matrix with a large
MnS inclusion.
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current remains low and more-or-less constant in the passive range. On the
other hand, the polarisation curves determined on sites containing the
matrix and a large inclusion show a current peak in the passive range start-
ing between 160 and 280mV/SCE which was attributed to the electro-
chemical dissolution of the inclusion,19 as shown in Fig. 14.2(b). Numerous
current transients were observed at the top of the current peak, indicating
that metastable pitting occurred frequently. In 80% of these experiments,
stable pitting was observed between 320 and 500mV/SCE.

14.3.2 Local electrochemical behaviour of matrix in

presence of surface microcracks

Particular attention was then paid to the role of microcracks initiated in the
matrix above the apparent yield strength on pit initiation.Three microcrack
morphologies were identified at 10% plastic strain and the electrochemical
behaviour of sites containing these different microcracks was determined
after unloading using the electrochemical microcell technique.

Microcracks in the inclusion or along the interface

In the presence of microcracks along the interface and in the inclusion, the
current peak associated with the dissolution of the inclusion was detected
at a lower potential than on the unstrained specimens (from a potential
between 50 and 100mV/SCE), as shown in Fig. 14.3(b and c). This confirms
previous results conducted at low plastic strains indicating that such micro-
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14.3 Local polarisation curves determined on sites containing the
matrix without inclusions (a), the matrix with a large MnS inclusion
and numerous microcracks both through the inclusion and along the
interface (b) and the matrix with a large MnS inclusion and some
microcracks at the interface (c) as shown in the SEM image. Plastic
strain was applied along the x2-axis.
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cracks promote the dissolution of MnS inclusions.19 Numerous large
metastable events were detected during MnS dissolution and in the pres-
ence of numerous microcracks both through the inclusion and along the
interface, stable pitting was detected during this process (between 240 and
350mV/SCE), as shown in Fig. 14.3(b). The experiments where pits repas-
sivate were encountered on sites where microcracks propagated along the
interface, as shown in Fig. 14.3(c) and the SEM image. One may assume
that these microcracks are not deep enough to reach the chemical condi-
tions necessary for stable pitting.19

Microcracks in the matrix close to the inclusions

Above the apparent yield strength, microcracks with a length between 2
and 5 µm were observed in the metallic matrix in the close vicinity of some
MnS inclusions, as shown in Fig. 14.4a. In the absence of emerging slip

–600 –300 0 300 600
10–1

100

101

102

103

104

C
ur

re
nt

 d
en

si
ty

 (
µA

 c
m

–2
)

Potential (mV/SCE)

c

d

600 MPa

200 MPa

350 MPa 
(≈ 6%)

x1

x2

a

40 µm

b σ22

14.4 a SEM image on the elongated specimen of microcracks in the
matrix and through a large MnS inclusion and b stress field deduced
from numerical simulation around this inclusion for an applied stress
of 350 MPa. Local polarisation curves determined on sites containing
the matrix without inclusions (c) and the matrix with a large MnS
inclusion and numerous microcracks (d). Plastic strain was applied
along the x2-axis.
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bands, the driving factor for crack initiation is the ratio of the elastic
modulus of the inclusion to that of the matrix. This ratio has a strong influ-
ence on the stress amplitudes inside and around the inclusion whereas the
morphology of the inclusion controls the location where the stress gradi-
ents are observed. The surface stress field was calculated under straining
conditions (applied stress of 350MPa corresponding roughly to 6% plastic
strain) around the inclusion shown in Fig. 14.4a using the numerical method
described above20 and a two-dimensional meshing composed of 122023 ele-
ments. The stress calculation involves the development of new image analy-
sis processing and implementation in the finite element (FE) code of a new
operator for meshing the real microstructure and material models capable
of describing the complex behaviour of real materials (anisotropic mechan-
ical and crystallographic properties).

Three stress gradients reaching the ultimate strength of the matrix were
found in the matrix close to the inclusion, as shown in Fig. 14.4b. Compar-
ing the surface stress distribution derived from simulation and the SEM
micrograph, it is demonstrated that microcracks initiate where stress gra-
dients are developed. Therefore, it is possible to predict where microcracks
initiate during straining and consequently such an investigation combined
with the electrochemical microcell technique would be possible to follow
the corrosion sensitivity of such micro-cracked areas.

Figure 14.4 shows two typical polarisation curves (d) measured on sites 
containing an inclusion with numerous microcracks both in the matrix 
and through the inclusion. A few small current transients were visible 
in the passive range (between 0 and 80mV/SCE) before the current
increase related to the electrochemical dissolution of the inclusion.
This indicates that pits first initiated and repassivated at microcracks
located in the matrix. Stable pitting was then systematically observed
between 90 and 130mV/SCE. Within this potential range, a small amount
of MnS was dissolved, suggesting that sulfur species did not play a major
role in pit initiation and that microcracks in the matrix were the weakest
zones.

Microcracks in the matrix generated by sub-surface inclusions

At higher plastic strains, microcracks were detected in the matrix whereas
no inclusions were visible on the surface, as shown in Fig. 14.5a. However,
EDS experiments revealed the presence of a sub-surface inclusion. This 
situation which was often observed on the specimen surface at 10% plastic
strain was reproduced using numerical simulation. A 3-D meshing com-
posed of 28755 × 13 elements was considered and the inclusion was embed-
ded 0.4 µm below the surface. It was found that the stress concentration in
the thin metallic layer between the surface and the inclusion reaches the
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ultimate strength of the matrix from about 8% plastic strain, as shown in
Fig. 14.5b.

The local polarisation curve determined on these sites is shown in Fig.
14.5(d). Roughly the same polarisation curve as that obtained on sites con-
taining the pure matrix (d) was found until the dissolution of the inclusion.
No microcracks were formed in this inclusion that is embedded in a closed
volume. Therefore, regarding the conditions of dissolution of this inclusion
and stability of pits, an intermediary behaviour between that found for the
inclusions with microcracks and that found for the inclusions on the
unstrained specimens was obtained. Dissolution of the inclusion started at
around 120mV/SCE (instead of between 160 and 280mV/SCE on the
unstrained specimen and between 50 and 100mV/SCE in the presence of
microcracks through the inclusion and along the interface). Stable pitting
was systematically detected at lower potentials, between 200 and 
300mV/SCE.

–600 –300 0 300 600
10–1

100

101

102

103

10

40 µm

σ22

4

C
ur

re
nt

 d
en

si
ty

 (
µA

 c
m

–2
)

Potential (mV/SCE)

c

d

a b

600 MPa

200 MPa

400 MPa 
(≈8%)

x1

x2

14.5 a SEM image on the elongated specimen of microcracks
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b stress field deduced from numerical simulation for an applied stress
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the matrix without inclusions (c) and a microcrack initiated in the
matrix by an inclusion just beneath the surface (d). Plastic strain was
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14.3.3 Local electrochemical measurements in low

concentration solutions

The deleterious effect of microcracks on the corrosion resistance of stain-
less steels was also observed in low concentration solutions. In order to esti-
mate the iR ohmic drop in the electrochemical cell, the resistance of the
microcapillary was calculated considering that it is composed of two parts,
the body with a cylinder-like shape (length 2.5cm and inner diameter 
0.84cm) and the head with a trapezoid-like shape designed during the
pulling process (length 0.675cm and inner diameter at the tip 0.1cm).A cell
resistance of about 1MΩ was obtained for a microcapillary filled with 0.02m

NaCl, pH 3. As the current measured in these experiments was in the range
of pA and nA, the ohmic drop was neglected. Fig. 14.6 shows the local 
polarisation curves determined in 0.02m NaCl, pH 3 at 25°C on the pure
matrix, the matrix with a small inclusion and the matrix with a large inclu-
sion. It can be seen that nearly no current transients were detected on the
unstrained specimens during the dissolution of MnS inclusions (even for
the large inclusions). On the other hand, a large number of current tran-
sients were systematically observed on sites containing a small inclusion and
a microcrack either along the MnS/matrix interface and through the inclu-
sion, indicating that initiation of metastable pits is promoted at microcracks.
The presence of numerous microcracks at large MnS inclusions induces
stable pitting at around 750mV/SCE, as shown in Fig. 14.6.

14.4 Conclusions

The results obtained from local electrochemical measurements show that
the presence of microcracks in the metallic matrix affects significantly the
electrochemical behaviour of the material in 1.5m NaCl, pH 3. In the pres-
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ence of such microcracks, the pitting potential was found to decrease sig-
nificantly with respect to those found on the unstrained specimens (between
320 and 500mV/SCE) and on the strained specimens with microcracks
along the interface or though the inclusion (between 240 and 350mV/SCE).
Two morphologies of microcracks were observed in the matrix:

(i) in the presence of microcracks in the matrix generated by an inclu-
sion embedded close to the surface, stable pitting was detected
between 200 and 300mV/SCE.

(ii) in the presence of microcracks in the matrix close the inclusions, stable
pitting was found to drop to between 90 and 130mV/SCE. It was also
concluded that microcracks in the matrix were the weakest zones and
that MnS plays no role in pitting.
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15.1 Introduction

Welding in the aerospace industry is currently experiencing renewed inter-
est and expanding application due to new developments, innovations, and
technology. Welds are currently replacing conventional joining methods
such as rivets and fasteners in numerous applications in military aircraft,
commercial aircraft, and space vehicles.1 Improvements in welding tech-
niques result in significant reduction of distortion, lower residual stress, and
smaller regions of metallurgical / microstructural heterogeneity compared
with conventional fusion based welds.

Friction stir welding (FSW)2–4 has been shown to be an effective method
for joining high strength 7xxx and 2xxx series aluminium alloys, which were
previously considered unweldable in aircraft and automotive structures.5

The ability to produce high-quality welds in high-strength aluminium alloys
sets FSW apart from fusion welding techniques. The strength of friction stir
welds is 30–50% greater than that of conventional arc welding while the
fatigue life is similar to that of riveted components.1 Subsequent widespread
use of FSW aluminium aircraft and aerospace components will effectively
reduce the cost of manufacture and maintenance whilst increasing the per-
formance and reliability of civilian as well as military platforms.

FSW is carried out by plunging a rotating tool piece into the junction
between two metal plates. The resulting frictional heat allows plastic flow
of the metal, stirring together the metal from the two plates to form a seam-
less join. The process generates three microstructural regions: the nugget,
where the material has undergone severe stirring and heating; the thermo-
mechanically affected zone (TMAZ), which is subjected to both deforma-
tion and heating; and the HAZ, where the material experiences only a
thermal cycle. Microscopically, these regions are significantly different,
especially in heat-treatable aluminum alloys such as 2xxx series.

Although knowledge of the localised corrosion behaviour as well as the
environmental fracture behaviour of each of the micro-zones that make up
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the FSW weldment will be helpful in developing models for life prediction
of friction stir welded aerospace components exposed to high loading and
aggressive (corrosive) environments, limited studies6–11 have been per-
formed. It has been shown that welded regions are more susceptible to
localised corrosion than the parent metal in FSW 2024 and 7075 alloys.

Electrochemical measurements utilising microelectrochemical cells to
determine local anodic and cathodic behaviour have previously been per-
formed.12–14 Moreover, the varied microstructure provides an excellent plat-
form to investigate the effects of applied stress on electrochemical reactivity
of each region of the weld. Previous investigators have shown deleterious
effects of applied stress on localised corrosion behaviour of structural
metals. Effects on the dissolution rate,15 passivity16,17 and localised corrosion
initiation and propagation18–21 have been reported. One investigator
reported that a possible controlling factor in localised corrosion initiation
in steel was due to the presence of micro-cracks near inclusions resulting
from an applied remote load.22

In the present work, the anodic reactivity of the parent and of the various
regions of friction stir welded AA2024 is characterised as a function of
remote applied stress state in chloride-containing environments.

15.2 Experimental method

The material used in this work was AA2024-T351 plate (Al, 4.43% Cu,
1.42% Mg, 0.06% Si, 0.61% Mn, 0.08% Fe, 0.06% Zn). Testing was per-
formed on the as-received parent plate material and on friction stir welded
plate.The FSW was performed using a spindle speed of 350rpm and a travel
speed of 120mmmin−1.

Local electrochemical measurements were performed on the parent plate
and in each distinct region of the FSW weldment utilising a ‘droplet cell’
microelectrochemical method (Fig. 15.1a).The droplet cell method involves
placing the tip of a 1mm diameter micropipette above the specimen surface
and making contact with a droplet of solution. Detailed description of the
set-up is located elsewhere.11,12 The electrochemical testing consisted 
of anodic potentiodynamic scans at 1mVs−1 and potentiostatic holds at 
−0.6VAg/AgCl for 60min in 0.1m NaCl solution. All electrochemical mea-
surements were performed on polished surfaces parallel to the crown of the
weld at a thickness of T/4. Remote tensile loads were applied via a 3-point
bend stressing frame.

The effect of applied remote stresses on the microstructure of parent
2024-T351 was analysed at high resolution utilising an in situ field emission
gun scanning electron microscope (FEG-SEM) equipped with a 10kN
servo-electric loading stage (Fig. 15.1b). Stresses (i.e. 1, 50, 90 and 110% of
yield stress) were applied via a 4-point bend stressing frame. Specific 
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interest was given to the morphology of the constituent particle/matrix
interfaces as a function of remote applied load.

15.3 Results and discussion

Preliminary results indicate a reduction of pitting potential of AA2024-
T351 parent metal when subjected to a remote load (Fig. 15.2). This result
was observed when the applied stress was oriented parallel to the rolling
direction as well as when the applied stress was oriented perpendicular to
the rolling direction. The increase in the anodic activity of the alloy is a
result of the formation of preferential localised corrosion sites and 
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15.1 a The microelectrochemical test setup (i.e. droplet cell) consists
of a three electrode cell within a fine pipette mounted on an optical
microscope body. Local measurements were performed using pipettes
with diameters from 5–10 µm up to 1 mm. b FEG-SEM with in situ

tensile / 4-point bend stressing stage.
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subsequent aggressive environments at crevices or micro-crevices formed
at constituent particle–matrix interfaces when subjected to a remote load.

In situ FEG-SEM analysis (Fig. 15.3) as a function of applied strain shows
that as the material is stressed above 90% of the yield strength, delamina-
tion occurs between the particle and the matrix. Figure 15.3b and c clearly
shows the formation of a sub-micron crevice along the edge of the con-
stituent particle. Delaminations were never observed at previously cracked
particles or at flawed/damaged particles such as that seen at the left-centre
in Fig. 15.3a. EDX analysis of the delaminated particles confirmed that this
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phenomenon occurs to both the Fe–Mn–Cu rich particles and the Cu–Mg
rich particles.

Microelectrochemical testing as a function of applied remote stress was
also performed on the HAZ and nugget regions of friction stir welded 2024-
T351. Figure 15.4 shows the etched microstructure of the various FSW
regions. The elongated pancake grains are clearly visible in the parent and
HAZ regions while the nugget displays fine equiaxed grains characteristic
of a recrystallisation process. The most interesting microstructure occurs in
the TMAZ and at the HAZ/TMAZ boundary. The grain structure at the
HAZ/TMAZ boundary has been dramatically changed due to the friction
stir process. The grains are aligned perpendicularly to the original rolling

a

b 1 µm 1 µm c
ε = 100 e–6

ε = 6870 e–6 (beyond σys)

Rolling direction

σapplied

15.3 In situ FEG-SEM documentation of a constituent particle–matrix
interface upon application of plastic strain. A distinct delamination
occurs along the interface perpendicular to the applied stress. The
remote stress in this case was applied parallel to the rolling direction
of the 2024-T351.
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direction. As seen later, this structure is key to the subsequent enhanced
dissolution rates observed during potentiostatic testing while subjected to
applied loads.

Results from the microelectrochemical potentiodynamic testing of the
HAZ as a function of applied stress are presented in Fig. 15.5. No differ-
ence is observed between the breakdown potentials in the unstressed con-
dition compared will the stressed condition. In each case, the scatter of the
breakdown potentials lay between −0.610VAg/AgCl and −0.640VAg/AgCl. It is
reasonable to conclude from these observations that applied remote stress
state has no effect on the initiation of localised corrosion sites in the HAZ.
It should be noted that the breakdown potentials recorded for the 
HAZ were significantly more active than those of the unstressed parent
material.

Examination of the localised corrosion morphology of the different
regions of the weld revealed that, whereas the parent metal displayed classic
pitting associated with constituent particles, the predominant form of cor-
rosion in the HAZ and the nugget was intergranular in nature. From this
observation, the question was posed as to whether applied stressed could

Parent

100

100

100 50 µm

100 µm

10 mm

TMAZ

HAZ

Nugget

15.4 Etched microstructure (Keller’s reagent) of the cross section of
friction stir welded 2024-T351. The varied microstructure is evident
across the four regions (i.e. parent material, HAZ, TMAZ and the weld
nugget) of the weld.
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effect the propagation rate of intergranular corrosion sites. With this in
mind, potentiostatic experiments were performed on stressed and
unstressed specimens as a function of location within the HAZ and nugget
regions of the weld.

Results from the potentiostatic testing as a function of position within
the HAZ region are presented in Figures 15.6 and 15.7. Figure 15.6 displays
current–time data from tests performed in the middle of the HAZ region.
The current produced by the unstressed specimens is higher than that pro-
duced by the stressed specimens. Moreover, the total charge passed of the
stressed specimens during the 60-min test is consistently lower than that of
the unstressed specimens. It is reasonable to conclude from these results
that applied stress does not enhance the intergranular corrosion dissolution
rate of the HAZ region. In contrast, Figure 15.7 displays the results from
tests performed at the HAZ/TMAZ boundary (see Fig. 15.4 for microstruc-
ture) and reveals that the current observed for the stressed specimens after
the 60-min potentiostatic test is twice that of the unstressed specimens. It
is unclear as to what the applied stress is doing to the local microstructure
at the HAZ/TMAZ boundary, but it can be assumed that the elongated
grains aligned perpendicularly to the rolling direction play a significant role.
It can be speculated that the applied stress enhances the rate of intergran-
ular corrosion along these boundaries whereas no such enhancement is
observed along similar boundaries within the HAZ that are aligned paral-
lel to the rolling direction.
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Results from the microelectrochemical potentiodynamic testing of the
nugget as a function of applied stress are presented in Fig. 15.8. As in the
case of the HAZ, no difference is observed between the breakdown poten-
tials in the unstressed condition compared with the stressed condition.
In each case, the scatter of the breakdown potentials lay between 
−0.640VAg/AgCl and −0.660VAg/AgCl.

Results from the potentiostatic testing as a function of position within
the nugget region are presented in Fig. 15.9. Similar to the results from tests
performed on the HAZ region, the stressed specimens display lower cur-
rents (dissolution rates) than the unstressed specimens.Again, as concluded
for the HAZ region, it is reasonable to conclude from these results that
applied stress does not enhance the intergranular corrosion dissolution 
rate of the nugget region. Reasons as to why the currents measured in the
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15.6 Current–time relationship (potentiostatic hold at −0.6 VAg/AgCl) 
as a function of applied stress of the HAZ region in a 2024-T351
friction stir weld. The remote stress was applied parallel to the rolling
direction and the welding direction.
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15.7 Current–time relationship (potentiostatic hold at −0.6 VAg/AgCl) as a
function of applied stress of the HAZ/TMAZ boundary region in a
2024-T351 friction stir weld. The remote stress was applied parallel to
the rolling direction and the welding direction.
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stressed HAZ and nugget specimens are lower and not equal to those mea-
sured in the unstressed specimens are as yet unresolved.

15.4 Conclusions

• Remote tensile stresses above 80% yield increases in the electrochem-
ical reactivity for localised corrosion site initiation (i.e. decrease in the
breakdown potential) in parent 2024-T351. This occurs both when the
remote stress is applied parallel as well perpendicularly to the rolling
direction.

• In situ FEG-SEM analysis reveals that delamination occurs at con-
stituent particle–matrix interfaces in parent 2024-T351 when subjected
to remote loads greater than 90% of the yield strength. It is reasonable
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15.9 Current–time relationship (potentiostatic hold at −0.6 VAg/AgCl) as a
function of applied stress of the nugget region in a 2024-T351 friction
stir weld. The remote stress was applied parallel to the rolling
direction and the welding direction.



Effect of applied stress on localised corrosion measurements 165

to assume that these micro-crevices readily develop aggressive envi-
ronments resulting in the formation of preferential localised corrosion
sites.

• No increase in the electrochemical reactivity for corrosion initiation is
observed in the HAZ or nugget regions of the 2024 FSW as a function
of remotely applied tensile stress.

• Applied remote stresses enhance the localised corrosion propagation at
the HAZ/TMAZ boundary in FSW 2024-T351. No other area within the
HAZ or nugget of the weld displays this behaviour.
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16.1 Introduction

Microelectrochemical methods which have been developed appear to be
powerful techniques to study chemical and/or electrochemical reactions in
the micro- and nano-range.1–4 Local investigations of the electrochemistry
on multi-phase materials at the scale of the microstructure can be investi-
gated by invasive or non-invasive techniques as shown in Fig. 16.1. In the
case of non-invasive ones, like the microcapillary electrochemical cell,5 a
reduced area containing a well defined ratio of the phases or a single phase
can be selected and electrochemical properties can be defined easily under
potentiostatic conditions. Nevertheless, the galvanic interaction cannot be
studied. This can be done with invasive probes like the scanning vibrating
electrode technique (SVET), which enables detection of distribution of the
current lines in the bulk of electrolyte or the scanning electrochemical
microscope (SECM). SVET offers the possibility of mapping variations in
current densities on the microscale over a corroding system by measuring
potential gradients developed in the solution due to the flow of ionic cur-
rents and of locating anodic and cathodic zones.

SVET measurements at open circuit potential (OCP) have only been per-
formed in specific cases such as for characterising the current evolution
during the initiation and growth of surface microcracks under straining con-
ditions6 and the deterioration of organic coatings7,8 and for studying micro-
bial influenced corrosion.9 The main reason is that it is difficult to activate
a single pit at OCP on a sufficiently long time scale to perform local current
measurements.

16
In situ detection of galvanic coupling 

during pitting by scanning vibrating 

electrode technique and 

microcapillary electrochemical cell

H . K R AW I E C, AGH University of Science and Technology,
Poland, and R . O LT R A and V. V I G NA L,

Université de Bourgogne, France

167



168 Local probe techniques for corrosion research

16.2 Experimental methods

Measurements were performed on a resulfurised 304L type stainless steel
(Ni 8.75, Cr 18.3, Mn 1.7, S 0.17, Si 0.5, P < 0.035 and C 0.05wt%). The
samples were machined from sheets along the short transverse direction.
Spheroidised inclusions were observed (depth <5µm) and their size ranged
between 5 and 40µm.These inclusions were heterogeneously distributed on
the surface. The samples were mechanically polished with silicon carbide
emery papers down to 4000 grit, smoothed with diamond pastes down to 
1µm and ultrasonically rinsed in ethanol. After polishing, the depth of the
inclusions emerging at the surface ranged from the nano- to the microscale,
depending on the quantity of MnS removed during polishing.

The local electrochemical behaviour of specimens was studied at 25°C
using the microcapillary electrochemical cell (MEC).5 This technique con-
sists of a glass microcapillary which is filled with the electrolyte. The micro-
capillary tip was sealed to the specimen surface with a layer of silicone
rubber. The microcell was mounted on a microscope for precise position-
ing of the microcapillary on the surface and the entire setup was placed in
a faraday cage. The diameter of the microcapillary tip was 50 µm and the
counter electrode was a platinum wire. A modified high resolution poten-
tiostat was used in order to have a current detection limit of 20 fA (Jaissle
1002T-NC-3).

An Applicable Electronics SVET was used to perform galvanic current
measurement in OCP conditions. SVET probes consist of Pt–Ir microelec-
trodes (MicroProbe Inc.) black platinised leading after deposition to a
sphere of 20µm in diameter. The vibration amplitude was 20 µm and the
vibration frequency was 600 and 200Hz in the direction parallel and normal

 Matrix (stainless steel) µm scale

Inclusion (MnS)

Capillary cell

Non-invasive probing Invasive probing

Electrochemical probes

SVET
SECM

Current lines

16.1 Schematic description of local electrochemical techniques to
study galvanic coupling as function of the microstructure of multi-
phase materials.
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to the surface, respectively. The ASET Software (Science Wares Inc.) con-
verted the potential drop measured by the microelectrode with Ohm’s law
into a current density value after amplification. The displacement of the
microelectrode was performed using a motorised and computer-controlled
XYZ micromanipulator allowing 0.5µm steps. Two video cameras (140×

magnification) were used for imaging and controlling the distances between
the microelectrode, the microcapillary and the specimen surface. The dis-
tance between the microelectrode and the surface was fixed to 50 µm and
the Y-component of the current was measured. A saturated calomel elec-
trode (SCE), to which all the potentials in the text are referred, was used
as reference.

16.3 Results and discussion

16.3.1 Non-intrusive probing of a ‘weak area’: 

MEC experiments

The first step consisted of defining the electrochemical conditions leading
to a possible dissolution of the MnS inclusion which is a well-known trig-
gering step for pitting initiation. Using the MEC, it was possible to isolate
representative areas of the metallic surface containing or not an inclusion.
The electrochemical response of sites containing the pure matrix and the
matrix with a single MnS inclusion were performed in 1m NaClO4 buffered
with a mixture of 0.1m disodium  citrate (Na2C6O7H6) and 0.1m HCl at pH
3. A potential of −500mV corresponding to the cathodic zone (the OCP
values ranged between −200 and −300mV/SCE in the different solutions)
was applied for 3min and the potentiodynamic polarisation curves were
then measured at a scan rate 1mVs−1.

Polarisation curves on a site containing a small and shallow inclusion
were performed between 70 and 500mV, as shown in Fig. 16.2. Particular
attention was paid to the electrochemical dissolution of the inclusion as it
will be used in the SVET experiment to initiate a stable pitting in OCP con-
dition. The current peak observed around +320mV was ascribed to a
complex combination of electrochemical reactions concerning the inclusion
dissolution and the activation–repassivation of the bare metal.10 The most
important finding is that the first part of the peak current peak observed at
320mV was associated with the electrochemical dissolution of the shallow
MnS inclusion. No current peak associated with MnS dissolution was
obtained when a second polarisation curve was performed on the same
location, confirming that the inclusion dissolution was complete after the
first curve. Following this observation it can be concluded that MnS inclu-
sion can be dissolved at high potential in an acidic solution.



170 Local probe techniques for corrosion research

16.3.2 SVET above a pit triggered by local induced

dissolution of a selected MnS inclusion

Following the MEC experiments, the local activation of a selected inclusion
was carried out exactly on the same material but in free corroding condi-
tions. The metallic electrode was immersed into a buffered solution 0.1m

citric acid (C6H8O7 ) + 0.2m Na2HPO4 (pH = 6.8 and κ = 2.3mScm−1). The
microcapillary (previously used in MEC experiments) was used, but filled
with a mixture of 1m HCl (80mL) and H2O2 (0.3mL) in order to promote
the dissolution of the selected inclusion at high anodic potential (in the
range of +100 to +300mV vs. SCE).As explained previously, the sample was
immersed into a citrate/citric acid buffered solution and only a small quan-
tity (of about 1.5µL) of activating solution was injected close to an inclu-
sion while keeping the microcapillary in contact with the metallic surface
for a few seconds.This corresponded to the time necessary for removing the
microcapillary far from the surface and for starting the SVET measurements
and therefore, such a current perturbation had nearly no effects on these
measurements. Local current measurements were performed at OCP.

Once the inclusion was dissolved, pits initiated in the bare metal due to
the low value of the pH and the high density of chloride ions in the close
vicinity of the selected site. The anodic current was always detected above
the site where the bare metal was exposed to the solution after complete
dissolution of the shallow inclusion.10

These results are the first experimental evidence of the galvanic coupling
between the bare metal exposed to the solution after MnS dissolution and
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matrix with a shallow inclusion (black).
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the passive surface on stainless steels. Nevertheless, it is a qualitative illus-
tration of the origin of the galvanic coupling. More quantitative analysis has
been tentatively performed taking into account the spatial convolution of
the SVET measurement.11

16.4 Conclusions

In this paper, combination of two local techniques to probe the electro-
chemical behaviour of ‘weak points’ in the microstructure of a modelling
stainless steel (resulfurised 304L) has been illustrated. It was demonstrated
that OCP galvanic current can be detected by SVET on the basis of the
locally induced dissolution of a well located MnS inclusion which is trig-
gering the local activation in the ‘weak point’ of the microstructure. Trig-
gering of metal dissolution has been validated by using the MEC.

This spatial activation has been achieved by a local microinjection of
aggressive and oxidising solution with a glass microcapillary maintained in
gentle contact with the metallic surface.

Quantitative studies to define the interfacial reactions (spatial location
and real current densities) must take into account the convolution of the
SVET measurement and must be completed by SECM measurements.
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17.1 Introduction

Thermal oxidation of titanium in pure oxygen is a relevant example of the
connection between the stress development during the growth of the oxide
film and the durability of the material. As known for many years,1–4 in the
range 500–1000°C, titanium oxidation in pure oxygen exhibits an initial par-
abolic rate law followed by a post-breakaway rapid linear period (Fig. 17.1).
After breakaway (BWY), microscopic observations reveal a cracked and
stratified TiO2 scale. This phenomenon is generally interpreted as the result
of the growth of an initial TiO2 scale, followed by cracking due to a high
Pilling and Bedworth ratio (PBR = 1.71) and subsequent series of growth
and cracking periods.4 The use of photoelectrochemical imaging provides
information about mechanical aspects during the growth of a thermal oxide
film of titanium in pure oxygen.

17.2 Experimental method

A schematic representation of the laboratory-made microphotoelectro-
chemistry (MPEC) device used is presented in Fig. 17.2. The photocurrent
is generated using the modulated ( f = 21Hz) monochromatic light from an
argon laser (Innova 90C-A6, coherent, λ = 353nm). The beam is focused
onto the surface of the oxidised sample studied via the objective of an
inverted microscope (Olympus IX71, spot size# 1µm). The image is built by
moving a high resolution XY motorised Marzhauser microscope stage
(Scan IM120 × 100) ensured with a positioning system (two axes stepping
motor controller: LStep, Lang Gmbh). The sample is used as the working
electrode in a classical three-electrodes electrochemical cell with a flat
quartz bottom.The reference electrode is an Hg/HgSO4 reference electrode
(MSE); the counter-electrode is a platinum plate of 1cm2 area. The elec-
trolyte is de-aerated sodium sulfate aqueous solution (0.5molL−1).

The lock-in technique is applied to separate the photocurrent from the
total electrochemical current. For that purpose, the current output of the

17
Photoelectrochemical imaging of thermally

grown oxide scales

Y. WO U T E R S, L . M A R C H E T T I , A . G A L E R I E,
P. B O U V I E R and J. - P. P E T I T,

Institut National Polytechnique de Grenoble, France

172



Photoelectrochemical imaging of oxide scales 173

potentiostat (PAR 273A, EG&G) is connected to the signal input of the
lock-in amplifier (Stanford Research SR830) and the trigger signal of the
optic light modulator (PAR 197, EG&G) is fed to the reference input of
the lock-in amplifier. A photoelectrochemical image is built at a given
applied potential, by recording for each position of the stage, the amplitude
and the phase of the photocurrent. The investigated area is selected on the
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optical image provided by a CCD camera. In the present experiments, the
photocurrent images have a 170 × 170 points definition, with a step of 3 µm
between each point in the x and y directions. The whole of the instrumen-
tation is controlled by a laboratory-made software.

17.3 Results and discussion

The two samples studied here were prepared at 700°C and 850°C in a
dynamic atmosphere of pure oxygen under a pressure of 150mbar. Tita-
nium specimens (15mm × 15mm × 1mm) from Goodfellow Metals, with a
purity of 99.6%, were mechanically mirror-polished (SiC papers, diamond
pastes and silica finish) before they were hung in a Setaram B70 ther-
mobalance. After experiment, the cooling rate of the sample is that of the
furnace. The oxidation duration was such as to grow a 1.75 µm thick oxide
film. The results of the PEC imaging of these samples are presented in 
Fig. 17.3 (700°C) and 17.4 (850°C).

Figures 17.3a and 17.4a show photo current images obtained using
increasing potential values. Figures 17.3b and 17.4b are so-called photo-
current vs. potential photocharacteristics: they correspond to two different
points of the images, one in a low photocurrent area and the other in a high
photocurrent area. For each of the later photocharacteristic, the photo-
current value at the maximum potential was normalised to 1. Each point in
Figs. 17.3c and 17.4c represents the integral of the corresponding nor-
malised photocharacteristic. Such images will be referred to as structural
quality images (SQI). The images 17.3d and 17.4d show the distribution of
the phase values recorded at −550mV/MSE.

As expected for n-type semi-conducting TiO2, each individual photo-
characteristic exhibits anodic photocurrent increasing with increasing
potential. The shape and the photocurrent onset potential of these photo-
characteristics are different from one point to another, ranging from ‘type
1’ curves in high photocurrent areas to ‘type 2’ curves in low photocurrent
areas. Previous results have shown that the shape and photocurrent onset
potential of the photocharacteristics are connected with the density of
recombination centers,5 classically associated with micropores, microcracks,
voids, microspallation.6–7 Thus, the building of the SQI is an attempt to rep-
resent the level of growth strain in the oxide films, or more precisely, via its
relaxation which leads to the creation of recombination centres. Dark areas
on the SQI represent a high level of growth strain, whereas bright areas
represent a low level of growth strain.

For both samples, it is observed that high photocurrent areas are approx-
imately, but not exactly, correlated with the bright zones in SQI.These areas
are also correlated with the dark zones of the phase image which reveals
the cartography of the photocurrent onset potential. Table 17.1 shows the
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17.3 Sample grown at 700°C in pure oxygen: a photocurrent images
vs. potential, b normalised evolution of the photocurrent as a function
of the potential at low and high photocurrent areas, c structural
quality image (SQI), d phase image (V = −550mV/MSE).

Table 17.1 SQI factor at 700 and 850°C

SQI factor Minimum Maximum Average

700°C 0.61 0.83 0.72
850°C 0.53 0.78 0.66
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17.4 Sample grown at 850°C in pure oxygen: a photocurrent images
vs. potential, b normalised evolution of the photocurrent as a function
of the potential at low and high photocurrent areas, c structural
quality image (SQI), d phase image (V = −550mV/MSE).

minima, maxima and average of the SQI for both temperatures of oxida-
tion. One can conclude from these results that the global growth strain of
the oxide film increases with the temperature of oxidation at a fixed thick-
ness.This observation is in good agreement with the evolution of the break-
away time typically observed during the thermal oxidation of titanium in
pure oxygen as recalled in the introduction. Moreover, this statement
accords with the kinetics of oxidation, the development of stress being
linked with the growth rate of the thermal oxide film. It is particularly
remarkable here to note that the fluctuations of the SQI are quite differ-
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ent at 700°C where large areas of low growth strain are observed (high SQI
factor, bright areas) and at 850°C where growth strain is more disseminated
in the image. This suggests that the mechanism of decohesion changes
according to the temperature.

Because of the latter observations, we expect that the SQI is related to
the real cartography of growth strain. Further experimentation and model-
ling is underway to resolve this issue, in the case of titanium as well for
other model systems (metal or alloys).

17.4 Conclusions

The MPEC technique appears to be a promising tool in the field of thermal
oxidation. This paper has shown one facet of this technique: the possibility
of characterising the growth strain. At the same time, more results are
needed to improve our understanding of the SQI. In addition, MPEC is
expected to be an efficient technique to detect the presence of minor phases
in thermal oxide scales.

17.5 References

1 P. Sarrazin, F. Motte and J. Besson, J. Less. Common Met., 1978, 59(2), 111–117.
2 F. Nardou, P. Raynaud and M. Billy, J. Chim. Phys., 1984, 81(4), 271–277.
3 V. I. Dyachkov, J. Chim. Phys., 1991, 88, 37–44.
4 P. Kofstad in High Temperature Corrosion, Elsevier Applied Science, London,

1987, 297.
5 Y. Marfaing, Ecole Interface Semi-conducteur/Electrolyte, Aussois, Editions du

CNRS, 1984, 35.
6 A. Galerie, Y. Wouters and J. P. Petit, Mater. Sci. Forum, 1997, 251–254, 113–118.
7 Y. Wouters, A. Galerie, L. Antoni and J. P. Petit, Microscopy of Oxidation 3, S. B.

Newcomb, M. J. Bennett (Eds.), Institute of Materials, London, 1997, 420–426.





aerobic biocorrosion 52–61
experimental method 54–5

chemicals 54
electrochemical set-up 55
electrode preparation 54–5
SVET technique 55

experimental results 55–9
graphite 57–9
stainless steel 55–7

AES (auger electron spectroscopy) 9–10
AFM see atomic force microscopy (AFM)
ageing

mechanisms of 62
procedure 63

aluminium alloys 155–66
experimental method 156–7
experimental results 157–64

FEG-SEM analysis 158–9
localised corrosion morphology 160–1
microelectrochemical 159–60, 162
potentiostatic 161–4

see also conversion coated aluminium
surfaces; 7xxx aluminium alloys;
zinc aluminium alloy coating

anodes
current, anodic 16–17
lifetimes of 42–5, 45–8
potentiodynamic scans 158, 161
sites 40–2, 45

atomic force microscopy (AFM) 7, 9–10,
100, 101

magnesium alloys and 112, 119–23
passivated nickel surfaces and 71, 72–4,

77–81
stainless steel and 84, 86–7, 87–90, 90–1,

91–3
auger electron spectroscopy (AES) 9–10

biocorrosion see aerobic biocorrosion

calorimetry (DSC), differential scanning 62
carbon steel laser weld 26, 28, 31
carbon steel-carbon steel weld 26, 27–31

cast polyion technique 53–4, 59
cathodic current 16–17
chemical probe development, physical and

7
chloride solution 90–1, 91–3
chromate conversion coating (CCC) 99,

101, 105–8
constant relative humidity test 143
conventional impedance 65–7
conversion coated aluminium surfaces

99–110
discussion 105–8
experimental method 100–1

materials and specimen preparation
100–1

surface characterisation 101
experimental results 101–5

chromate effect 105
intermetallic particles 101
Ti-Zr based pre-treatment 101–4

cooling rate effects 36–9, 42–5, 45–8
copper-stainless steel-aluminium bronze

(CuSSAB) weld 26, 29, 30, 31–2
corrosion

galvanic rate 15–16
localised 7–10, 160–1
process of 2–4

coupling see galvanic coupling
current

density 8
variations 16–17

CuSSAB (copper-stainless steel-aluminium
bronze) weld 26, 29, 30, 31–2

differential scanning calorimetry (DSC)
62

dimethylsulfoxide (DMSO) 53, 54, 59
‘droplet cell’ 23, 25, 26, 28, 30–2, 156–7
dynamic mechanical analysis (DMA) 62

EC-STM (electrochemical scanning
tunnelling microscopy) 7, 73, 74–6,
79, 95

Index

179



180 Index

EDS see electron dispersive spectrometry
(EDS)

electrochemical impedance spectroscopy
(EIS) 62, 64

electrochemical methods 25, 55, 64–5, 113,
115–17, 152

see also local electrochemical methods;
microelectrochemical technique

electrochemical scanning tunnelling
microscopy (EC-STM) 7, 73, 74–6,
79, 95

electrode preparation 54–5
see also zinc oxide ZnO[0001] electrode

electron dispersive spectrometry (EDS)
aluminium surfaces and 101, 102–5
magnesium alloys and 114, 120
manganese sulphide and 147, 150
7xxx aluminium alloys and 131–2, 135

electron probe microanalysis (EPMA) 100,
101, 114–15

energy dispersive X-ray (EDX) analysis 9,
28, 31, 158

equilibrium 19–20

Faraday’s law 15, 42, 45
field emission gun scanning electron

microscopy (FEG-SEM) 112, 114,
120–1, 156–7, 158–9, 164

field-emission type scanning electron
microscope (FE-SEM) 146–7

filiform corrosion (FFC) 100, 107–8
focused ion beam-secondary ion mass

spectroscopy (FIB-SIMS) 7
Fourier transform infrared spectroscopy

(FTIS) 62
friction stir welding (FSW) 155–6, 159, 165
fusion welding techniques 155

galvanic coupling 57, 167–71
experimental method 168–9
experimental results 169–71

MEC 169–70
SVET 170–1

galvanised steel, self-healing 12–22
experimental method 13–14
results and discussion 14–20

current variations 16–17
equilibrium 19–20
galvanic corrosion rate 15–16
pH distributions 17–18
Raman analysis 14–15, 19
visual observation 14

graphite 57–9, 60

haemin 53, 54, 55–7, 58, 59
heat affected zone (HAZ) 26–7, 28, 155,

159–64, 165
boundary with TMAZ 159, 161, 163, 165

humidity test 143

ICP (inductively coupled plasma) atomic
emission spectroscopy 15

mass spectrometry (ICP MS) 41
impedance

conventional 65–7
LEIM 65, 67–8, 69
LEIS 4, 63, 64, 68

Kelvin force microscopy (KFM) 141–2
see also scanning Kelvin probe force

microscopy (SKPFM); super
Kelvin force microscope (SKFM)

Laplace equation 2–3
laser weld, carbon steel 26, 28, 31
layer-by-layer procedure 54
liquid film nucleation 140–2
local electrochemical impedance mapping

(LEIM) 65, 67–8, 69
local electrochemical impedance

spectroscopy (LEIS) 4, 63, 64, 68
local electrochemical methods 1–11

combined microprobe techniques 7–10
probe development 4–7
process of corrosion 2–4

localised corrosion 7–10
morphology 160–1

low alloy steels 137–44
experimental method 137–8
experimental results 138–43

constant relative humidity test 143
SKFM observation 138–40
thin liquid film nucleation 140–2

magnesium alloys 111–25
experimental method 112–14

electrochemical 113
FEG-SEM 114
materials 112–13
SKP 113–14
SKPFM 114

experimental results 114–23
AFM/SKPFM measurements 119–23
electrochemical measurements 115–17
microstructure 114–15
SKP measurements 117–19

manganese sulphide containing stainless
steels 145–54

experimental method 146–7
experimental results 147–52

electrochemical measurements 152
surface microcracks 147–51

mercurous sulphate electrode (MSE) 6,
172

microbially influenced corrosion (MIC),
aerobic 52–3

microcapillary electrochemical cell (MEC)
technique 168, 169–70, 171

microcells techniques 4, 6



Index 181

microcracks, surface 147–51
in inclusion/interface 148–9
in matrix 149–50, 150–1

microelectrochemical technique 6–7, 156–7,
159–60, 167–8

SECM and 8–9
micrographic investigation 35
microphotoelectrochemistry (MPEC)

172–4, 177
microprobe techniques, combined 7–10

microelectrochemical cell and SECM 8–9
pH and current density 8
SVET, AFM and SAM 9–10

microstructure
evaluation 25, 36–9
magnesium alloy 114–15

myoglobin (Mb) 53–4, 57–9, 60

nickel see passivated nickel surfaces
nugget region 155, 159, 160, 162–5

observation, visual 14
Ohm’s law 2, 5, 24, 64, 169
open circuit potential (OCP) 126, 167, 168,

169–70, 171
optical and scanning electron microscopy

25
organic coatings 62–70

experimental method 63–5
ageing procedure 63
electrochemical measurements 64–5
samples 63

experimental results 65–8
conventional impedance 65–7
LEIM 67–8

steels (OCS) 33, 49
oxide scales, thermally grown 172–7

experimental method 172–4
experimental results 174–7

oxygen reduction 55–7, 57–9
catalysis 53

paint systems 62
passivated nickel surfaces 71–83

experimental method 72–4
experimental results 74–81

AFM measurements 77–81
STM measurements 74–7, 78–9

pH
current density and 8
distributions 17–18
microscopy 13

photoelectrical imaging see
microphotoelectrochemistry
(MPEC)

physical and chemical probe development 7
poly(ethyleneimine) (PEI) 54, 60
polyion layers 57
polyion technique, cast 53–4, 59

polymers, structures of 62
potentiodynamic testing 160, 161, 162,

163
probe development

electrochemical 4–7
micro- 6–7
SECM 4–6

physical and chemical 7
Prohesion™ test 12, 14–16, 17–18, 19–20,

21
protein layers 57

Raman analysis 14–15, 19
Reichert-Jung ultramicrotome 100
relative humidity test 143

SAM (scanning auger microscopy) 7,
9–10

saturated calomel electrode (SCE) 64, 96,
113, 129

aerobic biocorrosion and 52, 55
galvanic coupling and 169–70
stainless steel and 147–53
weld corrosion and 25, 27, 29

scanned probe microscope 5
scanning auger microscopy (SAM) 7, 9–10
scanning droplet cell (SDC) technique

156–7
weld corrosion and 23, 25, 26, 28, 30–2

scanning electrochemical microscopy
(SECM) 4–6, 9, 167, 171

scanning electron microscope (SEM) 84,
148–50

aluminium alloys and 131–3, 135
aluminium surfaces and 99–100, 101,

102–4, 105
with electron dispersion spectrometer

(SEM-EDS) 127, 135, 147
energy dispersive X-ray (SEM/EDX)

measurements 9
weld corrosion and 25, 26, 28, 30, 32

scanning Kelvin probe force microscopy
(SKPFM) 7

aluminium alloys and 127, 129, 134–5
aluminium surfaces and 99–100, 100–1,

101–4, 105–8
magnesium alloys and 111–12, 114,

119–23, 123
scanning Kelvin probe (SKP) 62

magnesium alloys and 111–12, 113–14,
117–19, 119–22, 123

scanning pH microscopy 13
scanning reference electrode technique

(SRET) 4, 24
scanning tunnelling microscopy (STM) 7,

84
nickel surfaces and 71–2, 72–3, 74–7,

78–9, 81
zinc oxide and 95, 96, 97–8



182 Index

scanning vibrating electrode technique
(SVET) 3, 4–5, 8, 9–10, 62

aerobic biocorrosion and 53–4, 55, 57–9
galvanic coupling and 167–8, 169,

170–1
galvanised steel and 13, 17
weld corrosion and 23–5, 25–6, 26–7,

27–9, 31, 32
zinc aluminium alloy and 34, 35, 36,

39–40, 40–8, 48–50
SDC (scanning droplet cell) technique

156–7
weld corrosion and 23, 25, 26, 28, 30–2

SECM see scanning electrochemical
microscopy (SECM)

SEM see scanning electron microscope
(SEM)

7xxx aluminium alloys 126–36, 155–6
experimental results 127–34

stainless steel
aerobic biocorrosion 55–7
experimental method 85–7

sample 85–6
set-up 86–7

experimental results 87–93
AFM scanning 87–90, 91–3
chloride solution 90–1, 91–3

see also manganese sulphide containing
stainless steels

standard hydrogen electrode (SHE) 113–14,
120–1

steels see galvanised steel, self-healing; low
alloy steels; stainless steel

STM see scanning tunnelling microscopy
(STM)

structural quality images (SQI) 174–7
super Kelvin force microscope (SKFM)

137, 138–40, 140–1
surface

corrosion 45–8
microcracks 147–51

SVET see scanning vibrating electrode
technique (SVET)

thermomechanically affected zone (TMAZ)
155, 159

boundary with HAZ 159, 161, 163, 165

thin liquid film nucleation 140–2
Ti-ZR based pre-treatment 101
transmission electron microscopy (TEM)

84, 100, 101
2xxx aluminium alloys 155–6

ultramicroelectrode (UME) 5
ultramicrotomy (UM) 100

visual observation 14

Wagner parameter 2–3
weld corrosion 23–32

discussion 27–32
carbon steel laser 28, 31
carbon steel-carbon steel 27–31
copper-stainless steel-aluminium bronze

(CuSSAB) 29, 30, 31–2
experimental method 25–6

electrochemical measurements 25
materials 25
microstructural evaluation 25
SDC measurements 25
SVET measurements 25–6

experimental results 26–7
carbon steel laser weld 26
carbon steel-carbon steel 26, 27
copper-stainless steel-aluminium bronze

(CuSSAB) 26
SVET technique 9–10, 23–5

X-ray (EDX) analysis, energy dispersive 9,
28, 31, 158

zinc aluminium alloy coating 33–51
experimental method 34–6

materials 34–5
micrographic investigation 35
sample preparation 35
SVET technique 36

experimental results 36–48
cooling rate effects 36–9
SVET measurements 39–40

cut-edge 40–8
zinc oxide ZnO[0001] electrode 95–8

experimental methods 96
experimental results 96–8


