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Abstract 

The study of corrosion of magnesium and its alloys has emerged a hot topic in the applications of lightweight structural materials. The 
inherently high electrochemical activity of bare magnesium surfaces still lacks a convincing mechanism to describe the observed experimental 
characteristics, and it has prompted the development of various types of protective coatings with the aim of slowing metal dissolution. In 
recent years, new instruments and techniques have been developed to study with spatial resolution the local corrosion processes that occur in 
metallic materials in general, and for magnesium and its alloys in particular, both for bare surfaces and coated. Scanning microelectrochemical 
techniques, such as local electrochemical impedance spectroscopy (LEIS), scanning electrochemical microscopy (SECM), scanning vibrating 
electrode technique (SVET), scanning ion-selective electrode technique (SIET) and scanning Kelvin probe (SKP) can provide information 
about the local electrochemical activity of metallic surfaces. In the present work, the applications of these techniques in corrosion studies of 
magnesium and its alloys are reviewed. Assessment of corrosion mechanisms, barrier properties of conventional coatings and active corrosion 
behavior of self-healing coatings are examined. Limitations and future developments in this area are discussed. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: Magnesium alloys; LEIS; SECM; SVET; SIET; SKP. 

1

 

r  

i  

a  

t  

t  

s  

h  

c  

m  

p  

p  

t  

o  

m  

p  

p  

w  

t  

b  

c
 

h
2
a

. Introduction 

As contemporary demands for the use of lightweight mate-
ials in the automotive and aerospace industries have steadily
ncreased over the past decade due to environmental concerns
nd legislative restrictions worldwide, magnesium alloys at-
ract much interest for structural applications [1–3] . However,
he strategic role played by these materials in lightweight
tructural usages is largely undermined by their well-known
igh electrochemical activity [ 4 , 5 ]. In fact, susceptibility to
orrosion is the main limitation to the widespread use of
agnesium alloys [ 6 , 7 ]. It is generally accepted that this
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oor resistance to corrosion in an aqueous environment com-
ared to other lightweight alloys, such as aluminum, is due
o the formation of a non-protective oxide/hydroxide layer
n the surface [8] . Even though spontaneous corrosion of
agnesium-based materials is considered advantageous for

roducing bioresorbable implant devices for healthcare ap-
lications [ 9 , 10 ], the uncontrolled dissolution of the materials
hich is accompanied by the vigorous release of potentially

issue-damaging hydrogen gas (eventually leading to gas em-
olism in extreme cases [10] ), makes corrosion the main con-
ern and limitation of their wide biomedical use. 

The need for improving or controlling the corrosion resis-
ance of magnesium alloys has triggered the development of
everal protection methods based on alloying, microstructural
ontrol (grain size, crystallographic texture), and, especially,
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Fig. 1. Hydrogen evolution rate increasing with the applied current density 
for several Mg alloys in 0.1 M NaCl or 0.1 M Na 2 SO 4 solutions. Reprinted 
with permission from Elsevier [36] . 
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he application of protective coatings [11–15] . A huge amount
f research has been devoted to exploring different strategies
f enhancing the corrosion resistance of magnesium and its
lloys [16–20] . 

In spite of the knowledge accumulated so far on the cor-
osion mechanisms of magnesium alloys, several questions
emain unclear. Complex interactions between microstructural
spects such as grain size, distribution of intermetallics, impu-
ity dissolution and redeposition, alloying elements and envi-
onmental conditions may take place [21–23] . Exploring such
henomena to gain full understanding on the corrosion pro-
esses, especially at localized sites, is a challenging situa-
ion [24] . As highlighted by Esmaily et al. [17] , scanning
robe electrochemical techniques are potentially useful for
tudying local corrosion processes of magnesium and its al-
oys, allowing one to investigate pitting, galvanic, intergran-
lar or mechanically assisted corrosion. Furthermore, failure
f protective films can also be studied using this type of tech-
iques, giving valuable information about the correlation be-
ween deposition parameters and the corrosion behavior of
he coated substrates, as well as self-healing mechanisms of
mart protective coatings. Techniques such as scanning elec-
rochemical microscopy (SECM), scanning vibrating electrode
SVET), localized electrochemical impedance spectroscopy
LEIS), scanning Kelvin probe (SKP), and scanning microp-
tentiometric methods (usually referred to as potentiometric
ECM or ion-selective electrode technique, SIET) have been
ecently introduced to study local corrosion processes of mag-
esium alloys, either coated or not [25–29] . Their high spatial
esolution is an attractive feature to study local corrosion spots
n metallic materials [30–32] . 

As the use of novel methods to study local corrosion pro-
esses of magnesium alloys becomes more widespread, new
nsights into corrosion mechanisms and effective protective
oatings are becoming available in the literature. However, a
omprehensive review of the potential applications of scan-
ing probe electrochemical techniques to study the corrosion
rocesses of magnesium and its alloys has yet to be found.
he aim of the present work is to fill this gap. We provide a

horough review of the current literature on the use of SECM,
VET, SIET, SKP and LEIS to investigate the local electro-
hemical activity of magnesium and its alloys. A detailed
valuation of the corrosion mechanisms is carried out for ei-
her bare or coated substrates. Future research directions in
his area will also be discussed. 

. A brief outlook on magnesium corrosion 

This review is not intended to provide full details on the
orrosion mechanism of magnesium alloys in aqueous envi-
onments, as such information can be found in authoritative
eviews such as those published by Esmaily et al. [17] , Yang
t al. [33] and Ghali et al. [34] . However, fundamentals of
agnesium corrosion are important to support discussion in

he next sections. Hence, some core points regarding corrosion
echanisms of magnesium alloys will be briefly described in

his Section. 
Although the exact mechanism that explains the corrosion
f magnesium in an aqueous environment is not fully under-
tood and remains controversial, it can be summarized using
q. (1) , which in turn can be uncoupled in the anodic and ca-

hodic reactions shown in Eqs. (2) and (3) , respectively [35] .
agnesium cations are formed at the anodic sites, while hy-

rogen gas is released at the cathodic sites. 

g + 2 H 2 O → Mg ( OH ) 2 + H 2 (1)

overall reaction) 

g → Mg 

2+ +2 e − (2)

anodic reaction) 

H 2 O + 2 e − → H 2 +2O H 

− (3)

cathodic reaction) 
Besides the known formation of hydrogen gas that occurs

n the surface of magnesium in open circuit conditions (re-
ction 1), an anomalous evolution of hydrogen occurs when
he metal is anodically polarized. This effect can be seen in
ig. 1 for anodically polarized pure Mg, Mg-Zn-Ca-Mn al-

oy, and Mg-Y alloy in 0.1 M NaCl and 0.1 M Na 2 SO 4 solu-
ions [36] . The acceleration of the cathodic reaction rate when

agnesium is subjected to anodic polarization contradicts the
raditional theory of corrosion kinetics controlled by Butler-
olmer activation. The explanation for this phenomenon re-
ains controversial in the literature, although significant con-

ributions from several authors have pointed to a complex
cenario involving different and even contradictory processes
n the surface such as the possible release of short-lived in-
ermediate anodic species (e.g. the elusive unipositive Mg 

+ ),
he controversial role of impurities that may lead to metal dis-
olution and redeposition, and the precipitation of corrosion
roducts (MgO/Mg(OH) 2 ) with certain electrochemical activ-
ty. In this context, scanning probe techniques can be expected
o provide valuable information to elucidate the mechanisms
nvolved in this process [37] . 
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Fig. 2. Schematic representation of the SECM. Reproduced with permission 
from MDPI [46] . 
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The presence of intermetallic particles (IMPs) also plays an
dditional and important effect on the corrosion behavior of
agnesium alloys [38] . The central aspects of the influence

f IMPs are related to their quantity, their distribution and
heir electrochemical activity (i.e., cathodic or anodic charac-
er with respect to the magnesium matrix) [39] . In this sense,
MPs can slow down the corrosion rate by forming a contin-
ous network or act as a galvanic cathode, thus accelerating
he corrosion rate of the matrix [ 40 , 41 ]. However, they can
lso act as microanodes, dissolving preferentially instead of
he α-Mg matrix [42] . Several commercial magnesium alloys
resent IMPs in their microstructures, such as those contain-
ng Al, Zn, rare earth (RE) elements (namely Y, Nd, Ce, La)
nd Ca as alloying elements. Common intermetallic phases
re Mg 17 Al 12 , Mg 2 Ca, Mg 12 Ce, Mg 12 La, Mg 3 Nd, Mg 24 Y 5 ,
g 3 Al 2 , and MgZn 2 [43] . 

. Fundamentals of scanning probe electrochemical 
echniques 

Before reviewing the literature on the use of scanning
robe techniques to study the local corrosion processes of
agnesium and its alloys, fundamental aspects of the main

ocal microelectrochemical techniques are described in the
resent section. This is intended to serve as a basis for a full
nderstanding of the results discussed in the next section. 

.1. SECM 

Scanning electrochemical microscopy (SECM) employs a
olarizable ultra-microelectrode (UME), effectively polarized
n its double-layer charging range, which very frequently
onsists of platinum wire encapsulated in a glass capillary
 44 , 45 ]. In this way, faradaic currents flowing through the tip
re measured while scanning a surface under study. A posi-
ioning system is responsible for the movement of the UME
ver the sample surface, fixed at a specific height. Reference
nd counter electrodes are also part of the electrochemical
ell. The system is completed with a bipotentiostat that en-
bles controlling potentials and/or currents at the UME or the
ample surface [44] . A schematic representation of the instru-
ental arrangement is shown in Fig. 2 [46] . Various operation
odes are available in SECM. In the feedback mode, a redox
ediator must be added to the electrolyte solution to monitor

ow proximity to the investigated sample affects the rate of
ts redox conversion at the UME. Depending on whether the
ubstrate is insulating or conductive, it can experience nega-
ive or positive feedback, respectively. For insulating surfaces,
he current passing through the UME for the redox conver-
ion of the electroactive species (i.e., the redox mediator) de-
reases due to geometric hindrance to its diffusion, causing
 negative feedback effect. The opposite occurs when current
asses through the surface of a conductive material, as it can
romote regeneration of the redox mediator on the sample
nd cause an increase in current in the UME called posi-
ive feedback [44] . Although the feedback mode is usually
erformed while the studied substrate is polarized using the
ipotentiostat, this is not necessary in the case of a sponta-
eously corroding system. That is, electron transfer reactions
an occur at the substrate under open circuit conditions. In
his context, substrate polarization remains as an option rather
han as a requirement. Another operation mode is substrate
eneration-tip collection (SG-TC) in which the tip detects an
onic species formed during substrate corrosion at a selected
otential [ 44 , 47 ]. When the electroactive species is generated
t the tip and collected at the substrate, the mode is called
ip generation/substrate collection (TG/SC) [ 44 , 48 ]. Thirdly,
n the redox competition mode (RC), the substrate and the
ip compete for the same redox species [49] . A common ex-
mple is the monitoring of dissolved oxygen concentration
hat indicate local spots where cathodic reactions involved in
he corrosion of coated metals occur at defective sites in the
oating layer [ 50 , 51 ]. 

Another mode is to use an AC voltage to polarize the
ME, which leads to the measurement of an alternating cur-

ent signal at the UME. In this case, either a lock-in amplifier
r a frequency response analyser (FRA) must be included in
he instrument assembly as shown in Fig. 2 . An impedance
alue can be determined from the ratio between the applied
oltage and the measured current. This mode of operation
s usually referred to as AC-SECM [52] , and has more re-
ently evolved into the development of scanning electrochem-
cal impedance microscopy (SEIM) [53] . 

.2. SVET 

SVET is a powerful technique in corrosion research, which
s applied to a variety of investigations, such as galvanic cor-
osion, stress corrosion cracking, pitting corrosion, corrosion
nhibitors, coated metals and weldment corrosion, as high-
ighted by Bastos et al. [54] . The measurement principle of
VET is based on the movement of a vibrating electrode over

he surface of an electrochemically-active substrate immersed
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Fig. 3. Schematic illustration of the SVET system. Reproduced with permis- 
sion from Elsevier [56] . 
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Fig. 4. Schematic representation of the potentiometric SECM. Reproduced 
with permission from MDPI [46] . 

Fig. 5. Schematics of the constituents of a Mg 2 + ISME with liquid contact, 
and the processes taking place between the different active components in 
the system. The membrane sandwiched between the internal solution and the 
electrolyte supports Mg 2 + ion transport and eventually attains an equilibrium 

potential (Donnan potential). The Donnan potential varies logarithmically 
with the Mg 2 + ion concentration in the electrolyte and is sensed by the 
internal reference electrode. The internal reference when connected to an 
external reference electrode, immersed in the same electrolyte “senses” the 
Mg 2 + ion concentration. Reprinted with permission from NACE [64] . 
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n solution, measuring the current ionic density distributions
rising from it [55] . The probe consists of a thin platinum
ip. A schematic illustration of the SVET system is shown
n Fig. 3 [56] . In brief, the ionic current flow generated by
orrosion of the metallic electrode causes a potential gradi-
nt in the electrolyte at the active site. This potential gradient
s detected by the SVET vibrating probe [54] . The potential
ifference between two extreme points of the SVET probe
s measured, generating a sinusoidal AC perturbation signal
hat is converted to ionic current density using a calibration
rocedure that takes into account the conductivity of the elec-
rolytic solution [57] . Due to the mechanical vibration of the
robe, local convective effects are generated in the electrolyte
hich effectively imposes a minimum height limit over the

ample for operation and, therefore, determines the spatial res-
lution of the technique [58] . Izquierdo et al. [59] reported
 performance comparison of SECM and SVET for imaging
orrosion processes in galvanic couples. 

.3. Scanning micropotentiometric methods 

Scanning micropotentiometric methods (often called scan-
ing ion electrode technique, SIET, or potentiometric SECM)
re based on the detection of concentration distributions of
 specific chemical species present in an electrolyte solu-
ion using a passive microelectrode which measures poten-
ial changes through the surface of the electrode detection
indow (namely a membrane or a certain oxide layer) [60] .
herefore, the electrochemical cell also contains a reference
lectrode which is held fixed somewhere in the electrolyte
s shown in Fig. 4 [46] . While only ion-selective microelec-
rodes (ISME) for either pH or other specific ionic species are
onsidered as probes in the case of SIET, certain metal oxides
ensitive to changes in the environment are also employed in
otentiometric SECM, like antimony and iridium for pH sens-
ng [46] . In the latter case, dual amperometric/potentiometric
peration has also been achieved using these probes [61] . 
Ion-selective microelectrodes (ISME) are usually com-
rised of a micropipette made of glass or plastic, containing
onophore to detect pH changes or ions at the electrode tip
nd a liquid electrolyte to provide electrical connectivity to an
nternal reference electrode [ 60 , 62 , 63 ]. The operation princi-
le of such liquid-contact (ISME) is schematically described
n Fig. 5 [64] . Some limitations for conducting SIET studies
re related to the fragile nature of the glass micropipettes, as
ell as their relatively short lifetime (typically one day) due

o the blocking effect of corrosion products at the tip [32] . As
esult, new designs are directed to generate an internal solid
ontact in the ISME leading to a more robust performance
nd improved response times due to smaller internal resis-
ances [65] . In addition, the use of an optode allows for the

onitoring of dissolved oxygen with the same instrument, ef-
ectively revealing the reduction of this species during magne-
ium corrosion [66] . For corrosion studies, SIET can be used
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Fig. 6. Schematic representation of (a) the LEIS configuration and (b) the two-microelectrode probe. Reprinted with permission from Elsevier [67] . 
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n conjunction with SVET, as they provide complementary
nformation on the corrosion processes [30] . 

.4. LEIS 

The fundamental operation principle of localized electro-
hemical impedance spectroscopy (LEIS) is centered on the
easurement of the local current density near the surface of

lectrochemical interface that is obtained from local potential
ifference between two microelectrodes [ 67 , 68 ] as shown in
ig. 6 . The local impedance is derived from the relationship
etween the applied voltage perturbation between working
nd reference electrodes and the local current density [69] .
wo operation modes are available. The first one relies on

he measurement of local impedance spectra taken at spe-
ific sites over the sample surface. The other one is based on
mpedance mapping at a fixed frequency as the LEIS probe
s moved across the sample surface. Details on the LEIS ex-
erimental set-up can be found elsewhere [68] . 

.5. SKP 

As a non-destructive technique, Scanning Kelvin probe
SKP) is based on the movement of a metallic microelec-
rode probe (usually made of tungsten) over the surface of
 conductive or non-conductive sample without contacting it.
he work function difference between the probe and the sam-
le is measured under humid air conditions, a unique feature
f the SKP technique (a liquid electrolyte is not employed).
he principle of the Volta potential measurement is displayed

n Fig. 7 [70] . Fig. 7 a shows the schematic illustration of two
ifferent metals with distinct work functions ( φ) put in con-
act, whereas the representation in Fig. 7 b displays the Fermi
evels (E F ) of each metals reaching equilibrium, making elec-
rons to flow from the lower work function metal ( φsample ) to
he higher work function one ( φprobe ). On the other hand, in
ig. 7 c the Fermi level and the vacuum level (E vac ) are lifted

o their original positions upon the influence of the applied
otential (V CPD 

). The Volta potential difference between the
robe and the working electrode is associated with the corro-
ion potential of the sample under investigation [71] . Details
n the fundamentals of the technique can be found in the re-
ort by Rossi et al. [56] . There is also the possibility of using
KP coupled to an atomic force microscopy (AFM) instru-
ent. The technique is known as SFPFM (scanning Kelvin

robe force microscopy). In this technique, the topographic
mage of the scanned surface is acquired by the AFM tip, as
ell as the Volta potential at each point of the scanned region.
urther details can be found in the review by Rohwerder and
urcu [72] , who described the main features and differences
f SKP and SKPFM. 

. Scanning probe techniques applied to corrosion 

tudies of magnesium and its alloys 

This section has been divided into two subsections to de-
cribe investigations using scanning probe techniques of the
orrosion processes of magnesium and its alloys for uncoated
nd coated substrates. Various aspects on the use of these
echniques will be reviewed. The aim is to provide the reader
ith a comprehensive overview of the capabilities and lim-

tations of using scanning probe techniques to elucidate the
orrosion mechanisms of these materials. 

.1. Uncoated surfaces 

Table 1 lists a compilation of work devoted to the study
f localized corrosion processes of uncoated magnesium sur-
aces using scanning probe techniques. The information will
e organized in sub-sections devoted to each one of the scan-
ing probe electrochemical techniques described in Section 3 .

.1.1. SECM 

Owing to its high spatial resolution and chemical sensitiv-
ty, SECM has provided deep insights into the localized corro-
ion processes of metallic materials. In the field of magnesium
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Table 1 
Electrode material, scanning probe technique and configuration, application and reference for studies on the corrosion processes occurring at the surfaces of 
uncoated magnesium-based materials. 

Working electrode material Scanning probe 
technique 

Experiment configuration Application Reference 

WE43 alloy SKPFM Measurement of the Volta potential distribution 
Inhibitor: molybdate 

Corrosion inhibition [5] 

AZ31 alloy SECM Feedback mode . Electrolyte: Simulated body fluid 
(SBF) + 5 mM Ferrocene-methanol (FcMeOH) as 
redox mediator. Carbon tip (dia. 7 μm) biased at 
+ 0.5 V vs. Ag/AgCl/(3 M) KCl; tip 
height = 8–10 μm. 

Localized corrosion [28] 

Pure Mg AC-SECM Electrolyte: 0.5 M Na 2 SO 4 Pt tip (dia. 10 μm); AC 

voltage amplitude: 10–50 mV around OCP 
condition. Frequency range: 75–150 kHz. 

Localized corrosion [73] 

Pure Mg SECM Electrolyte: 0.1 M NaCl. SG/TC mode : Pt tip (dia. 
25 μm) biased at −0.05 V vs. Ag/AgCl; tip 
height = 30 μm. 

Hydrogen evolution [74] 

Mg samples prepared with 
25, 220 and 13,000 ppm Fe 

SECM Electrolyte: 0.1 M NaCl. SG/TC mode : Pt tip (dia. 
25 μm) biased at −0.05 V vs. Ag/AgCl; tip 
height = 30 μm. 

Hydrogen evolution [75] 

AZ31 alloy SECM Electrolyte: 5.4 g L 

−1 NaCl solution. SG/TC mode ; 
area scans (1400 × 1400 μm 

2 ) using the Pt tip 
(10 μm diameter) biased at −0.2 V vs. 
Ag/AgCl/(3 M) KCl; tip height = 5 μm. 

Hydrogen evolution [76] 

AZ31 alloy SECM and AC-SECM Electrolyte: SBF. Feedback mode : 4 mM 

Ferrocene-methanol (FcMeOH) as redox mediator. 
Pt tip (dia. 10 and 25 μm) biased at + 0.5 V vs. 
Ag/AgCl/(3 M) KCl; tip height = 8–10 μm. 
SG/TC mode : Pt tip (dia. 10 μm) biased at 0.0 V 

vs. Ag/AgCl/(3 M) KCl; tip height = 8–10 μm. 
AC mode : Pt tip (dia. 25 μm); AC voltage: 
±100 mV around OCP condition. Frequency range: 
1–75 kHz 

Hydrogen evolution [78] 

AM60 alloy SECM Feedback mode. Electrolyte: 0.1 M NaCl + 1 mM 

Ferrocene-methanol (FcMeOH) as redox mediator. 
Pt tip (dia. 10 μm) biased at + 0.5 V vs. 
Ag/AgCl/(3 M) KCl; tip height = 5 μm. 

Localized corrosion [79] 

AZ63 alloy SECM and SVET Electrolyte: 1 mM NaCl solution. SECM: SG/TC 

(Amperometric area scans and line scans); Pt tip 
(dia. 25 μm) biased at −0.05 V vs. Ag/AgCl/(3 M) 
KCl; tip height = 20 μm. SVET: Probe 
height = 50 μm above the surface. Vibrating 
amplitude = 20 μm 

Hydrogen evolution [80] 

Magnesium SECM, potentiometric 
SECM and AC-SECM 

Electrolyte: 1 mM NaCl solution. SECM: SG/TC ; Pt 
tip (dia. 25 μm) biased at 0.0 V vs. Ag/AgCl/(3 M) 
KCl; tip height = 20 μm. RC ; Pt tip (dia. 25 μm) 
biased at −0.65 V vs. Ag/AgCl/(3 M) KCl 
Potentiometric SECM: Mg 2 + -ISME and Sb/Sb 2 O 3 

dual ME for pH measurement AC-SECM: Sb tip; 
AC potential = 10 mVpp; frequency = 100 kHz 
above the surface. Vibrating amplitude = 20 μm 

Hydrogen evolution and 
magnesium dissolution 

[81] 

Pure Mg and AZ63 alloy SECM Electrolyte: 1 mM NaCl solution. SG/TC mode. 
Probe height: 20 μm. Pt tip (dia. 25 μm) biased at 
−0.05 V vs. Ag/AgCl. Scan speed = 25 μm s −1 . 

Hydrogen evolution [82] 

Mg-Al galvanic couple SECM Electrolyte: 1 mM NaCl solution. SG/TC mode. 
Probe height: 20 μm. Pt tip (dia. 25 μm) biased at 
−0.05 V vs. Ag/AgCl. Scan speed = 25 μm s −1 . 

Hydrogen evolution and 
galvanic coupling 

[83] 

AM50 alloy SECM Electrolyte: 0.6 M NaCl solution. SG/TC mode . 
Probe height not mentioned. Pt tip (dia. 25 μm) 
biased at + 0.05 V vs. Ag/AgCl. Scan 
speed = 20 μm s −1 . 

Hydrogen evolution [84] 

( continued on next page ) 
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Table 1 ( continued ) 

Working electrode material Scanning probe 
technique 

Experiment configuration Application Reference 

Pure Mg SECM Modified SG/TC mode. Electrolyte: 0.1 M 

KCl + 5 mM K 3 [Fe(CN) 6 ] C tip (dia. 7 μm) 
biased at + 0.6 V vs. Ag/AgCl. 

Localized corrosion [85] 

Mg-Sn alloys (Sn, wt.%: 1, 
5 and 10) 

SVET Electrolyte: 0.6 M NaCl solution. Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 30 μm 

Localized corrosion [86] 

Pure Mg and Mg-0.37 wt.% 

As alloy 
SVET Electrolyte: NaCl aqueous solutions with 

concentrations in the range 0.1–2 mol dm 

−3 . Probe 
height = 100 μm. 

Localized corrosion [87] 

Mg-0.3 Ge alloy SVET Electrolyte: NaCl solution at concentrations ranging 
from 0.1 M to 2 M; probe height = 100 μm 

Localized corrosion [88] 

Mg-Nd alloys SVET Electrolyte: 5% w/v NaCl solution; probe 
height = 100 μm; Vibrating amplitude = 30 μm 

Localized corrosion [89] 

Pure Mg SVET Electrolyte: 5 wt.% NaCl aqueous solution. Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 30 μm 

Localized corrosion [90] 

AZ31 alloy SVET Electrolyte: 5 wt.% NaCl aqueous solution (pH 

range: 2 ≤ pH ≤ 13). Probe height = 100 μm 

above the surface. Vibrating amplitude = 30 μm 

Localized corrosion [91] 

Pure Mg and Mg-1Fe alloy SVET Electrolyte: 5 wt.% NaCl aqueous solution. Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 30 μm 

Localized corrosion [92] 

Ultra high purity Mg SVET Electrolyte: 2 M NaCl aqueous solution. Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 30 μm 

Localized corrosion [93] 

E717 and AZ31B alloys SVET Electrolyte: 0.034 M, 0.17 M and 0.86 M NaCl 
solutions. Probe height = 100 μm above the 
surface. 

Localized corrosion [96] 

AM60 alloy SECM Feedback mode. Electrolyte: 0.1 M NaCl + 0.1 M 

Ferrocene-methanol (FcMeOH) as redox mediator. 
Pt tip (10 μm diameter) biased at + 0.5 V vs. 
Ag/AgCl/(3 M) KCl; tip height = 5 μm. 

Localized corrosion [97] 

Magnox Al-80 SVET Electrolyte: 2.5% w/v NaCl solution with different 
pH values. Probe height = 150 μm 

Localized corrosion [98] 

AZ80 alloy SVET Electrolyte: 3 wt.% NaCl solution. No details about 
SVET experiment configuration. 

Localized corrosion [99] 

Pure Mg SVET Electrolyte: 0.1 mol.dm 

−3 NaCl solution. Probe 
height = 100 μm. Vibrating amplitude = 30 μm 

Localized corrosion [100] 

AZ31B SVET Electrolyte: 0.86 M NaCl solution. Probe 
height = 100 μm. Vibrating amplitude = 30 μm 

Localized corrosion [101] 

Galvanic couples AE44 Mg 
alloy-mild steel and AE44 
Mg alloy-AA6063 Al alloy 

SVET Electrolyte = 1.6 wt.% NaCl solution. Probe 
height = 50 μm above the surface. Vibrating 
amplitude = 30 μm 

Galvanic corrosion [102] 

Galvanic couple AZX611 
Mg alloy-A6N01 Al alloy 

SVET Electrolyte = 1.0 wt.% NaCl solution. Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 40 μm 

Galvanic corrosion [103] 

Galvanic couple AE44 Mg 
alloy-mild steel 

SVET Electrolyte = 1.6 wt.% NaCl solution. Probe 
height = 150–1500 μm above the surface. Vibrating 
amplitude = 50 μm 

Galvanic corrosion [104] 

AM60/AM30 welded joint SVET, SECM, 
Potentiometric SECM 

SVET: Electrolyte = 0.86 M NaCl solution; 
Vibrating amplitude = 10 μm. SECM: SG/TC 

mode. Electrolyte: 0.01 M NaCl solution. Pt tip 
(25 μm diameter) biased at 0.05 V Ag/AgCl . 
Potentiometric SECM: Mg 2 + -ISME for pH 

measurement 

Galvanic corrosion [106] 

Pure Mg SVET Electrolyte: 5 wt.% NaCl aqueous solution. Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 30 μm 

Corrosion inhibition [109] 

AZ31 alloy SVET Electrolyte: 5% w/v NaCl solution. Probe 
vibration = 140 Hz. Vibrating amplitude = 30 μm 

(Z-axis). 

Corrosion inhibition [110] 

( continued on next page ) 
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Table 1 ( continued ) 

Working electrode material Scanning probe 
technique 

Experiment configuration Application Reference 

Elektron WE43 alloy SVET Electrolyte: 0.05 NaCl + 5 mM sodium dioctyl 
phosphate (DOP). No details about SVET probe. 

Corrosion inhibition [111] 

Galvanic couple AZ63 Mg 
alloy-iron 

Potentiometric SECM Electrolyte = 1 mM NaCl solution. Potentiometric 
SECM: Mg 2 + -ISME and Sb/Sb 2 O 3 dual ME for pH 

measurement Probe height = 20 μm above the 
surface. 

Galvanic corrosion [112] 

Galvanic couple Mg-Ti SECM and 
Potentiometric SECM 

Electrolyte: 0.1 M NaCl solution. SECM: Feedback 
mode: addition of 2 mM Ferrocene-methanol; C tip 
(dia. 30 μm) biased at + 0.6 V vs. Ag/AgCl/(3 M) 
KCl; tip height = approach cccurves. RC ; C tip 
(dia. 25 μm) biased at −0.65 V vs. Ag/AgCl/(3 M) 
KCl Potentiometric SECM: Sb/Sb 2 O 3 dual ME for 
pH measurement 

Galvanic corrosion [113] 

MA8 alloy SVET/SIET, SKPFM Electrolyte: Eagle’s minimum essential medium 

(MEM). SVET: Probe height = 100 μm above the 
surface. Vibrating amplitude = 20 μm (Z-axis). 
SIET: Probe height = 40 μm above the surface. 
SKPFM: Measurement of the Volta potential 
distributions (work function mode; scanning 
frequency of 0.8 Hz; pixel resolution of 512 × 512). 

Localized corrosion [114] 

Mg-0.63Ca Mg-0.89Ca 
alloys 

Potentiometric SECM Electrolyte: Ringer solution. Sb/Sb 2 O 3 dual ME for 
pH mapping; height: 20–30 μm 

Localized corrosion [115] 

Mg-0.8Ca alloy SVET/SIET, SKPFM Electrolytes: NaCl 0.3 wt.% and 0.9 wt.% solutions, 
and MEM for both SVET and SIET. SVET: Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 20 μm (Z-axis). SIET: Probe 
height = 40 μm above the surface. SKPFM: 
Measurement of the Volta potential distributions 
(work function mode; scanning frequency of 
0.8 Hz; pixel resolution of 512 × 512); relative 
humidity = 45–55%. 

Localized corrosion [116] 

Mg-30wt.%Ca SKPFM Volta potential differences between Mg 2 Ca and 
α-Mg phases 

Localized corrosion [117] 

Mg-2Ag(T4) and E11 alloys SIET Electrolyte: various simulated physiological 
conditions H 

+ -ISME 

Localized corrosion [118] 

Mg-Mg 2 Ca and Mg-MgZn 2 
couples 

SVET/SIET Electrolyte: Hanks’ solution. SVET: Probe 
height = 100 μm above the surface. Vibrating 
amplitude = 20 μm (Z-axis). SIET: Probe 
height = 100 μm above the surface (measurement 
of pH value and Mg 2 + concentration). 

Galvanic corrosion [119] 

Mg-3Nd-1Li-0.2 Zn alloy SKP Measurement of the Volta potential over an area of 
1 mm × 1 mm 

Localized corrosion [120] 

AZ91D, Mg-X alloys (where 
X in wt.% is 0.94 La, or 
2.87 Ce, or 2.60 Nd) 

SKPFM Measurement of the Volta potential distributions Localized corrosion [121] 
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orrosion, several examples can be found in the current litera-
ure. For example, the local corrosion spots and pit nucleation

echanism of the AZ31 alloy were studied by Morcillo et al.
28] using SECM in the feedback mode. The alloy was tested
n simulated body fluid. SECM allowed determination of local
lectrochemical activity that correlated with the presence of
l-Mn intermetallics in the microstructure of the alloy, acting

s local cathodes that triggered the anodic dissolution of the
urrounding Mg matrix. 

By using SECM in AC mode (AC-SECM), Baril et al.
73] observed that a thin and insulating MgO layer partially
overs the surface of magnesium in a corroding electrolyte,
nd metal dissolution only occurs at the oxide-free areas al-
hough covered by a thick porous layer of Mg(OH) 2 . En-
anced hydrogen evolution was observed on the Mg(OH) 2 
overed surface of magnesium using SECM in the SG/TC
ode [74] . Furthermore, the rate of the hydrogen evolution

eaction increased by several orders of magnitude upon an-
dic polarization, although thickening of the dark layer was
nly 2–3 times. In a subsequent study, it was observed that
he rate of hydrogen evolution was higher with the increase
f Fe content in the magnesium sample [75] . 

Jamali et al. [76] have shown that SECM is able to mea-
ure local currents generated by hydrogen evolution on the
Z31B alloy in simulated physiological fluid. The SECM was
perated at the SG/TC mode. The current map obtained at the
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Fig. 7. Schematic illustration of the Volta potential difference (V PCD ) measured by SKPFM: a) Two different metals are put into electrical contact; b) the 
Fermi levels of each one of them (E F ) reach equilibrium,; c) the Fermi level and the vacuum level (E vac ) are lifted to their original positions by applying a 
voltage equal to V PCD . Reproduced from Ornek et al. [70] (with permission from Taylor and Francis). 

Fig. 8. (a) SECM map of AZ31B alloy in simulated physiological solution. Substrate at the open circuit potential. Tip biased at 0.0 V vs. Ag/AgCl (3 M 

KCl); (b) SEM micrograph of the rectangular area selected at (a). Reproduced with permission from Elsevier [76] . 
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pen circuit potential is displayed in Fig. 8 a, whereas the cor-
esponding SEM micrograph of the selected area is shown in
ig. 8 b. The main spots of hydrogen evolution are the small
lue/pink colored sites. One example is indicated by the ar-
ow in Fig. 8 a. These spots corresponded to regions that are
referentially surrounded by Al-rich inclusions, as reported
y other authors [77] . Additionally, corrosion pits were also
ormed at random sites on the AZ31B surface due to the het-
rogeneous nature of the corrosion process, as also observed
y Lamaka et al. [62] . Some authors reported that quantita-
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Fig. 9. SECM maps of the AM60 alloy in 0.3 NaCl solution with addition of 1.0 mM FcMeOH as redox mediator at different immersion times: a) 0.5 h; b) 
1.5 h; c) 3.5 h Tip biased at + 0.5 V vs. Ag/AgCl (3 M KCl). Reproduced with permission from Elsevier [79] . 
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l  
ive assessment of the corrosion rate of the AZ31B alloy us-
ng SECM depends on further calibration of the instrument,
lthough qualitative evaluation of the cathodic/anodic spots
ould be successfully determined by probing the hydrogen
volution reaction [78] . Liu et al. [79] employed SECM in the
eedback mode to study the corrosion process of the AM60
lloy in sodium chloride solution, using ferrocene-methanol
FcMeOH) as redox mediator. The aim was to investigate the
nitiation and growth of pits on the freely corroding surface
f the magnesium alloy by monitoring anodic regions related
o changes of the redox mediator. The SECM maps in Fig. 9
ffectively showed the evolution of active sites during im-
ersion in the electrolyte. After 0.5 h of immersion in 0.3
aCl solution there is a strong anodic peak (denoted by A

n Fig. 9 a). After 1.5 h of immersion ( Fig. 9 b) this peak
isappeared due to repassivation of the damaged area in the
urface film. However, pitting corrosion took place after 3.5 h,
s indicated by the high current spots at peaks B and C in
ig. 9 c. 

Filotás et al. [80] developed a novel approach to use SECM
o study the anomalous hydrogen evolution during corrosion
f magnesium alloys in aqueous electrolytes. The limitation
f using amperometric SECM measurements in the SG/GC
ode for studying the corrosion process of magnesium sub-

trate under anodic polarization was outlined by the authors.
his is due to strong convective effects on the SECM probe
aused by excessive hydrogen evolution that ultimately ham-
ers the reproducibility and stability of the measured cur-
ents. To circumvent this problem, a three-step (off-on-off)
nodic polarization sequence was designed, aiming at reduc-
ng the perturbation due to excessive H 2 evolution on the
urrent signals measured by the SECM tip [81] . This ap-
roach is depicted in Fig. 10 . In the initial step, the alloy is
eft at the open circuit potential for 30 min, freely corroding
n the electrolyte. Next, the substrate is anodically polarized,
reatly increasing hydrogen evolution, as seen in the inset of
ig. 10 . After an additional 30 min-period, polarization was
topped and the substrate was let at the open circuit potential
or another 30 min-period. This off-on-off operation sequence
llowed the authors to obtain comparable current signals un-
er different SECM line scans, thus circumventing the prob-
ems of excessive hydrogen evolution that occurs when the
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Fig. 10. Off-on-off operation of the SECM, as proposed by Filotàs et al. 
[80] to study the hydrogen evolution process of the AZ63 magnesium alloy in 
NaCl solution (amperometric line scans recorded at a tip potential of −0.05 V 

vs. Ag/AgCl (3 M KCl). Reproduced with permission from Elsevier. 
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ubstrate is directly polarized. This procedure was extended
lso to pure Mg and MgAl model galvanic couples, proving
ts validity to obtain reliable information on the anomalous
ydrogen evolution process of magnesium using the SECM
 82 , 83 ]. Tefashe et al. [84] have also shown the applicability
f SECM to monitor the local flux of H 2 due to magnesium
orrosion in sodium chloride solution. These authors used the
ECM in the SG/TC mode to study the hydrogen evolution
rocess of the AM50 alloy in 0.6 M NaCl solution. They ob-
erved that the convective effects due to excessive hydrogen
ow were effectively overcome when specific experimental
onditions were employed (0.6 M NaCl aqueous solution and
mmersion times up to 60 min). The local hydrogen flux and
he size of active areas depend on the time of immersion.
ECM gave experimental evidence on the rapid initiation of

he corrosion process by monitoring the evolution of the hy-
rogen flux up to 1 h of immersion. 

Although the SG/TC operation has been successfully em-
loyed to monitor the evolution of hydrogen from corroding
agnesium materials [ 76 , 80 , 84 ], its application to detect the

hemical species formed at the anodic sites from magnesium
ctivation is prevented by the very negative potential of mag-
esium electroreduction [64] . A modified SG/TC operation
as recently developed by Zhang et al. [85] with the goal to

nvestigate the possible formation of unstable intermediates
uring magnesium dissolution, namely the hypothetical Mg 

+ 

on. In this method, a carbon ME was employed to monitor
he formation at the anodic sites of intermediates that can be
urther oxidized by transferring electrons to a suitable redox
pecies added to the electrolyte. In their work, K 3 [F e (CN)] 6 
as added to the electrolyte as redox mediator for such redox

onversion process associated to the SG/TC operation mode. 

.1.2. SVET 

Complementary information to the SECM can be achieved
y probing magnesium surface with a scanning vibrating elec-
rode. SVET is employed to gain insightful knowledge on the
ocation and distribution of anodic and cathodic sites on the
orroding surface of magnesium alloys in a more quantitative
ay than that obtained by SECM, although chemical speci-
city is not possible. Further limitations mentioned in the lit-
rature are related to the lack of sensitivity due to the distance
etween the probe and the metallic surface, and evaporation
f electrolyte during long-term measurements [30] . However,
he reliability of SVET results for corrosion research in mag-
esium alloys has been demonstrated by several authors, as
escribed below. 

The cathodic activity of freely corroding Mg-Sn alloys in
aCl solution was investigated by Cain et al. [86] . They used
VET to assess the distribution of anodic and cathodic areas
n the surface of the Mg-Sn alloys. By increasing the Sn
ontent in the alloy, the cathodic activity was suppressed and
he anodic current density decreased due to the formation of
 more stable passive film, mainly consisting of SnO 2 . SVET
as also employed by Williams et al. [87] to investigate the

orrosion processes of Mg-As alloys under both freely cor-
oding and anodic polarization conditions. The main interest
n this type of alloy resides in its action as a cathodic poison
hen alloyed to magnesium, limiting hydrogen evolution on

ron-rich impurities that triggers local corrosion processes. For
xample, for open circuit conditions, SVET showed that As
ddition inhibits breakdown of naturally formed oxide film,
eading to the formation of a dark film, cathodically activated,
s shown in Fig. 11 . No current peaks are seen up to 24 h
f immersion ( Fig. 11 a and 11 b). The dark film formed over
he surface can be observed in Fig. 11 c. Germanium, a more
nvironmentally friendly alloying element, played a similar
ole to that of arsenium, when a Mg-0.3 wt.% Ge alloy was
nvestigated using SVET under both freely corroding and an-
dic polarization conditions in NaCl aqueous solutions [88] .
ermanium inhibited cathodic activation due to its incorpo-

ation into the MgO/Mg(OH) 2 layer formed during anodic
issolution of magnesium. 

Williams et al. [89] investigated the role of Nd in the lo-
alized corrosion mechanism of binary Mg-Nd alloys. Us-
ng SVET measurements under freely corroding conditions in
 5 wt.% NaCl solution, they found that intense local an-
des formed upon addition of Nd, leading to breakdown of
he surface oxide film. These local anodes expanded radi-
lly over time, while the interior was cathodically activated.
athodic activation was associated with Nd-rich intermetallic
rains formed upon dissolution of the Mg- α matrix in local
nodic regions. 

SVET observations by Williams and coworkers seemed to
onfirm the same observation of faster hydrogen evolution
ates accompanying the formation of the dark layer of corro-
ion products on Mg [90] . In this case, a filiform pattern of the
orrosion product deposition progression coupled with the oc-
urrence of anodically active areas at the front of the filiform
rail was observed [90] , with the net anodic and cathodic ionic
urrent densities increasing quite in parallel. Similar trends
ere observed for Mg alloy AZ31 [91] . Interestingly, when
igh chloride concentrations were employed in the experi-
ents, the iron containing magnesium alloy displayed disk-
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Fig. 11. Current maps for the Mg-As (0.37%) alloy in 0.1 dm-3 NaCl solu- 
tion: a) 4 h; b) 24 h; c) surface aspect after 24 h of immersion. Reproduced 
with permission from Elsevier [87] . 
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hape corrosion spots as it was expected for alloys, but the
liform track appeared on the magnesium surface when de-
reasing the concentration of the electrolyte [92] . Further in-
estigations on the effect of iron dissolution and repassivation
ere performed using SVET [93–95] . 
SVET was employed by Kousis et al. [96] to elucidate the

liform corrosion mechanism of the E717 magnesium alloy
Zn and Zr are the main alloying elements with small ad-
itions of Nd). Current maps revealed that the leading edge
f the filaments formed during filiform corrosion presented
 strong anodic character, moving over the surface of the
lloy. Behind the filaments, a cathodically-activated dark sur-
ace was observed. By increasing the concentration of chlo-
ide ions, the current density increased at both the local an-
dic regions and the cathodic areas. Ramli et al. [97] have
ncountered similar results for the filiform corrosion of the
Z31 alloy in 3.5 wt.% NaCl solution. They showed that

he filament front was anodic with respect to its back where
orrosion products accumulate, giving it a cathodic charac-
er, as displayed in the current maps of Fig. 12 a, and the
orresponding optical images in Fig. 12 b. 

The localized corrosion processes of the Magnox Al-80
lloy (a high magnesium alloy with approximately 0.8 wt.%
l employed as nuclear fuel cladding) were studied by Clark
t al. using SVET [98] . The effects of pH and chloride con-
entration on the localized corrosion behavior of the alloy
ere assessed. SVET showed rapid spreadn of local anodic

ites at high chloride concentration (2.5% w/v), whereas at
ow chloride concentration and high pH the alloy was less
usceptible to passivity breakdown. 

The microgalvanic corrosion process of the AZ80 alloy
as studied by Yan et al. [99] . The material was subject to

evere plastic deformation (SPD) by successive steps of mul-
idirectional compression, obtaining ultrafine grained twins.
sing SVET these authors reported that grain refinement up

o nanometer range suppressed the severe localized corrosion
henomena of the magnesium alloy when compared to the
ame alloy that did not undergo SPD. The main microstruc-
ural difference between the ultrafine grained-material and the
onventional alloy was the size and distribution of Mg 17 Al 12 

recipitates ( β-phase). While it was coarse (tens of microm-
ters) and heterogeneously distributed within the magnesium
atrix in the conventional alloy, β-phase precipitates were
ne (200 nm) and homogeneously distributed in the SPD-
rocessed alloy. Hence, microgalvanic effects were greatly
uppressed for the ultrafine grained material. SVET effec-
ively detected the different localized corrosion spots for each
lloy. The effect of grain size on the corrosion of pure mag-
esium was investigated by Ralston et al. [100] . The samples
ere grain refined by severe plastic deformation using Equal
hannel Angular Pressing (ECAP). SVET was performed un-
er freely corroding conditions in 0.1 mol dm 

−3 NaCl solution
t different pH values. SVET revealed that the fine-grained
aterial was more resistant to breakdown of the passive film

han the untreated surface. SVET can also be used to assess
he effect of grain size in welded joints by measuring the lo-
al corrosion activity across different joint regions, as shown
y Kish et al. [101] . 

As one of the most serious limitations on the widespread
se of magnesium alloys in the automotive industry, galvanic
orrosion studies have attracted great attention in the scientific
ommunity in the past decade. Deshpande [102] attempted
o increase the knowledge on macrogalvanic couples between
agnesium and two other structural materials employed in the

utomotive industry, aluminum and steel. They used SVET to
valuate the corrosion rates of AE44 Mg alloy-mild steel and
E44 Mg alloy-AA6063 Al alloy when in physical and elec-

rical contact. The results showed that SVET yielded compat-
ble results with immersion tests with a difference of around
0% between the current densities measured by each tech-
ique. The corrosion rate of the AE44 Mg alloy-AA6063
l alloy was five times slower than that of the AE44 Mg

lloy-mild steel couple. Nakatsugawa and Chino [103] em-
loyed SVET to study the effect of the area ratio (cathode
rea/anode area) on the corrosion currents of a galvanic cou-
le consisting of AZX611 Mg alloy-A6N01 Al alloy. Re-
ults obtained by SVET showed that anodic current spots in-
reased with the area ratio. It must be taken in account that
he occurrence of edge effects between galvanic couples was
bserved in the case of joining magnesium to a dissimilar
etal [104] . 
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Fig. 12. (a) SVET maps of the AZ31 alloy up to 4 h of immersion in 3.5 wt.% NaCl solution; (b) corresponding optical images showing in-situ corrosion 
during immersion. Reproduced with permission from Elsevier [97] . 
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Galvanic effects also play an essential role in localized
orrosion processes that occur in welded joints [105] . For
xample, Salleh et al. [106] used SECM and SVET to in-
estigate the local corrosion processes of friction stir welded
M60/AM30 alloys (Mg-Al-Mn). SECM operation was per-

ormed in SG/TC mode in 0.01 M NaCl solution. The im-
ersion time was up to 2 h Scans were taken across the
elded joint. A potentiometric SECM measurement was per-
ormed to determine the local concentration of Mg 

2 + over
he joint. SVET measurements were taken upon immersion
f the welded joints in 0.86 M NaCl solution for periods of
p to 15 h Three different regions are commonly observed
n friction stir welded materials, namely the stir zone (SZ),
he thermomechanically affected zone (TMAZ), and the heat
ffected zone (HAZ). Each one of these zones has different
icrostructural features (grain size, dislocation density, pre-
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Fig. 13. Schematic representation (left) and actual photographs (right) of the 
multi-barrel electrode assembly developed by Filotás et al. [112] : 1: pH- 
sensitive electrode; 2: Mg 2 + selective electrode; 3: reference electrode. Re- 
produced with permission from Elsevier. 
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ipitates) which ultimately lead to distinct corrosion suscepti-
ilities [ 107 , 108 ]. The SECM results revealed that the AM60
nd SZ regions displayed an anodic behavior in the welded
oint within the first minutes of immersion. However, after 2 h
hey became cathodic with respect to the AM30 alloy. SVET
aps indicated that filiform corrosion started and propagated

nto the AM30 alloy, resulting in cathodic activation of the
orroding welded joint surface. For longer immersion times,
he AM60 region of the welded joint was preferentially at-
acked, resulting in cathodic activation of the AM30 alloy. 

Corrosion inhibition of uncoated magnesium may also be
tudied using SVET, as reported by Williams et al. [ 109 , 110 ].
hese authors screened several different corrosion inhibitors

or magnesium [109] and for the AZ31B alloy [110] at the
pen circuit potential in 5 wt.% NaCl solution. SVET maps
howed current spikes spreading over the sample surface for
he least effective inhibitors (NaF, CeCl 3 and YCl 3 ), indicat-
ng the onset of localized corrosion spots. Conversely, ca-
hodic areas remained more time over the surface when ef-
ective inhibitors were added to the sodium chloride solution
Na 3 PO 4 and Na 2 CrO 4 ). SVET has also been used to study
orrosion inhibition by sodium dioctyl phosphate (DOP) in
lectron WE43 alloy [111] . 

.1.3. Scanning micropotentiometric methods 
Due to their chemical sensitivity, microemperometric meth-

ds were first employed in combination with SVET and later
lone to provide broader insights into the local corrosion pro-
esses of magnesium alloys, allowing a better understand-
ng of their corrosion mechanisms in specific electrolytes. By
arefully planning the experiments, the aforementioned limi-
ations of the probes, such as the fragile nature of the glass

icropipettes, and short lifetime [32] , can be adequately cir-
umvented to obtain relevant data on the chemical species
nvolved in the local corrosion processes of magnesium and
ts alloys. 

Filotás et al. [112] have studied the galvanic corrosion of
n AZ63 Mg alloy-iron couple using potentiometric SECM.
he rods of each metal were in electrical contact but not in
hysical contact. Potentiometric SECM measurements were
arried out by means of an innovative multi-barrel microelec-
rode design, consisting of three different electrodes, a pH-
ensitive antimony electrode, Mg 

2 + selective electrode and
g/AgCl reference electrode. This assembly is depicted in
ig. 13 . The main advantage of such design is to avoid inter-
erence from high electric fields during SECM analysis that
s a typical limitation of single-barrel electrodes. By bringing
he reference electrode as close as possible to the ion-selective
icroelectrode in the multi-barrel design, this limitation can

e overcome, as shown by the authors, allowing one to obtain
imultaneous accurate measurements of pH distribution and

g 

2 + activity in the potentiometric SECM operation mode
uring galvanic corrosion of magnesium alloys. In a subse-
uent study, the electrochemical activation of both Mg and Ti
hen galvanically coupled was observed using SECM, and

his effect was detrimental to the survival rates of cells used
o characterize the biocompatibility of the materials [113] . 
Gnedenkov et al. [114] showed the applicability of SVET
nd SIET to reveal local anodic and cathodic spots on
he biodegradable Mg-0.8Ca alloy in physiological solution
MEM), whereas pH distributions around Mg-Ca alloys were
nvestigated by Mareci et al. [115] as a function of the cal-
ium content in the alloy, with Mg-0.63Ca degrading faster
han Mg-0.89Ca, with a heterogenous distribution of reactiv-
ty on the surface of both alloys. Based on SVET/SIET maps,
t was possible to infer that the Mg 2 Ca phase that forms at
rain boundaries is anodic with respect to the magnesium ma-
rix [116] . SKPFM confirmed that this phase displayed more
egative electrochemical potential than α-Mg, acting as an
node in local microgalvanic cells [ 116 , 117 ]. Hence, the scan-
ing probe techniques gave support to understanding the main
eterioration mechanism of the Mg-0.8Ca alloy in the MEM
olution, which occurs by dissolution of the Ca-rich phase,
orming a Ca-P phase according to reaction (4): 

mM g 

2+ +nC a 2+ +x H 2 PO 

−
4 / HP O 4 

2 −+yHC O 

−
3 +zO H 

−

→ Mg m 

Ca n ( PO 4 ) x ( CO 3 ) y ( OH ) z ↓ (4) 

Microgalvanic effects were also imaged using SIET to ac-
ount for localized corrosion on E11 and Mg-2Ag alloys in
imulated physiological environments [118] . 

Liu et al. [119] studied the galvanic couple formed between
ure Mg and intermetallic compounds (Mg 2 Ca and MgZn 2 )
sing SVET and SIET. Information on the galvanic corrosion
ehavior of such compounds is a relevant aspect of biodegrad-
ble Mg alloys. SVET current maps revealed that Mg 2 Ca ex-
ibited strong anodic activity while MgZn 2 was cathodic with
espect to pure Mg, as displayed in Fig. 14 . SIET was able to
dentify the concentration of Mg 

2 + ions on the galvanic cou-
les, in good agreement with the SVET results. The anodic
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Fig. 14. SVET current maps for the a) Mg-Mg 2 Ca and b) Mg-MgZn 2 galvanic couples in Hanks’ solution. Reproduced with permission from Elsevier [119] . 

Fig. 15. SIET maps for the distribution of Mg 2 + ions on a) Mg-Mg 2 Ca and b) Mg-MgZn 2 galvanic couples in Hanks’ solution. Reproduced with permission 
from Elsevier [119] . 
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egions corresponded to the sites where Mg 

2 + concentration
as higher ( Fig. 15 ). 

.2. SKP and SKPFM 

Since the ex situ surface potential distribution on the sur-
ace of metallic materials obtained by SKP/SKPFM can be
orrelated with corrosion potentials, these methods can be
onsidered as a complementary technique to investigate the
ocal corrosion processes of metallic alloys. Its main advan-
ages lie in the relatively simple performance of the experi-

ents without requiring the construction of complex micro-
lectrode probes or limitations concerning the conductivity
f the electrolyte, since the measurements are carried out in
ir [32] . However, probe calibration is necessary and concerns
bout the inherent low resolution of SKP should be taken into
ccount, although SKPFM can overcome this latter limitation.
espite these limitations, SKP has attracted attention of some

esearchers to study local corrosion processes of magnesium
nd its alloys, providing valuable information for understand-
ng local surface activity. 

SKP was used by Gao et al. [120] to investigate the mi-
rogalvanic couples formed on Mg-3Nd-1Li-0.2 Zn alloy due
o the presence of nanometric Mg 41 Nd 5 precipitates. SKP al-
owed authors to identify that the Nd-rich precipitates dis-
layed lower Volta potentials (blue spots in Fig. 16 a) than
he Mg matrix (red area in Fig. 16 a). These sites were asso-
iated with the alloy microstructure shown in the SEM mi-
rographs displayed in Fig. 16 b. Thus, the precipitates were
nodic with respect to the matrix, and corroded preferen-
ially. This information was used to clarify the corrosion
echanism of the Mg-3Nd-1Li-0.2Zn alloy in 3.5 wt.% NaCl

olution. 
Hurley et al. [121] gave an important contribution on the

alidity of SKPFM as a reliable technique to probe the for-
ation of microgalvanic couples in magnesium alloys. These

uthors have critically assessed literature and experimental
esults in order to reveal if the results obtained by SKPFM
ive the same trend (cathodic or anodic character of spe-
ific crystalline phases) of those obtained by measuring the
lectrochemical potentials of different magnesium-based ma-
erials. For rare-earth rich secondary phases such as Mg 12 La,

g 12 Ce and Mg 3 Nd they observed that the open circuit poten-
ial and the Volta potentials did not correlate well. However,
t is useful to provide the overall microgalvanic behavior of

g alloys, as long as the pH range is kept between 1 and 10
o avoid magnesium passivation and/or dissolution of specific
lloying elements at highly alkaline pH. 
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Fig. 16. (a) Surface Volta potential map and (b) SEM micrograph of the Mg-3Nd-1Li-0.2Zn alloy. Reproduced with permission from Elsevier [120] . 
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.3. Coated surfaces 

Most part of the current literature on the use of scanning
robe techniques to study the corrosion processes of mag-
esium and its alloys is devoted to coated surfaces. In fact,
ue to the well-spread high electrochemical activity of these
aterials in aqueous solutions, there is a huge interest in de-

eloping protective coatings to control their corrosion rate.
n the present section, the literature is reviewed with respect
o the applicability of scanning probe techniques to inves-
igate local corrosion processes of coated magnesium-based
urfaces. Table 2 lists the references from which the main
nformation discussed in this section was collected, along with
elevant experimental details. It is organized in sub-sections
evoted to each scanning probe technique. The advantages
nd limitations of each technique to study the local corrosion
rocesses of coated alloys are the same as those mentioned in
ection 4.1 for the uncoated magnesium surfaces and hence,

hey will not be mentioned here. 

.3.1. SECM 

As a high-resolution technique, SECM is also employed
o investigate local corrosion processes of coated magne-
ium surfaces. As shown by Ma et al. [122] for a PEO-
ydroxyapatite coated AZ31B alloy, the evolution of the elec-
rochemical activity around specific defect sites can be effec-
ively monitored by SECM in the feedback mode. Oliveira
t al. [ 123 , 124 ] used the SECM in the SG/TC operation mode
o monitor hydrogen evolution from an anodized AZ31B sub-
trate. The samples were anodized in an electrolyte consisting
f a mixture of potassium hydroxide and sodium silicate at
hree different constant current densities (5, 10 and 20 mA
m 

−2 ). The morphology of the anodized layer affected the
orrosion resistance. SECM allowed to identifying the local
orrosion spots on the anodized surfaces and correlate them
ith the morphology of the oxide layers. As shown in Fig. 17 ,
ECM 2D maps indicated high electrochemical activity for

he untreated AZ31B alloy ( Fig. 17 a) when compared to the
nodized samples. 

Conversion layers were also characterized using SECM in
ifferent operation modes, as shown by Jamali et al. for the
nvestigation of the corrosion protection of a praseodymium
onversion film applied on Mg alloy AZNd [125] . The SG/TC
ode was thus employed for the detection of hydrogen gas

volution, whereas AC-SECM served to image defects in the
onversion coating by measuring local differences in surface
esistivity [125] . In a subsequent study, the self-healing char-
cteristics of the praseodymium conversion film in the pres-
nce of soluble Pr 3 + ions were monitored using the SG/TC
peration of SECM [126] . 

Liu et al. [127] have also investigated the self-healing pro-
ess of a doped-PEO layer. Coating architecture was based
n the formation of a hybrid coating consisting of an inor-
anic phase obtained by micro-arc oxidation doped with the
orrosion inhibitor (imidazole-based molecule), followed by
praying a polyurethane top layer on the doped-PEO film.
hey relied in two different actions for corrosion protection.
he first one was based on the release of the corrosion in-
ibitor impregnated in the PEO porous oxide film. The second
ne is based on mechanical repairing of the polyurethane film
ue to shape-memory effect a thermal stimulus and dynamic
isulfide exchange reaction. SECM was used to study the
elf-healing effect of the different coating systems. The op-
ration mode was SG/TC. The tip was polarized at −0.05 V
s. Ag/AgCl to probe the evolution of H 2 from corrosion of
he magnesium alloy substrate (AZ31B alloy). They evaluated
he hybrid PEO-polyurethane film without corrosion inhibitor
MP −0), the PEO-polyurethane film doped with the corrosion
nhibitor (MP −i ) and the polyurethane film doped with the
orrosion inhibitor ( P − i ) after immersion in 3.5 wt.% NaCl
olution for 3 and 12 days. The SECM maps are displayed
n Fig. 18 . There is an evident reduction of the electrochem-
cal activity of the MP −i sample after 12 days of immersion
ith respect to the other ones. SECM effectively indicated

he self-healing ability of the doped-PEO-polyurethane hybrid
oating. 

.3.2. SVET 

Due to its prominent role in elucidating the localized cor-
osion processes taking place at coated surfaces, SVET is
requently employed for the investigation of either simple
r complex coating architectures. An example of a simple
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Table 2 
Electrode material, scanning probe technique and configuration, application and reference for studies on the corrosion processes occurring at the surfaces of 
coated magnesium-based materials. 

Substrate Coating material and deposition 
method 

Scanning probe 
technique 

Experiment configuration Application Reference 

AZ31 alloy Composite coating consisting of 
PEO film with Ce salt sealing on 
which (LDHs were hydrothermally 
deposited and modified by phytic 
acid (PA) (ion-exchange reaction) 

SVET Electrolyte: 3.5 wt.% NaCl solution. 
Probe height = 200 μm. Vibrating 
amplitude = 30 μm (Z-axis); 
frequency of 80 Hz. 

Self-healing 
coating 

[26] 

AZ31 alloy Hybrid coating consisting of 
Poly(bisphenol 
A-co-epichlorohydrin, glycidyl 
end-capped, 
aminopropyltriethoxysilane 
(APTES), and diethylenetriamine 
(DETA) obtained by dip coating. 
Incorporation of CeO 2 

nanoparticles. 

SVET, SIET and 
LEIS 

Electrolyte for SVET and SIET: 
0.05 M NaCl solution. SVET: Probe 
height = 100 μm above the surface. 
Vibrating amplitude = 32 μm (Z-axis); 
frequency of 124 Hz. SIET: Probe 
height = 50 μm above the surface. 
H 

+ -ISME. Electrolyte for LEIS: 
0.005 M NaCl solution. LEIS: 
Frequency = 10 Hz. 

Self-healing 
coating 

[27] 

AZ31B alloy Sol-gel film SVET, SIET Electrolyte: 0.05 M NaCl. SVET: 
Probe height = 50 μm above the 
surface. Vibrating amplitude = 20 μm 

SIET: ISME’s for H 

± and Mg 2 ±. 

Self-healing 
coating 

[62] 

AZ31B alloy PEO hydroxyapatite (HA) coating SECM and LEIS Electrolyte: simulated body fluid for 
both SECM and LEIS. SECM: Probe 
height: 100 μm. Other details are not 
provided. LEIS: Frequency = 10 Hz. 

Localized 
corrosion 

[122] 

AZ31B Anodized layer SECM Electrolyte: simulated body fluid. 
SG/TC mode. Probe tip biased at 0.0 V 

vs. Ag/AgCl. Scan rate = 100 μm s 
− 1 . 

Localized [123] 

AZ31B Anodized layer SECM and SKP SECM: Electrolyte = dilute PBS. 
SG/TC mode. Probe height: 10 μm. 
Probe tip biased at 0.0 V vs. Ag/AgCl. 
SKP: Probe height = 100 μm 

Localized 
corrosion 

[124] 

AZNd alloy Praseodymium conversion film SECM, 
potentiometric SECM 

and AC-SECM 

Electrolyte: dilute SBF SG/TC mode : 
Pt tip (dia. 25 μm) biased at 0.0 V vs. 
Ag/AgCl/(3 M) KCl; tip 
height = 5 μm. Potentiometric mode: 
dual Ir/IrOx (dia. 7 μm) AC mode : Pt 
tip (dia. 25 μm); AC voltage: 
±100 mV around OCP condition. 
Frequency range: 1–75 kHz 

Localized 
corrosion 

[125] 

AZNd alloy Praseodymium conversion film SECM, 
potentiometric SECM 

and AC-SECM 

lectrolyte: dilute SBF SG/TC mode : Pt 
tip (dia. 25 μm) biased at 0.0 V vs. 
Ag/AgCl/(3 M) KCl; tip 
height = 5 μm. Potentiometric mode: 
dual Ir/IrOx (dia. 7 μm) AC mode : Pt 
tip (dia. 25 μm); AC voltage: 
±100 mV around OCP condition. 
Frequency range: 1–75 kHz 

Localized 
corrosion 

[126] 

AZ31B alloy Composite coating consisting of 
PEO layer filled with 1-(3-((N-n–
butyl)aminecarboxamido)propyl) −3- 
hexadecyl imidazolidin bromide 
(M-16)-inhibitor and self-healing 
polyurethanes sprayed on the 
surface of the PEO layer 

SECM Electrolyte: 3.5 wt.% NaCl solution. 
SG/TC mode. Probe height: 50 μm. 
Probe tip biased at −0.05 V vs. 
Ag/AgCl. Scan speed = 50 μm s − 1 . 

Self-healing 
coating 

[127] 

AZ91-T4 alloy Phosphate conversion coating SVET Electrolyte: 3.5 wt.% NaCl solution at 
30 °C. Probe height = 100 μm. 

Localized 
corrosion 

[128] 

AZ31 alloy Ce and La conversion coatings 
obtained by immersion 

SVET Electrolyte: 0.005 M NaCl solution at 
30 °C. Probe height = 200 μm. 

Localized 
corrosion 

[129] 

( continued on next page ) 
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Table 2 ( continued ) 

Substrate Coating material and deposition 
method 

Scanning probe 
technique 

Experiment configuration Application Reference 

AZ31B alloy Composite coating: bottom layer 
consisting of tungstate intercalated 
LDH and a top layer consisting of 
ureido crosslinked 
polydimethylsiloxane (U-PDMS) 
with laurate modified LDHs podwer 

SVET Electrolyte: 0.05 M NaCl solution. 
Probe height = 130 μm above the 
surface. Vibrating amplitude = 30 μm 

(Z-axis); frequency of 75 Hz. 

Self-healing 
coating 

[135] 

Mg-1Ca alloy Composite coating consisting of 
silk fibroin and K 3 PO 4 composite 
coatings obtained by spin coating 

SVET Electrolyte: Hanks’ solution. Probe 
height = 100 μm. Scanned 
area = 1.5 mm × 1.5 mm. 

Self-healing 
coating 

[136] 

AZ91D alloy Sol-gel matrix consisting of 
3-Glycidoxypropyltrimethoxysilane 
(GPTMS) with tetraethoxysilane 
obtained by dip coating. Addition 
of halloysite nanotubes incorporated 
with corrosion inhibitors (cerium 

nitrate hexahydrate and zirconium 

n-propoxide 

SVET Electrolyte: 3.5 wt.% NaCl solution. 
No details about probe height and 
frequency. 

Self-healing 
coating 

[137] 

AZ91 alloy First step: plasma electrolytic 
coating an electrolyte consisting of 
20 g/l sodium phosphate and 10 g/l 
potassium hydroxide, impregnated 
with corrosion inhibitors (sodium 

glycolate; sodium 4-aminosalicylate 
and sodium 

2,6-pyridinedicarboxylate). Second 
step: sol-gel coating consisting of a 
mixture of (3-glycidoxypropyl)- 
trimethoxysilane (GPTMS) and 
titanium (IV) propoxide (TPOT) 
obtained by dip coating. 

SVET Electrolyte: 0.05 M NaCl solution. 
Probe height = 100 μm above the 
surface. Vibrating amplitude = 13 μm 

(Z-axis); frequency of 100 Hz. 

Self-healing 
coating 

[138] 

Pure Mg Hybrid PEO-epoxy coating obtained 
by dip coating 

SVET Electrolyte: 0.05 M NaCl solution. 
Probe height = 100 μm. Vibration 
frequency = 325 Hz. Vibrating 
amplitude = 17 μm (Z-axis). 

Self-healing 
coating 

[140] 

AZ31B alloy PEO coating incorporated with 
corrosion inhibitors 

SVET Electrolyte: 0.05 M NaCl solution. 
Probe height = 100 μm. Vibration 
frequency = 325 Hz. Vibrating 
amplitude = 17 μm (Z-axis). 

Self-healing 
coating 

[141] 

Substrate Coating material and deposition 
method 

Scanning probe 
technique 

Experiment configuration Application Reference 

ZK30 alloy PEO coating SVET Electrolyte: Hanks’ solution. Probe 
height = 100 μm. Vibration 
frequency = 69 Hz (Z-axis). 

Localized 
corrosion 

[142] 

Mg5Gd alloy Mg5Gd film deposited by 
magnetron sputtering on wrought 
Mg5Gd alloy 

SVET Electrolytes: Hanks’ balanced solution 
and 0.1 M NaCl solution. Probe 
height = 100 μm. Vibration 
frequency = 162 Hz. Vibrating 
amplitude = 20 μm (Z-axis). 

Localized 
corrosion 

[143] 

MA8 alloy Composite coating consisting of a 
PEO layer and superdispersed 
polytetrafluoroethylene (SPTFE) 

SVET, SIET Electrolyte: cell culture medium 

(MEM) for both SVET and SIET. 
SVET: Probe height = 100 μm. 
Vibrating amplitude = 17 μm (Z-axis); 
vibration frequency = 99 Hz. SIET: 
Probe height = 40 μm above the 
surface. 

Protective 
coating 

[144] 

Pure Mg 
(obtained by 
direct laser 
deposition) 

Composite coating consisting of a 
PEO layer and superdispersed 
polytetrafluoroethylene 

SVET, SIET Electrolyte: 0.05 M NaCl solution for 
both SVET and SIET. SVET: Probe 
height = 100 μm. Vibrating 
amplitude = 17 μm (Z-axis); vibration 
frequency = 99 Hz. SIET: Probe 
height = 40 μm. 

Protective 
coating 

[145] 

( continued on next page ) 
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Table 2 ( continued ) 

Substrate Coating material and deposition 
method 

Scanning probe 
technique 

Experiment configuration Application Reference 

AZ31 alloy Hybrid epoxy-silane film obtained 
by dip coating 

SVET, SIET Electrolyte: 0.05 M NaCl solution for 
both SVET and SIET. SVET: Probe 
height = 100 μm. Vibration 
frequency = 325 Hz. Vibrating 
amplitude = 17 μm (Z-axis). SIET: 
Probe height = 50 μm. 

Protective 
coating 

[146] 

MA8 alloy PEO coating with 
8-Hydroxyquinoline 

SVET and SIET Electrolyte: 0.05 M NaCl solution for 
both SVET and SIET. SVET: Probe 
height = 100 μm. Vibrating 
amplitude = 20 μm (Z-axis). SIET: 
Probe height = 50 μm. 

Self-healing 
coating 

[147] 

MA8 alloy PEO coating with 
8-Hydroxyquinoline 

SVET and SIET Electrolyte: 0.05 M NaCl solution for 
both SVET and SIET. SVET: Probe 
height = 100 μm. Vibrating 
amplitude = 20 μm (Z-axis); vibration 
frequency = 398 Hz. SIET: Probe 
height = 50 μm. 

Self-healing 
coating 

[148] 

AZ31B alloy Sol–gel coatings prepared by 
copolymerization of 
3-glycidoxypropyltrimethoxysilane 
and zirconium (IV) tetrapropoxide 
with addition of 
8-Hydroxyquinoline 

SVET Electrolyte: 0.05 M NaCl solution. 
Probe height = 100 μm. Vibrating 
amplitude = 20 μm (Z-axis); 
frequency of 123 Hz. 

Self-healing 
coating 

[149] 

Substrate Coating material and deposition 
method 

Scanning probe 
technique 

Experiment configuration Application Reference 

AZ31 alloy Titanium diisopropoxide 
bis(acetylacetonate) (TAP)/ 
tris(trimethylsilyl) phosphate 
(tTMSPh)-based sol–gel coating 

SVET and SIET Electrolyte: 0.05 M NaCl solution for 
both SVET and SIET. SVET: Probe 
height = 100 μm. Vibration 
frequency = 398 Hz. SIET: Probe 
height = 100 μm. 

Self-healing 
coating 

[150] 

AZ91D alloy Mg–Al intermetallic coatings 
achieved by the heat treatment of 
Mg alloy in AlCl 3 –NaCl molten 
salts 

SVET and LEIS Electrolyte: 3.5 wt.% NaCl solution for 
both LEIS and SVET. LEIS: 
Frequency = 10 Hz; probe 
height = 50 μm. SVET: Probe 
height = 100 μm above the surface. 
Vibrating amplitude = 30 μm (Z-axis); 
frequency of 300 Hz. 

Coating in- 
tegrity/Localized 
corrosion 

[152] 

AZ31B alloy Sol-gel coated hydroxyapatite layer 
on PEO-coated AZ31B substrate 

SVET and LEIS Electrolyte: simulated body fluid for 
the SVET and LEIS. SVET: Probe 
height = 80 μm. Vibration 
frequency = 80 Hz. Vibrating 
amplitude = 30 μm (Z-axis). LEIS: 
Vibration amplitude = 10 Hz. 

Localized 
corrosion 

[153] 

AZ31 alloy Hybrid coating consisting of 
Poly(bisphenol 
A-co-epichlorohydrin, glycidyl 
end-capped, 
aminopropyltriethoxysilane 
(APTES), and diethylenetriamine 
(DETA) obtained by dip coating. 
Incorporation of cerium 

tri(bis(2-ethylhexyl)phosphate) 
(Ce(DEHP) 3 ). 

SVET, SIET and 
LEIS 

Same conditions as in [27] . Self-healing 
coating 

[154] 

WE43 alloy Same as in [129] SVET and LEIS Electrolyte for SVET: 0.05 M NaCl 
solution. Electrolyte for LEIS: 0.005 M 

NaCl solution. SVET: Probe 
height = 100 μm above the surface. 
Vibrating amplitude = 32 μm (Z-axis); 
frequency of 124 Hz. LEIS: 
Frequency = 10 Hz. 

Self-healing 
coating 

[155] 

( continued on next page ) 



3016 M.C.L. de Oliveira, R.M.P. da Silva, R.M. Souto et al. / Journal of Magnesium and Alloys 10 (2022) 2997–3030 

Table 2 ( continued ) 

Substrate Coating material and deposition 
method 

Scanning probe 
technique 

Experiment configuration Application Reference 

AZ31 alloy PEO coating SKP Probe height = 80 μm. Scanned 
area = 40 × 40 mm 

2 
Localized 
corrosion 

[156] 

AZ31 alloy TiN/TiO 2 nanocomposite film (TiN 

obtained by atomic layer 
deposition; next, oxidation 
treatment to form the TiO 2 layer) 

SKP Scanned area = 1 mm 

2 Corrosion 
trend; 
potential 
distribution 

[157] 

Commercially 
pure Mg 

Polyvinyl butyral (PVB) SKP Scanned area = 8 mm × 10 mm. 
Probe height = 100 μm 

Filiform 

corrosion 
[158] 

E717, AZ31 and 
AZ91 

Polyvinyl butyral (PVB) SKP Scanned area = 7 mm × 6 mm. Probe 
height = 100 μm 

Filiform 

corrosion 
[159] 

E717 Polyvinyl butyral (PVB) SKP Scanned area = 7 mm × 6 mm. Probe 
height = 100 μm 

Cathodic 
disbondment 

[160] 

Mg-1Sr alloy 
corrosion 

Near-infrared responsive polymer 
coating consisting of polypyrrole 
(PPy)/ polycaprolactone (PCL) 
hybrids 

SVET Electrolyte: 0.05 M NaCl solution. 
Probe height = 100 μm. Vibrating 
amplitude = 30 μm (Z-axis). 

Self-healing 
coating 

[161] 

Fig. 17. SECM 2D maps of the AZ31B alloy in phosphate buffered solution 
at room temperature: a) untreated; b) anodized at 5 mA cm 

−2 ; b) anodized 
at 10 mA cm 

−2 ; d) anodized at 20 mA cm 

−2 . Reproduced with permission 
from Elsevier [124] . 
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n  
oating architecture was reported by Liao et al. [128] . They
repared a phosphate conversion coating on the AZ91 al-
oy. An innovative alkaline pretreatment step was proposed
o eliminate impurities from the substrate, before formation
f the phosphate conversion layer. Specifically, the pretreat-
ent aimed at dissolving iron-rich impurities such as the
l x (Mn,Fe) y phase that is detrimental to the formation of the

onversion layer, decreasing its corrosion protection ability.
VET maps ( Fig. 19 ) showed the reduction of electrochemi-
al activity for the pretreated material with respect to coated
lloy without pretreatment and the uncoated AZ91 sample.
ontemor et al. [129] have also used SVET to study the elec-

rochemical activity of conversion coatings based on cerium
nd lanthanum compounds on the AZ31 alloy. 

Smart coatings for corrosion protection of metallic mate-
ials have gained increased scientific and technological rele-
ance in the past few years. Innovative strategies are available,
s recently reviewed by Udoh et al. [130] . Self-healing coat-
ngs, one class of smart coatings, are those that protect the

etallic material from corrosion, and recover their functional
roperties at a reasonable extent, repairing from a physical
amage or restoring their original performance. This effect
ccurs with no or minimal external intervention [131] . Such
trategy has been employed in many coating systems for dif-
erent magnesium alloys. Scanning probe techniques are often
mployed to investigate the self-healing ability of a particular
ystem. 

SVET plays a major role in this scenario, being the most
requently reported scanning probe technique to study the
elf-healing ability of protective coatings on magnesium al-
oys. Several instances can be found in the current literature.
y introducing an intentional defect in the coating layer, the
istribution of anodic and cathodic sites around it may be
ensed by the scanning probe. This approach has been adopted
y Zhang et al. [26] to study the self-healing ability of a smart
oating based on Mg-Al layered double hydroxide (LDH) ap-
lied on a cerium-modified PEO coating on the AZ31 mag-
esium alloy. The combination of PEO and LDH layers has
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Fig. 18. SECM current maps of the samples prepared by Liu et al. [127] : a) MP −I ; b) MP −0; c) P − i after 3 days of immersion in 3.5 wt.% NaCl solution; 
d) MP −I ; e) MP −0 and f) P − i after 12 days of immersion in 3.5 wt.% NaCl solution. Reproduced with permission from Elsevier. 

Fig. 19. SVET current distribution maps of the coated AZ91 alloy after 
immersion up to 24 h in 3.5 wt.% NaCl solution: a) uncoated alloy; b) 
conversion coating without pretreatment; c) pretreated and conversion coated 
sample. Reproduced with permission from Elsevier [128] . 
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s  
een recently proposed to improve the corrosion resistance
f light alloys, as the LDH layer seals the intrinsic pores of
he PEO coating [132] . Furthermore, active corrosion protec-
ion can be sought by incorporating corrosion inhibitors into
he LDH layer due to its intrinsic good ion-exchange ability.
hang et al. [26] added cerium nitrate to the PEO coating
ue to the reported ability of Ce in sealing the porous anodic
lm and also acting as a corrosion inhibitor for magnesium
 133 , 134 ]. SVET results suggested that the electrochemical
ctivity of the coated alloy decreased with the immersion
ime in 3.5 wt.% NaCl solution due to precipitation of cerium
round the scratched area. Ding et al. [135] used SVET to
tudy the self-healing ability of a tungstate-modified LDH
ayer deposited on the AZ31B alloy. The active corrosion pro-
ection was imparted by tungstate anions released with time
fter immersion in sodium chloride solution. Similar findings
ere reported by Calado et al. [27] on the effect of CeO 2 

s an active corrosion protection additive in an epoxy-silane
ayer deposited on the AZ31 magnesium alloy. CeO 2 nanopar-
icles were incorporated into a mixture of epoxy and silane.
his mixture was, then, deposited on the AZ31 substrate by
ip coating. The self-healing ability of the CeO 2 -doped coat-
ng was studied using SVET, after promoting an artificial cir-
ular defect in the coating layer. SVET maps obtained up to
0 h of immersion in 0.05 M NaCl solution revealed that
trong cathodic activity occurred for the blank coating, indi-
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Fig. 20. a) optical micrograph and current distribution maps obtained by SVET in 0.05 M NaCl after b) 1 h and c) 20 h of immersion for the blank coating; 
d) optical micrograph and current distribution maps obtained by SVET in 0.05 M NaCl after e) 1 h and f) 22 h of immersion for the CeO 2 -containing coating. 
Reproduced with permission from Elsevier [27] . 
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ating fast consumption and precipitation of magnesium ions,
specially in the first hours of the experiment. For the CeO 2 -
oped coating the electrochemical activity around the defect
as much lower in the first hour of immersion. After 22 h
f immersion the electrochemical was still low in comparison
ith the blank film, as shown in the current distribution maps
f Fig. 20 . 

Similar approaches for SVET analysis were reported by
ther authors. For instance, Xiong et al. [136] studied the self-
ealing ability of a biocompatible silk fibroin coating doped
ith K 3 PO 4 , spin coated on the biodegradable Mg-1Ca alloy.
dsul et al. [137] prepared a sol-gel coating using halloysite
anocontainers filled with cerium and zirconium-based corro-
ion inhibitors. The substrate was the AZ91D alloy. The self-
ealing ability of the hybrid organic-inorganic sol-gel layer
as revealed by SVET current maps, as displayed in Fig. 19 .
he high current peak at the coating defect at the initial im-
ersion period in 3.5 wt.% NaCl ( Fig. 21 a) is gradually re-

uced by the self-healing action of the corrosion inhibitors
lled in the coating matrix ( Figs. 21 b-d). 

SVET was also useful to reveal the inhibition mech-
nism of a hybrid PEO-sol gel coating doped with dif-
erent corrosion inhibitors for the active protection of the
Z91 alloy, as reported by Chen et al. [138] . Firstly, a
EO layer was deposited on the substrate. The corrosion

nhibitors (sodium salts of either glycolic, 4-aminosalicylic
r 2,6-pyridinedicarboxylic acids) were impregnated into the
EO film by immersion. Additionally, a top sol-gel coating
as applied to seal the pores of the PEO layer and immobilize
he inhibitors. The peak anodic and cathodic current densities
ere registered with the immersion time in 0.05 NaCl solu-

ion. As shown in Fig. 22 , in the presence of the inhibitors, the
lectrochemical activity was significantly reduced with time. 

The corrosion mechanism was explained based on the
chematic representation of Fig. 23 . Rapid dissolution of the
agnesium substrate occurs through the coating defect for

he PEO-sol-gel layer without addition of corrosion inhibitors
 Fig. 23 a). Conversely, in the presence of the inhibitors, some
unctional groups were able to adsorb on the magnesium sur-
ace, decreasing the anodic area exposed to the electrolyte,
nd, ultimately, reducing substrate dissolution. Moreover, sta-
le chelate complexes may form between the inhibitors and
mpurities (especially harmful iron-rich compounds) in the
agnesium alloy. Re-deposition of such impurities on the
agnesium surface is detrimental to its corrosion resistance

139] . This effect would be, therefore, suppressed by the ac-
ion of the corrosion inhibitors, further enhancing the corro-
ion protection ability of the doped coating. Another example
f using SVET for studying the active corrosion protection
f an inhibitor-doped hybrid PEO layer can be found in a
ork by Yang et al. [140] . They developed a PEO-epoxy

oating doped with 3-methysalicylate to inhibit the corrosion
rocess of pure magnesium. SVET current maps confirmed
 decrease of the electrochemical activity around a defect in
he coating layer after immersion in sodium chloride solu-
ion for 24 h An alternative system involving a PEO-coating
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Fig. 21. SVET current density maps of the hybrid sol-gel coating developed by Adsul et al. [137] . The maps correspond to different immersion times in 
3.5 wt.% NaCl solution: a) initial; b) 1 h; c) 12 h; d) 24 h. 

Fig. 22. Peak anodic and cathodic ionic current densities using SVET for the hybrid PEO-sol gel coatings doped with different corrosion inhibitors after 
immersion in 0.05 M NaCl solution. Reproduced with permission from Elsevier [138] . 
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Fig. 23. Schematic illustration of the corrosion mechanism proposed by Chen et al. [138] for the hybrid PEO-sol-gel coatings doped with different corrosion 
inhibitors. Reproduced with permission from Elsevier. 
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n combination with lithium leaching coating technology was
haracterized by Wieerzbicka et al. [141] . 

The protective character of a single oxide layer produced
y PEO on the AZ30 alloy was assessed by Rodrigues et al.
142] . The evolution of the electrochemical activity was mon-
tored by SVET up to 24 h of immersion in a physiological
olution. The barrier effect of the PEO film was evident, as
ndicated by the small ionic current densities observed in the
VET maps compared to the bare substrate. Another inter-
sting system characterized by SVET was the sacrificial pro-
ection provided to the alloy matrix (Mg5Gd) by a coating of
he same alloy material applied on its surface by magneton
puttering [143] . 

.3.3. SIET 

SIET is often employed in combination with SVET to as-
ess the integrity of protective coatings. This approach was
eported by Gnedenkov et al. [144] . They developed a plasma
lectrolytic oxidation (PEO) layer whose pores were sealed
ith superdispersed polytetrafluoroethylene (SPTFE) to im-
rove the barrier properties and control the degradation rate of
he magnesium alloy substrate [ 144 , 145 ]. The local corrosion
ctivity was monitored by SIET and SVET up to 30 h of im-
ersion in physiological solution. In the absence of SPTFE,

urrent density and pH variations indicated corrosion of the
agnesium substrate (MA8 alloy) during immersion due to

he porous nature of the unmodified PEO film. 
Lamaka et al. [146] assessed the integrity of a hybrid
poxy-silane coating using a combination of SVET and SIET.
he substrate was the AZ31 alloy. After immersion for up to
7 h in 0.05 M NaCl solution, localized electrochemical ac-
ivity vanished when compared to the initial exposure to the
orrosive electrolyte, as shown in the current density maps
 Fig. 24 b and 24 e) and pH maps ( Fig. 24 c and 24 f). This
ealing effect was not intentionally imparted by adding any
orrosion inhibitor, but was ascribed to the possible inhibition
ction of diethylenetriamine (DETA, epoxy hardener) in con-
unction with the formation of insoluble corrosion products
uring anodic dissolution of the magnesium substrate. These
uthors preferred using the term “fault-tolerance effect” in-
tead of “healing” to explain this mechanism. 

The approach based on doping PEO layers with corrosion
nhibitors for providing active protection to magnesium alloys
as also conducted by Gnedenkov et al. [ 147 , 148 ]. These au-

hors used SVET and SIET to study the evolution of the elec-
rochemical activity and pH changes on defects intentionally
ade in the surface of the doped-PEO layers deposited on the
A-8 magnesium alloy. As proposed by Galio et al. [149] ,

he corrosion inhibitor compound was 8-HQ. As shown by
he SIET mapping ( Fig. 25 ) of the pH distribution around a
efect in the 8-HQ-doped PEO layer, the pH was still alka-
ine after up to 7 days of immersion. The areas with lower pH
alues are local anodes (blue area in the SIET maps), while
he areas with more alkaline pHs are the local cathodes (red
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rea in the SIET maps). The decrease of the pH at the local
nodes was due to the following reaction (5): 

g + 2 H 2 O → Mg ( OH ) 2 +2 H 

+ +2 e − (5)

The self-healing ability of the 8-HQ-doped PEO layer
as explained [149] by the formation of magnesium hydrox-
quinalinate Mg(8-HQ) 2 , according to Eq. (6) . This reaction
ccurs in the defective zone (anodic areas). SIET confirmed
his mechanism. The combination of SVET and SIET was
lso employed by Karavai et al. [150] to investigate the active
orrosion protection of a sol-gel doped with 1,2,4,-triazole, F 

−

nd Ce 3 + ions as corrosion inhibitors for the AZ31 magne-
ium alloy. They highlighted the relevance of SIET to obtain
omplementary information on the electrochemical activity in-
ide microdefects in the coating layer. 

.3.4. LEIS 

The applications of LEIS have mainly focused on inves-
igating the local corrosion processes of coated magnesium
lloys because it provides a unique information on the lo-
al impedance/admittance of coated systems with high sen-
itivity, allowing one to obtain quantitative information with
egard to the electrochemical processes taking place at spe-
ific sites [32] . It is also often employed in combination with
ther scanning probe techniques, such as SVET, giving a com-
lete picture of the corrosion mechanism involved in the lo-
al degradation of coated surfaces. A point of improvement is
he relatively low spatial resolution (in the order of a few mi-
rometers) of the LEIS probe, as mentioned by Gharbi et al.
151] . 

LEIS may also give fundamental understanding on the lo-
al electrochemical activity of coatings relying rather on bar-
ier properties than on self-healing effects. An example of a
EIS map for hydroxyapatite-coated AZ31 magnesium alloy

n simulated body fluid (SBF) is shown in Fig. 26 [122] . 
Fu et al. [152] developed a diffusion coating on the sur-

ace of the AZ91D. The film consisted of multilayer structure
ormed by Mg 17 Al 12 (inner layer) and Mg 2 Al 3 (outer layer)
y immersion in an aluminum-containing molten salt at 400
C. The continuous intermetallic layer formed on the AZ91D
ubstrate increased the corrosion resistance, as expressed by
he LEIS 3D maps that showed impedance modulus up to
0 times higher for the coated alloy ( Fig. 27 b) in compar-
son with the uncoated substrate ( Fig. 27 a) after immersion
n 3.5 wt.% NaCl solution. Similar information was obtained
y Zheng et al. [153] for a PEO/sol-gel hybrid coating de-
osited on the AZ31B alloy. Using LEIS, the impedance was
onitored at a defect site up to 6 h of immersion in a phys-

ological solution. When compared to a pure PEO layer, the
ybrid PEO/sol-gel coating provided better corrosion protec-
ion. LEIS successfully indicated the evolution of the electro-
hemical activity around the coating defect. 

Calado et al. [154] used SVET, LEIS and SIET to study
he self-healing ability and inhibition mechanism of cerium
ri(bis(2-ethylhexyl)phosphate) (Ce(DEHP) 3 ) as an additive
or epoxy-silane coating on the AZ31 magnesium alloy. The
ombined action of cerium cations and phosphate anions was
ntended to improve the barrier properties of the epoxy-silane
ayer, as well as forming insoluble corrosion products that
eal coating defects, giving active corrosion protection to the
agnesium alloy substrate. Fig. 28 displays the variation of

dmittance obtained by LEIS for the Ce(DEHP) 3 loaded coat-
ng with respect to the reference coating with the immer-
ion time in 0.05 M NaCl solution. The corrosion activity
t the coating defect of the Ce(DEHP) 3 -modified coating af-
er more than 20 h of immersion was even below that of
he initial immersion period, showing the active protection
f the cerium-phosphate inhibitor. Similar conclusions were
rawn by the same group for the self-healing ability of a
e(DEHP) 3 -modified coating on the WE43 magnesium al-

oy [155] . Galio et al. [149] showed the active corrosion
rotection of 8-hydroxyquinoline-(8HQ)-doped sol-gel coat-
ng on the AZ31 alloy using SVET. The reduction of the
lectrochemical activity of the 8-HQ-doped sol-gel film was
xplained by the formation of an insoluble mixed Mg-8HQ
ompound that prevented the evolution of the corrosion pro-
esses by blocking microdefects in the sol-gel layer. 

.3.5. SKP 

SKP and SKPFM have also been used to gain insights on
he corrosion trend of coated magnesium surfaces [ 124 , 156 ].
s recently reported by Xu et al. [157] , potential fluctua-

ions registered using SKP maps could be associated with
he homogeneity of the corrosion process on the surface of
 TiN/TiO 2 -coated AZ31 alloy. Furthermore, the magnitude
f the potential provides information on the corrosion trend
high potentials are associated with low corrosion suscepti-
ility). According to the SKP maps displayed in Fig. 29 , it
s clear that the uncoated alloy (BS) displays lower potential
han all coated samples (T00 up to T60), indicating the lower
orrosion susceptibility of the mixed TiN/TiO 2 obtained by
he combination of atomic layer deposition (to produce a TiN
ayer), followed by surface oxidation. 

Williams and Grace [158] reported essential contributions
o the understanding of the filiform corrosion mechanism of
agnesium using SKP. This technique mapped in situ the

ocal free corrosion potentials of commercially pure magne-
ium coated with a model organic polyvinyl butyral (PVB)
lm with a 10 mm-long artificial line defect. Corrosion was
romoted by exposing the coated magnesium substrate to an
queous HCl solution (1 mol dm 

−3 ). Next, after natural dry-
ng, the sample was subject to SKP analysis up to 56 h The

inimum values of the corrosion potentials were associated
ith the underfilm attack during filiform corrosion, as shown

n Fig. 30 . In this figure, the region of the line defect on
he PVB film is located 1 mm at left of the SKP potential
aps. It is seen that by increasing the time after corrosion
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Fig. 24. Optical micrographs of the epoxy-silane coated AZ31 alloy after 1 h (a) and 27 h (d) of immersion in 0.05 M NaCl solution and corresponding 
current density maps (b and e) and pH distribution maps (c and f) obtained by SVET and SIET. Reproduced with permission from Elsevier [146] . 

Fig. 25. SIET maps showing the pH distribution around the defect of a 8-HQ-doped PEO layer deposited on the MA-8 Mg alloy after different immersion 
times in 0.05 M NaCl solution. Reproduced with permission from Elsevier [148] . 
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nitiation in the aqueous HCl solution, the regions of low
otential propagate under the PVB film to the right of the
otential map, coinciding with the advance of the head of the
liform attack (see Fig. 31 ). These results allowed the authors

o elucidate the filiform corrosion mechanism of magnesium
oated surfaces. The rate of filiform attack was not depen-
ent on the oxygen concentration, so it was not triggered by
ifferential aeration. Conversely, anodic dissolution of mag-
esium (in the head of the filiform attack region) coupled
ith hydrogen evolution (cathodically activated in the tail of

he filiform attack region) was responsible for the advance-
ent of the filiform attack. Using a similar approach, Kousis

t al. [159] have recently employed SKP to study the fili-
orm corrosion mechanism of PVB-coated commercial mag-
esium alloys (AZ31, AZ91 and E717). As reported for the
ommercially pure magnesium sample [158] , the filiform cor-
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Fig. 26. LEIS map of a hydroxyapatite-coated AZ31 magnesium alloy im- 
mersed in SBF solution. Reprinted with permission from Elsevier [122] . 
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Fig. 28. LEIS results showing the variation of the admittance (A) of the 
Ce(DEHP) 3 loaded coating with respect to the reference coating after im- 
mersion in 0.05 M NaCl solution. Reproduced with permission from Elsevier 
[154] . 
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osion mechanism was also based on the anodic dissolution
f the substrate at the head of the filament coupled to the
athodically activated hydrogen evolution at its tail. However,
he rate of filiform attack was lower with respect to pure
agnesium. 
In addition to the above-mentioned filiform corrosion stud-

es of magnesium and its alloys, further information on the
se of SKP to investigate organic coating failure mechanisms
f these materials was also reported by Williams et al. [160] .
n this case, they studied the role of cations on the underfilm
orrosion of a PVB-coated E717 alloy. An artificial defect was
roduced on the organic film layer. Next, different aqueous
olutions were used to initiate the underfilm corrosion pro-
ess over the damaged area: HCl, NaCl, LiCl, KCl, CsCl or
gCl 2 . The variation of the local free corrosion potentials in

ir after exposure to the corrosive solutions was recorded by
KP potential maps taken after different times. Although fili-
orm corrosion was observed for all aqueous solutions, when
he alloy was exposed to solutions consisting of cations from
roup I (LiCl, KCl, NaCl and CsCl), a different mechanism
ig. 27. LEIS impedance maps for the AZ91D alloy immersed in 3.5 wt.% NaC
g 17 Al 12 and Mg 2 Al 3 . Reprinted with permission from MDPI [152] . 
as responsible for the initial coating failure. In this case,
liform corrosion was preceded by a cathodic disbondment
echanism. The relatively high solubility of Group I hydrox-

des in water was associated with the delamination driven by
athodic disbondment rather than to filiform attack. 

. Possibilities, limitations and new insights 

Magnesium surfaces are susceptible to localized corro-
ion, although it is sometimes described as general corro-
ion. However, corrosion processes generalized or localized
rom a macroscopic standpoint are initiated within the range
f nanometers and micrometers. Therefore, a comprehensive
nderstanding of the general aspects of corrosion requires ac-
uisition of data on those scales. In this field, there is need
or techniques with enhanced spatial resolution which allow
btaining in situ data and lead to a better understanding of
l solution:a) uncoated; b) coated with an intermetallic layer consisting of 
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Fig. 29. SKP maps of the AZ31 alloy uncoated (BS) and coated with a hybrid TiN/TiO 2 film (T00 up to T60 where the two digits are referred to the oxidation 
time employed to produce the TiO 2 layer on the TiN surface). Reproduced with permission from Elsevier [157] . 
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he mechanisms of localized corrosion. Consequently, micro-
lectrochemical techniques are becoming essential tools in the
tudy of local corrosion processes. Thus, the localized corro-
ion in magnesium materials can be characterized by the use
f microelectrochemical techniques. 

Among the scanning probe electrochemical techniques,
he Scanning electrochemical microscopy (SECM) has been
argely explored in the investigation of corroding magne-
ium surfaces [ 64 , 162 ]. SECM methods commonly used to
tudy the corrosion of metal surfaces are known as sub-
trate generation - tip collection (SG/TC) mode and re-
ox competition mode, while feedback and AC modes are
ore occasionally used. In all these cases, SECM operates

mperometrically. 
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Fig. 30. SKP potential maps of PVB-coated magnesium surface after exposure to an aqueous HCl solution after different timespans: a) 12 h; b) 28 h; c) 40 h; 
d) 56 h Reproduced with permission from Elsevier [158] . 
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The aspects of spontaneous corrosion of magnesium sur-
aces are relatively well known. However, in this mate-
ial under anodic bias, the development of unusual hydro-
en generation requires considerable attention. In the corro-
ion process, as the magnesium is polarized towards more
ositive potentials from its open circuit potential (OCP),
he generation of hydrogen at the surface tends to accel-
rate. This phenomenon is commonly referred to as the
egative difference effect (NDE) or abnormal hydrogen
volution. 

SG-TC has been a prominent mode of studying magne-
ium alloy surfaces [ 77 , 78 , 81 , 163 , 164 ], where a Pt probe is
sed to oxidize H 2 emanating from corrosion of magnesium
urfaces in spontaneous or non-spontaneous corrosion. Thus,
s magnesium corrodes easily, H 2 bubbles form extensively
ver its surface. However, using the SG/TC mode when ox-
dizing the H 2 gas supplied by the corroding surface, severe
ffects can be observed on the measurement probe due to gas
eneration and, consequently, the stability of the faradaic cur-
ents (while the magnesium surface is anodically polarized)
re severely affected. 

On the other hand, the redox competition mode has a very
imited use to study the corrosion process on magnesium sur-
aces since O 2 plays a minor role in the corrosion mechanism
f magnesium materials. In this case, only a small fraction of
he O 2 dissolved in the electrolyte in the vicinity of the cor-
oding surface will be electrochemically reduced. Therefore,
nly topographic images of the corroding material at different
tages may be recorded. This mode also has a limited appli-
ability due to the evolution of H 2 at the surface, as the H 2 

xidation range nearly encompasses the potential range used
o monitor the oxygen concentration at the probe. Therefore,
he oxygen reduction current tends to be masked by the larger
xidation current of hydrogen. 
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Fig. 31. Photographs of a PVB coated magnesium subject to filiform corrosion after exposure to an aqueous HCl solution (1 mol.dm 

−3 ). Images obtained 
after: a) 1 h; b) 24 h; c) 48 h The artificial defect on the PVB coating is seen at the center of the photographs. Reproduced with permission from Elsevier 
[158] . 
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Adverse effects on the measuring probe due to the evo-
ution of H 2 on the corroding magnesium surfaces can also
e observed when using other scanning probe electrochemi-
al techniques, such as SVET and LEIS, since the presence
f H 2 bubbles on the surface makes it difficult to measure
ufficiently close to the surface. 

Ion-selective microelectrodes (ISMEs) have also been used
s probes to monitor Mg 

2 + and/or hydrogen ions on corroding
agnesium surfaces employing SIET or SECM in potentio-
etric operation [ 65 , 165–168 ]. Although interesting results

ave been obtained using this method, due to the usual oper-
tion with a reference electrode in the bulk of the electrolye,
nd thus effectively separated from the scanning probe, the
alidity of a large set of data may be compromised by the
lectrical field established in the electrolyte when a galvanic
ouple or polarization has been applied to the material under
tudy [ 169 , 170 ]. 
In this context, a new strategy for the scanning microelec-
rochemical investigation of H 2 evolution from magnesium

aterials in aqueous solution, either at the OCP or anodi-
ally polarized, has been reported recently [80] . In this study,
he evolution of H 2 generated from the anodic polarization of
he magnesium material was detected with high spatial res-
lution employing the SG/TC mode of SECM by using a
-step polarization sequence (off-on-off), thus, circumventing
he convective influences due to the vigorous generation of H 2 

ubbles formed on the surface during the application of direct
nodic polarization. Therefore, this novel experimental proce-
ure can be designed to gain new insights into the behavior of
agnesium materials when subjected to anodic polarization,

ffectively contributing to minimizing the adverse effects due
o H 2 evolution on the surfaces of corroding magnesium al-
oy which are commonly encountered when scanning probe
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lectrochemical techniques are employed in the study of this
ype of material. 

. Conclusions 

Scanning electrochemical techniques are successfully used
o study local corrosion processes of magnesium alloys. The
ain applications are concentrated on the characterization of
icrogalvanic effects and pit initiation sites for uncoated al-

oys. When combined with detailed microstructural exami-
ation, these results can support an in-depth understanding
f localized corrosion mechanisms. The main limitation is
he lack of chemical resolution, especially for SVET, LEIS
nd SKP, which makes the assessment of the electrochemi-
al activity of composite microstructures a difficult task. In
his context, SECM can be used advantageously in this type
f characterization. Despite the problems associated with ex-
essive hydrogen evolution during the anodic dissolution of
agnesium and its alloys, consistent procedures have been

eveloped to overcome this limitation. On the other hand, it
s still necessary to improve the spatial resolution of these
echniques to characterize the electrochemical activity of re-
ned microstructures. 

Well-established applications for coated substrates mainly
ocus on studies of the self-healing ability of different types
f coating systems (i.e., organic, oxides, and hybrid layers)
oped with corrosion inhibitors. Monitoring the evolution of
lectrochemical activity in artificial defects in the coating
ayer is frequently employed to gain knowledge on the mech-
nism of active corrosion protection of the doped coatings.
he conventional barrier properties of undoped coating lay-
rs are also assessed by scanning electrochemical techniques.
elevant information can be obtained on the correlation be-

ween coating integrity (presence of pores and microdefects)
nd the ability to protect the underlying meta substrate from
orrosion. 
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