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Characterization of Corrosion Interfaces by the Scanning
Kelvin Probe Force Microscopy Technique
V. Guillaumin, * P. Schmutz,* and G. S. Frankel* ,z

Fontana Corrosion Center, Department of Materials Science and Engineering, The Ohio State University,
Columbus, Ohio 43210, USA

A variety of interfaces relevant to corrosion processes were examined by the scanning Kelvin probe force microscopy~SKPFM!
technique in order to study the influences of various parameters on the measured potential. SKPFM measurements performed on
AA2024-T3 after solution exposure showed that surface composition is not the only parameter that controls the Volta potential
difference, which is measured by SKPFM. The influence of surface oxide structure and adsorption at the oxide surface can be
probed by SKPFM and lateral potential gradients can be observed in the absence of significant differences in oxide composition.
The influence of tip-sample separation distance on the measured Volta potential difference was studied for different pure oxide-
covered metals. SKPFM measurements were made in air on pure Ni and Pt samples withdrawn from solution at open circuit or
under potential control. The Volta potential difference was found to be composed of a transient component that slowly discharged
and a more permanent component associated with the charge of adsorbed species. The Volta potential difference transients
measured on the samples emersed under potential control decayed much slower than the open-circuit potential transient measured
in solution upon release of the potential control. These different measurements validate the use of SKPFM for the prediction of
local corrosion sites and the study of surface modification during solution exposure.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1359199# All rights reserved.
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Scanning Kelvin probe force microscopy~SKPFM! is a powerful
technique to characterize the corrosion processes associated
local inhomogeneities on passive surfaces.1-4 The topography and
potential distribution of a surface can be simultaneously map
with submicrometers sensitivity by this technique. It is a scann
probe microscopy~SPM! method that is a modification of atomi
force microscopy~AFM! and associated techniques. This techniq
senses the electrostatic field near an interface using a differen
proach than that of a standard Kelvin probe. Also, the probe
operates at a much closer distance from the surface, which en
the enhanced spatial resolution relative to a standard Kelvin pr
SKPFM was developed and first used to study photoresist-cov
Si wafers5 and semiconductor dopant profiles.6 This technique is
quite new7-12 and the number of investigations using it has increa
in the past two years.13-16 The ability to map the potential on
submicrometers scale is extremely useful in studies of localized
rosion of certain Al alloys, which contain heterogeneities on t
scale and larger.1-4 Furthermore, it may be considered that the d
tribution of potential across a surface is even more relevant to
corrosion process than surface composition, which can be d
mined by a range of surface analytical techniques.

The classical Kelvin probe technique has been used for s
time to measure the potentials of various metal surfaces by nu
the current flowing between the sample and a closely positio
vibrating probe that is electrically connected.17 In 1979, Hoelzl and
Schulte published a compilation of the work functions in vacu
determined by the Kelvin probe technique for most of the comm
pure elements and listed the effects of adsorption processes.18 The
influences of internal stresses and temperature on the work fun
were also discussed. More recent studies have investigated m
electrochemical interfaces in vacuum.19-21 Stratmannet al. have
demonstrated the principle22,23 and the utility of the Kelvin probe
technique in corrosion studies of iron24,25 and aluminum.26 They
measured the Volta potential difference of samples covered wi
thin layer of electrolyte using a probe that did not touch the elec
lyte. The Volta potential difference was shown to vary linearly w
the corrosion potential of the sample/solution interface determi
with a standard reference electrode positioned in the electro
layer.23,24 With this technique, it is also possible to measure
corrosion potential under an organic coating, which provides in
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mation on defects at the metal-coating interface.27-30 Standard scan-
ning Kelvin probes have a lateral resolution for potential measu
ment of around 100mm.23

The advantage of the SKPFM lies in its enhanced lateral de
tion limit, which was shown2 to be at least 0.1mm. In previous
papers,1-4,31 SKPFM was used to study the reactivity of the coar
intermetallic particles in AA2024-T3. Topographic maps indicat
that the intermetallic particles might or might not protrude from t
surface of a freshly polished sample, depending on the effect
differential polishing rates and dissolution reactions during poli
ing. The potential distribution from SKPFM provided a muc
clearer indication of the location of the intermetallic particles on
polished surface.1,2 Before any solution exposure, all intermetall
particles, including the Al-Cu-Mg-containing S phase particles, h
a potential noble to that of the matrix. The technique allowed care
examination of the evolution of the potential and topography a
solution exposure. The potential measured on a number of p
metal samples after exposure to deionized~DI! water or 0.5 M NaCl
was found to be linearly related to the open-circuit potential m
sured in solution before the samples were removed.2 Based on this
observation, it was suggested that the potential measurement m
by SKPFM provides an indication of the nobility of each partic
relative to the matrix, which is important in determining their role
galvanic interactions.2 Despite this correlation and the fact that th
technique is very useful to characterize defects on sample surfa
questions exist regarding the nature of the potential measure
SKPFM, and the limitations of measurements made in air for und
standing phenomena taking place in solution.

Hansenet al. studied the interfacial region using emersed ele
trodes, which were removed from the electrolyte under contro
applied potential.32-37 It was demonstrated by conductance,32,33

reflectance,34 and resistance35 measurements that the double lay
formed at an electrode/electrolyte interface can be preserved u
emersion from solution. The work function of emersed electro
was also studied using a Kelvin probe.38-40

The present study attempts to enhance the understanding o
nature of the potential measured by the SKPFM. In theory, for
simplest case of a metal-solution interface, the absolute pote
difference or Galvani potential difference across an electrified in
face can be conceptually separated in two components41,42: the outer
potential difference, sometimes called the Volta potential differe
(MDSC), and the dipole potential difference (MDSx). The outer
potential difference is related to the free charge distribution at
electrode surface. It corresponds to a long-range coulomb pote
difference and depends on the distance from the metal surface.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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dipole potential difference is related to the oriented dipoles in
interphase region. The arrangement of oriented dipoles is equiv
to a charge separation. Therefore, a potential difference that
only be detected close to the surface occurs across the dipole l

Charge distribution can be described in different ways depend
on the nature of the interface considered. In the case of a pa
surface, where a thin oxide covers the surface, the interface m
preferably be described as a semiconductor-liquid interface.43 The
charge distribution in the solid is then separated in a space ch
which characterizes the electron or hole distribution within the se
conductor~extending into the bulk!, and surface states in a compa
layer ~;0.5 nm! at the surface. The solution double-layer comp
nent is then described in a similar fashion to a metal-liquid interfa
Depending on the surface-state density, the potential at the inte
can be completely related to space charge~band-edge level pinning!
or to the surface state~Fermi level pinning!.43 In most cases, an
intermediate situation is present. However, this formalism, de
oped for bulk semiconductors, is very theoretical and poorly defi
for a thin defective oxide. In the case of a pure metal, the sp
charge is located directly at the interface and cannot be dis
guished from the compact layer. The Volta potential has not b
defined for a semiconductor-electrolyte interface, but the con
can be adapted to this type of interface since it is related to
charge distribution on the surface, and the semiconducting pro
ties of nanometer-thick oxide are anyway difficult to assess.
major difference with respect to a metal-electrolyte interface is
reduced freedom of the electrons resulting in a larger depth di
bution of the charges.

Another approach to the description of an interface can be fo
in physics. Physicists have defined the absolute work function o
electrode for a metal-vacuum interface as the critical energy
quired to remove an electron from the metal into the vacuum18

However, although this formalism is sometimes used to desc
metal-electrolyte interfaces, the meaning of the term ‘‘work fun
tion’’ is less clear in this case, and the presence of an oxide on
electrode surface as described above complicates the situation
ther. The absolute work function of an electrode has been define
the energy required to remove an electrode from deep inside
metal to a point just outside its surface such that the electron
longer feels its image charge.44 Details of the interface structure ar
ignored and cannot be added to the formalism easily. The w
function is dependent on multiple parameters, such as charge i
oxide and structure of the double layer, so that work function m
surements allow detection of any change of the electric double l
when the sample is removed from an electrolyte, as in the case
emersed electrode. In summary, the meaning of a work functio
Volta potential for a passive metal/electrolyte interface is uncl
and the terms ‘‘modified’’ or ‘‘electrochemical’’ work function ar
used to distinguish between vacuum and in-solution measurem
that represent two completely different situations. A single form
ism is required, and it is assumed in this work that the Volta pot
tial difference of such a system is related to the free and trap
charge at the surface.

Experimental investigation of the molecular and electronic pr
erties of the metal-solution interface is complex and challeng
Kizhakevariamet al.19 characterized model electrochemical inte
faces in ultrahigh vacuum. The influence of various solvents on
interfacial potential profile on Pt~111! was investigated by thes
authors by work-function measurements and infrared Stark eff
with the primary objective of assessing the role of surface solva
in related electrochemical systems. Solvent adsorption onto c
Pt~111! was found to result in substantial decreases in work fu
tion. The solvent molecules in the first one to two monolayers p
vided the predominant contribution to the overall surface poten
drop. Considering this concept for the oxide-air interfaces, the V
potential difference measured by the SKPFM might also be de
mined by the electric contribution of the first monolayers presen
the electrode surface.

The SKPFM technique allows potential measurements at a
Downloaded 29 Jun 2011 to 128.146.58.90. Redistribution subject to
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small distance from the surface; a tip-sample separation of 100
is typically used. Textbook descriptions indicate that measu
Volta potentials are constant over a wide distance range~from 100
nm to a few micrometers away from the surface!, but should drop
off for measurements made at distances less than about 100
owing to the effects of image or dipole charges close to the sur
electrode.41,42 Indeed, the potential measured by SKPFM does
vary for tip/surface distances from 100 nm to a few micrometers
is our belief that the potential measured by this technique is stron
related to the Volta potential difference, the distance of 100 nm
few micrometers being in the constant potential region. Since
SKPFM technique is fundamentally different than the stand
Kelvin probe method, it is invalid to assume that the measured
nal is identical and behaves similarly. The goal of this work is
probe the meaning and behavior of the potential measured
SKPFM.

Experimental

SKPFM was performed with a commercial AFM~Nanoscope
IIIa, Digital Instruments!. This instrument can measure the surfa
topography and potential distribution simultaneously on a line-
line basis using metal-coated silicon cantilevers that are electric
conducting. The cantilevers were also obtained from Digital Inst
ments. Cantilevers with three different metal coatings were us
Co-40Cr, Ni-Si, or Pt-Ir. The principle and details of the SKPF
measurement have been previously described.2 In short, it involves
applying an ac voltage to a tip, which stimulates oscillations of
cantilever in the presence of an electric field, and then nulling
oscillations by adding a dc voltage that balances the field. T
approach to potential distribution measurement is not possible in
aqueous solution because the large voltages applied to the tip w
result in faradaic reactions. In this study, all potential mapping w
performed in air. Since this technique is a nulling method, the ou
signal from the instrument was inverted; it has been shown pr
ously that inversion of the signal is needed to obtain the expe
polarity of the potential measurements.2 The values obtained are
relative to the potential of the tip. The tips are only pseudoref
ences, since their potential may vary with changes in the sur
oxide. In order to avoid errors associated with variations in the
or instabilities in the instrument electronics, the potential measu
ments were calibrated by comparison to the potential measured
pure Ni surface after immersion in DI H2O. Ni was chosen as a
reference because it was found to have a stable potential. All po
tial measurements are reported herein relative to that of a Ni sam
Consecutive measurements in air on a stable reference sample
different tips coated with the same metal showed potential dif
ence of less than 50 mV, giving an indication of the reproducibil
of this method.

Potential measurements of emersed samples were performe
pure metal samples. The influence of the tip-sample distance on
measured potential was studied using pure Al, Ni, and Fe electro
The samples were polished through 1200 grit SiC paper in water
ultrasonically cleaned in distilled water. They were immersed for
min in distilled water at open circuit, air dried, and placed in t
SKPFM.

Potential measurements of samples emersed from 0.1 M Na2SO4
under potential control were also performed. Pure Pt and Ni sam
were studied in order to compare two different types of surfa
oxides. For each experiment, two identical working electrodes w
electrically coupled. The open-circuit potential~OCP! in solution
was first monitored for 60 s. The two coupled electrodes were t
polarized for 3 min at a cathodic potential approximately 1000 m
lower than the OCP. In order to control the applied potential dur
the emersion process, only the test electrode was removed whil
other electrode was kept immersed under applied potential. The
ersed electrode was quickly rinsed with DI water, dried, a
mounted in the SKPFM to measure the Volta potential differen
decay with time. Potential control of the second electrode was t
released, and the OCP transient was monitored for 10 min.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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comparison, the Volta potential difference was also measured
electrodes immersed at open circuit for 30 min in DI water or
0.1 M Na2SO4.

AA2024-T3 samples were also examinedin situ in chloride-
dichromate-containing solution with the Digital Instruments flu
cell using contact-mode AFM and a silicon tip. The tip was raste
in situ at high applied forces across the samples for varying per
of time. The samples were then removed from solution, rins
dried, and re-examined in air to generate topography and Volta
tential difference maps. More details of the approach were gi
previously.1,4 Before the scratching experiment, the AA2024-T
~nominal composition 4.9-3.8% Cu, 1.8-1.2% Mg, 0.9-0.3% M
0.5% Fe and Si, 0.25% Zn, 0.1% Cr, 0.05 Ti, balance Al! samples
were mechanically polished in ethanol~with no exposure to water!
to 1200 grit SiC paper and then with 1mm diamond paste in a
nonaqueous slurry~Blue Lube from Struer! to minimize corrosion.
Finally, they were rinsed with ethanol.

A PHI-Perkin/Elmer 680 scanning Auger nanoprobe syst
equipped with a field emission electron gun was used for sur
analysis. A 10 kV, 10 nA electron-beam was used for all the m
surements. Composition of the surface can be obtained with a la
resolution of about 30 nm for these beam parameters.
AA2024-T3 samples, depth profiling was performed by sputterin
2 3 2 mm area with 1 kV Ar ions at a current of 0.5mA. The
sputtering rate was always calibrated with respect to
100 nm SiO2 /Si reference sample. For the given conditions, it w
around 3 nm/min. A higher sputtering rate of around 80 nm/m
(5 kV Ar1 ions at 1mA! was used to reveal the microstructure
pure magnesium.

Results and Discussion

SKPFM characterization of the intermetallic particles
AA2024-T3.—It is well known that two types of coarse intermetall
particles can be distinguished in AA2024: more or less spher
Al-Cu-Mg-containing particles, which can be assigned to
Al2CuMg chemical type or S phase, and very large, irregula
shaped Al-Cu-Mn-Fe-containing particles.45-47 Volta potential dif-
ference maps of these types of particles have been g
previously.1,2 In this study, the depth distribution of the Volta po
tential difference was examined.

Figures 1a and b show the topography and potential distribu
obtained simultaneously on a sample of an as-polished samp
AA2024-T3 in air. A region protruding slightly from the surface
barely visible in the center of the topography map. Generally,
Cu-Mn-Fe intermetallic particles protrude from polishe
AA2024-T3 surfaces because of their higher hardness and co
quential lower rate of polishing relative to the matrix. Furthermo
unlike Al-Cu-Mg particles, they are relatively nonreactive and
not corrode during polishing. A scanning electron microsco
~SEM! image of the same area is shown in Fig. 1c. The intermeta
particles in AA2024-T3 exhibit a contrast in secondary electron
tensity because their high Cu content results in a higher elec
scattering relative to the matrix. The secondary electron inten
observed is a combination of this effect and any surface topogra
resulting from differential polishing or dissolution during polishin
Energy-dispersive spectroscopy~EDS! analysis of these second
phase particles allowed the two types of intermetallics to be dis
guished. The particles labeled 1-3~including the large central par
ticle! were Al-Cu-~Fe, Mn! intermetallics, and the particles labele
A-D were Al-Cu-Mg-containing intermetallics. All of the interme
tallic particles seen in the SEM image are very easily distinguis
in the Volta potential difference map shown in Fig. 1b. The poten
of the Al-Cu-Mg particles was slightly lower than the that of Al-C
~Fe, Mn! particles but higher than that of the matrix. This is
example of the power of the SKPFM technique for locating
intermetallic particles and even, to a certain extent, for identify
the type of particle with an AFM.
Downloaded 29 Jun 2011 to 128.146.58.90. Redistribution subject to
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Auger electron spectroscopy~AES! analysis of the as-polished
sample showed that the oxide film composition was not the sam
the different particles and the Al matrix.48 Indeed, the oxide presen
on the Al-Cu-Mg particles contained Mg and a small amount of C
whereas the oxide present on the Al-Cu-~Fe, Mn! particles contained
Cu and Fe. The oxide on the Al matrix film was obviously alum
num oxide.

The sample in Fig. 1a-c was then Ar1 sputter etched to remove
2-3 nm of the surface, and then re-exposed to air. SKPFM was u
to map the Volta potential difference of the same area, Fig. 1d.
Mg-containing particles are dark in Fig. 1d, which indicates th
their potential was lower than that of both the~Fe, Mn!-containing
intermetallics and the matrix. In contrast to the behavior of
S-phase particles, the potential at the Al-Cu-~Fe, Mn! particle re-
mained higher than the matrix. This decrease in the Volta poten
difference of the S-phase particles can be explained by change
surface adsorption, oxide composition, or oxide structure. It is p
sible that this decrease was the result of a modification of the sur
associated with the sputtering process. However, the entire su
was sputtered and only the potential on the S-phase part
changed. Therefore, the change in the behavior of the S-phase
ticles seems to be associated with a through-thickness gradie
properties. AES analysis performed simultaneously to the sputte
indicated that the sputter-etching did not completely remove
oxide film, which was determined to be approximately 5-6 nm th
for the as-polished sample. Actually, the lower Volta potential is
good agreement with the high reactivity of the S-phase partic
Furthermore, it was shown previously that the initially high potent
of the Mg-containing particles in AA2024-T3 decreased relative
the matrix during open-circuit exposure to a chloride solutio1

When the potential decreased to that of the surrounding ma
localized corrosion initiated at the particles. The effect of spu
etching on the Volta potential difference of the Mg-containing p
ticles is therefore similar to that of open-circuit exposure to a ch
ride solution.

Potential measurement performed by SKPFM allows investi
tion and prediction of the influence of surface treatment on the c
rosion susceptibility. The composition of the oxide film on the d
ferent particles and the matrix did not change as a result of
sputter etching, within the resolution of AES. The particle poten
contrast and the initiation of the corrosion process are clearly
related only to the oxide film composition. No characterization te
niques exist to measure, with high lateral resolution, changes
might occur in the electronic structure of the surface. These SKP
results demonstrate the complex behavior of these surface ox
and the importance of the potential distribution measurement fo
further understanding of corrosion behavior.

SKPFM characterization of AA2024-T3 after exposure to
dichromate-containing solution.—Corrosion inhibition is often the
result of subtle changes in the surface oxide structure that are
yond standard surface characterization methods. One example w
inhibitor ions interact with the surface is immersion in chloride s
lution containing dichromate ions. Chromates are extremely ef
tive and widely used as corrosion inhibitors for high-strength
alloys in aerospace applications. The behavior of pure Al a
AA2024-T3 during AFM scratching in chloride-dichromate sol
tions has been discussed.3,4,31The images in Fig. 2 and 3 have bee
presented and discussed previously;3,4,31a summary of the observa
tions relevant to further characterization are given.

The topography and potential maps of the as-polish
AA2024-T3 sample are shown in Fig. 2a and b, respectively. T
central portion of the area in Fig. 2a and b was then scratche
open circuit in 0.5 M NaCl1 1024 M Na2Cr2O7 for 6 h with a Si
AFM tip at a force set point of 0.5 V. The resulting topography a
potential maps~measured in air! are shown in Fig. 2c and d. Two
pits developed in the Al matrix in the top right, and a cell-lik
high-potential structure developed in the potential map, Fig. 2d.
interesting to note that, on the one hand, there is no visible to
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Figure 1. Region in AA2024-T3.~a! 30 3 30mm AFM topographic image of as-polished sample with a gray scale range of 200 nm.~b! Volta potential
difference distribution of the same area with a gray scale range of 0.5 V.~c! SEM image of the same area. Particles 1-3 are Al-Cu-~Fe, Mn! particles and A-D
are Al-Cu-Mg particles.~d! Volta potential difference distribution of the same region with a gray scale range of 0.5 V after removal of 2-3 nm by s
etching.
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graphic feature in Fig. 2c that could justify the potential structu
and on the other hand, the debris line and corrosion products see
the edges of the scratched area in the topographic map do not ex
potential contrast. It should also be noted that the S-phase par
remained intact during the scratching experiment. No pit can
observed at their location on the topography map, and the s
contrast observed on the final potential distribution map attest
their presence. Figure 3 is an SEM image of the same area show
Fig. 2 after AFM scratching. The pits that developed in the ma
can be observed. In the SEM image of Fig. 3, apparent cracks
visible near particle 2 as well as between particle 3 and the larg
at the bottom of the image. These cracks correspond to the pos
of part of the high-potential structure. However, the rest of the hi
potential structure cannot be seen in the SEM image. It is also
teresting to note that the apparent cracks seen in the SEM imag
not observed in the AFM topography map shown in Fig. 2c. Th
cracks might correspond to an early stage of intergranular or
grain boundary attack, which could be filled or covered with cor
sion products so that they are not observed at the surface. Seco
electron emission can vary for multiple reasons and interpre
Downloaded 29 Jun 2011 to 128.146.58.90. Redistribution subject to
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SEM contrast as topographic features might be erroneous. None
less, SEM observations are clearly insufficient to fully character
the surface structure in this case.

Auger analyses were performed on various spots on the sur
to check whether differences in the oxide film composition co
explain the presence of the high-potential structure seen in Fig.
In summary, the concentration in the oxide of elements containe
the alloy do not change~within the resolution of AES! as a result of
the scratching experiment for any area on the surface, including
intermetallics and the matrix. However, lateral differences in
concentration were observed after the AFM scratching treatm
Specific attention was given to the Cr distribution as determined
the LMM Auger transition peak.

The Auger spectra are shown in Fig. 4 for regions labeled in
SEM image in Fig. 3. Note that this labeling scheme is different th
that used in Fig. 2. A Cr peak was found in every analyzed area~all
of the different intermetallic particles and on the matrix both in a
outside the scratched area!, which indicates that the surface wa
fully covered with a thin Cr-enriched layer. The Cr LMM transitio
was superimposed on the high-energy shoulder of the larger oxy
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Figure 2. AFM images of an AA2024-T3 alloy surface.~a! 50 3 50mm topographic image of as-polished sample, with a gray scale range of 200 nm.~b! Volta
potential difference distribution of the same area, with a gray scale range of 0.5 V. Particles 1-3 are Al-Cu-~Fe, Mn! particles, and A-B are Al-Cu-Mg particles
~c! Topographic image after scratching the central region at 0.5 V set point in 0.5 M NaCl1 1024 M Na2Cr2O7 for 6 h in theAFM, with a gray scale range of
200 nm.~d! Volta potential difference map of same area after scratching, with a gray scale range of 0.5 V. These images have been previously pu3,4
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KLL transition. So, to prevent artifacts, the data are represente
Fig. 4 as direct energy spectra instead of the more standard d
entiated format. The inelastic background was different on the
ferent parts of the alloy and was subtracted from the spectr
facilitate comparison of the Cr LMM intensities. The backgrou
from the O peak tail was relatively similar in these cases, so di
comparison is possible without further removal of the Gaussian
of the O KLL transition. A slightly larger amount of Cr was depo
ited on the Al-Cu-Mg particles compared to the Al matrix and t
Al-Cu-~Fe, Mn! particles, Fig. 4a. This indicates that the reactiv
Downloaded 29 Jun 2011 to 128.146.58.90. Redistribution subject to
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of this type of particle toward chromate ions was higher in t
chloride1dilute chromate solution. The small concentration
dichromate in solution (1024 M) greatly enhanced the corrosion re
sistance of this phase, which dissolves very quickly during scra
ing in dichromate-free chloride solutions. The same amount of m
nesium was found in the oxide before and after the scratch
experiment. Consequently, addition of dichromate prevented m
nesium dealloying. Moreover, after the scratching experiment,
Al-Cu-Mg particles had almost the same potential as the matrix,
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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2d. So, in this case although the oxide film present on the Al-Cu-
particles contained a higher amount of Cr compared to both
Al-Cu-~Fe, Mn! particles and the Al matrix, the potential is almo
identical, indicating, as previously mentioned, that potential and
face composition are unrelated.

Figure 4b shows the Cr LMM peaks from three different mat
areas: a low-potential region~area 1!, a high-potential region~area
7!, and an unrastered region~area 6!. The amount of Cr on the
surface was essentially the same on the three areas. Consideri
the elements present, the composition of the oxide was iden
~within the resolution of AES! on these areas, and the Volta pote
tial difference contrast shown in Fig. 2 cannot be explained by c
positional variations.

A graph was published in a previous paper showing a lin
relation between the Volta potential difference of pure eleme
measured in air and their corrosion potential in different aque
solution.2 This correlation indicates that this potential is a useful a
meaningful measurement of the practical nobility of a surface in
same way that lists of corrosion potentials of real materials in
ferent environments, like seawater, have used for years. Howeve
summarize the observations described here, large potential d
ences were observed on areas in the AA2024-T3 matrix a
scratching in the chloride/dichromate solution with no detecta
difference in surface composition. Furthermore, the Al-Cu-Mg p
ticles did not exhibit a large potential contrast with respect to
matrix, even though they had a measurable difference in sur
composition~a higher amount of chromium in the oxide film!. This
means that the potential measurements made with the SKPFM
not simply related to the composition of the oxide film at a level t
can be discerned by Auger analyses. Nonetheless, these pot
measurements are apparently useful predictors of corrosion be
ior, as evidenced by the rapid dissolution of S-phase particle
chloride solution when their Volta potential decreased to that of
matrix.2

In order to avoid the complications associated with local hete
geneities, further studies into the nature of the Volta potential
ference measured by SKPFM were made on pure metal sampl

SKPFM characterization of pure magnesium.—The behavior of
Mg is of interest since it is one of the major components of
deleterious S-phase particles in AA2024-T3. It is well known46,47

that the dissolution of these inclusions in chloride-containing so

Figure 3. SEM image corresponding to the AFM analysis presented in F
2. The numbers indicate the regions analyzed by AES and described in
4. Note that even though this image is of the same area as shown in F
the labeling of the features and regions in the area is different. This im
has been previously published.3,4
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tions involves severe dealloying of Mg, resulting in the formation
Cu-rich remnants that are harmful to the corrosion resistance of
alloy. Therefore, the higher corrosion resistance of the Al2CuMg
particles in chloride solutions containing dilute dichromate is like
due to a strong interaction between the magnesium and the dic
mate ions. Specific attention was given to the corrosion behavio
pure magnesium in chloride-dichromate-containing solution, and
results obtained will be presented elsewhere.49

Figure 5 presents two scanning electron micrographs of a p
magnesium surface after polishing and then Ar1 sputter etching. 7
mm of the surface were removed by the sputtering process, revea
the microstructure of the material. Both grains and grain bounda
are clearly visible on the micrographs, as well as defects inside
grains. The defects are either low-angle boundaries, slip plane
twins. The hexagonal crystal structure of magnesium limits
amount of deformation that it can tolerate. At room temperatu
deformation occurs mainly by slip on the basal planes in the clo

packed̂ 112̄0& direction, and by twinning on the pyramidal$101̄2%
planes.50

Figure 6 shows topography and potential maps of the region
the sample presented in Fig. 5b. Figures 6a and c are 2D and
topography maps, respectively. It is particularly visible on the
topography that some grains are sputter etched faster than ot
Since the Mg sample is very pure, this variation in sputter rate
likely due to a difference in the crystallographic orientation of t
grains. It is also interesting to note that some grains are not
formly sputter etched, resulting in a substantial roughness of
surface. The defects inside the grains are visible in the topogra

.
g.
2,
e

Figure 4. Cr LMM peak (Ekin 5 525 eV) corresponding to the analyze
regions shown in Fig. 3:~a! Al matrix and different intermetallic particles in
the rastered area and~b! Al matrix areas: high- and low-potential rastere
areas~see Fig. 2 and 3! and outside the rastered area.
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Figure 5. Scanning electron micro-
graphs of different areas of a pure mag
nesium surface after polishing and Ar1

sputter etching. 7mm of the surface were
removed by sputtering.
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maps, indicating that they also have a different rate of sputte
compared to the rest of the grains. Splinteret al. studied the initial
oxidation of polycrystalline Mg by water vapor at room temperatu
using AES and X-ray photoelectron spectroscopy~XPS!, and also
observed that Ar1 sputtering resulted in grain contrast.51 The grains
exhibiting a dark secondary electron contrast were preferent
sputtered. All these grains showed nearly identical electron b
scattering diffraction patterns, which were associated with a part
lar grain orientation having a surface normal very near the b
Mg~0001! pole.51 On the other hand, grains exhibiting bright se
ondary electron contrast were slightly raised with respect to
basal grains~lower sputter rate!, and the diffraction patterns corre
sponded to less close-packed, higher index faces.51

Figure 6b presents the potential distribution of the Mg surface
strong potential contrast was observed between the grains, bu
potential difference was not related to the difference in the co
sponding topography~i.e., a difference in sputter rate!. For example,
grain B was sputtered to a greater depth than grain A, but they h
similar potentials. The more noble potential grain located in
middle of the map in Fig. 6b was actually sputter etched to
intermediate depth. Both grain boundaries and intragranular de
also exhibit a different potential than the grains. It should be no
that the potential distribution shown in Fig. 6b is not present on
as-polished sample; sputter etching is required to remove the po
ing damage layer. This indicates that the oxide present on an
polished sample might not be representative of the oxide that gr
on a fresh metal surface prepared by other processes. This obs
tion could be crucial in the initiation of corrosion processes on v
ous passive surfaces, especially when defects such as scratch
preferential sites of attack. Splinteret al. indicated that the rate o
oxidation of pure Mg surfaces is greater on grain faces that are
close-packed, with higher index crystallographic orientations.51 So
the sputter etching rate and oxidation rates are dependent on
orientation and packing density of grains. However, there is no
rect correlation between the measured Volta potential difference
the sputter etching rate. Although such a correlation between
measured Volta potential difference and packing density should
ist in vacuum, the presence of the surface oxide indicates tha
potential measured on an oxide-covered sample does not reflec
properties of a metallic substrate. The electrochemical and corro
behavior of a surface in a passive state is given by the ox
electrolyte interface and the relation between oxide struc
changes and resulting electronic behavior are essential. The V
potential difference measured by SKPFM is apparently related
subtle effects such as oxide structure changes or defect nature o
oxide, which is evidence of the detection power of the SKPF
technique.

Influence of various factors on the potential measured by
SKPFM.—In this work, most Volta potential difference measur
ments were performed with a tip-sample distance of 100 nm.
mentioned in the introduction, according to theoretical consid
ations, the measured potential should not be constant below 10
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due to the influence of image or dipole charges at the electr
surface. To investigate this, the influence on the measured pote
of the dipoles in the interphase region was studied as a functio
the vertical tip-sample distance. Besides the surface compositio
oxide structure, other parameters such as adsorbed species
electrode surface or any discharge of the electrode after eme
might also influence the measured potential.

Figure 7 shows the effect of tip-sample separation on the m
sured potential for pure Al directly after 30 min of immersion in D
water at OCP and 1 week later after storage in lab air. At separa
distances greater than about 100 nm, the potential is similar for
two cases, and independent of distance. This distance dependen
the potential with a constant domain above 100 nm is in good ag
ment with the literature.41,42 It should be mentioned that this dis
tance between the tip and the sample is not an absolute value
cause, during the tapping mode scan, the tip is already at a few
of nanometers from the surface. In any case, it seems that above
nm the measured potential is constant and can be assumed to b
Volta potential difference. However, close to the surface, the m
sured potential changes with tip-sample separation, and the tre
different at the two times. Adsorption phenomena might be resp
sible for this difference. Indeed, after 1 week of storage in air,
surface might dehydrate, which could change the dipole structu

The influence of the adsorbed layer on the potential/distance
lationship varies considerably for different metals. Ni showed
most no distance dependence over the full range of separation
tances, and was independent of the time in air, Fig. 8. This sugg
the nickel oxide surface is very stable and is the reason why Ni
chosen as a reference for the Volta potential difference meas
ments.

In contrast, the oxide on Fe is very complex, as is the resul
behavior. The potential is shown in Fig. 9 as a function of t
tip-sample distance for pure Fe after 30 min of immersion in
water at the OCP. Figure 9a corresponds to the potential of a sa
that was dried in air at room temperature~RT! after polishing, and
Fig. 9b corresponds to the potential of a sample that was dried
forced warm air after polishing. Both samples were allowed to dry
RT after the 30 min immersion in water. The measured potentia
the sample dried at RT after polishing is strongly dependent on
tip-sample distance, varying by almost 300 mV between distance
1 mm and 10 nm. The correlation of Volta potential with OCP2

suggests that the low potential on this air-dried sample indicate
more active surface. The potential of the electrode dried with wa
air after polishing was much higher, which can be interpreted
being the result of a more passive surface, and did not dep
strongly on tip-sample distance. The surface oxide might be de
drated during the warm air drying so that it was more stable
protective and not modified by the subsequent immersion in DI
ter.

These results indicate that the potential measured by the SKP
is strongly influenced by the adsorption of species at the electr
surface, especially at very short distances from the electrode sur
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Figure 6. Region of Fig. 5b:~a! 1003 100mm 2D AFM topographic image with a gray scale range of 800 nm.~b! Volta potential difference distribution of
the same area, with a gray scale range of 0.5 V.~c! 100mm 3 100mm 3 600 nm 3D AFM topographic image.
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It is now important to understand the influence of different types
charges present in the surface region~including metal-oxide inter-
face, oxide, oxide-adsorbed solution interface! on the Volta potential
difference measured at a tip sample distance of 100 nm. In
following, adsorption of different types of ions on the surface a
the potential shift observed are presented as the contribution o
oxide/adsorbed-solution/air interface.

Potentials measured by SKPFM on a number of pure m
samples after exposure to DI water or 0.5 M NaCl were found to
Downloaded 29 Jun 2011 to 128.146.58.90. Redistribution subject to
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linearly related to the OCP measured in solution before the sam
were removed.2 Figure 10 shows this calibration curve with adde
values for potentials of Ni and Pt electrodes measured in air afte
min immersion in 0.1 M Na2SO4 at open circuit. As was the case fo
samples exposed to chloride solution, both the OCP in sulfate s
tion and the Volta potential difference in air were shifted in t
active direction by around 150 mV relative to the values measu
in and following DI water exposure. This suggests that adsorptio
 ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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charged species at the electrode surface in chloride or in su
changed the dipole structure in the double layer and influenced
measured potential by the same value.

A second aspect is how charge accumulation within the oxid
at the oxide/metal interface influences the Volta potential differe
measured at a tip-sample distance of 100 nm, which is the com
distance used for the SKPFM measurements. These experim
were performed by applying a cathodic polarization to the sam
and emersing~withdrawing! the electrode under applied potential

Figure 11 shows the potential evolution for a Ni sample af
polarization in 0.1 M Na2SO4 at a potential 1 V below the OCP
Both the Volta potential difference measured in air in the SKPF
after emersion under potential control and the OCP of the sec
electrode in the electrolyte are shown, but the time scales for the
measurements are different. The potential in solution is givenvs.the
OCP measured for the Ni electrode prior to the polarization, wh
was 2740 mV vs. mercurous sulfate electrode~MSE! after 1 min
immersion in the Na2SO4 solution. The potential in solution, mea
sured with a standard electrochemical system, recovered to the o
nal OCP value within 300 s of release of the potential control.
contrast, the Volta potential difference measured in air after em
sion of the sample under potential control slowly decayed over
It eventually reached a value equal to that measured immedia

Figure 7. Potential measured as a function of tip-sample distance for p
Al after 30 min at OCP.~ ! directly after removal from DI water and
~ !, 1 week later.

Figure 8. Potential measured as a function of tip-sample distance for p
Ni after 30 min immersion in DI water at OCP.
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upon emersion from the Na2SO4 solution after 30 min immersion a
open circuit. As mentioned previously~and shown in Fig. 10!, this
potential is 150 mV lower than that measured after 30 min imm
sion at open circuit in DI water due to influence of the adsorbed i
on the charge distribution. It seems that the discharge of the sur
of the sample exposed to air during 5 h following the emersion was

e

e

Figure 9. Potential measured as a function of tip-sample distance for p
Fe after 30 min immersion in DI water at OCP.

Figure 10. Comparison of the potential measured in air by SKPFM w
open circuit measured in solution: in DI water~h underlined, elemental
symbols!, in 0.5 M NaCl solution~d!, and in 0.1 M Na2SO42 ~n, indicated
with an arrow!.
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the result of the discharge of the oxide film. The final stable Vo
potential difference measured on the sample emersed under a
trolled cathodic potential was identical to the value measured on
sample emersed from the same solution at open circuit. Indee
can be concluded that, after long times in air, only the sulfate
adsorption influenced the surface charge distribution and co
quently the SKPFM measurement. A second observation is that
influence of adsorption on the potential difference is independen
whether the sample was previously cathodically polarized or no

For Pt, the OCP measured after 1 min immersion in the Na2SO4
solution was240 mV MSE. Figure 12 shows the potential evolutio
for a Pt electrode after polarization in 0.1 M Na2SO4 at a potential 1
V below the OCP. As was shown in Fig. 11 for Ni, both the Vo
potential difference measured in the SKPFM after emersion un
potential control and the OCP of the second electrode in the e
trolyte after releasing the potential control are given. The poten
decay of Pt behaved similarly to what was observed on Ni, exc
that the decay was faster both during the SKPFM measureme
air as well as for the OCP measurement in solution. Faster disch
of the Pt surface is expected in this condition since the Pt sur

Figure 11. Pure Ni immersed 3 min in 0.1 M Na2SO4 at 21500 mV MSE:
~a! OCP of the electrode that remained in the electrolyte and~b! Volta
potential difference measured in the SKPFM after emersion under pote
control vs.Ni reference sample measured after DI water exposure at OC

Figure 12. Pure Pt immersed 3 min in 0.1 M Na2SO4 at 21000 mV MSE:
~a! OCP of the electrode that remained in the electrolyte and~b! Volta
potential difference measured in the SKPFM after emersion under pote
control vs.Pt reference sample measured after DI water exposure at OC
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does not form a thin oxide layer like nickel. As for Ni, the Volt
potential difference ended with a value equal to that measured
mediately upon emersion from the Na2SO4 solution after 30 min
immersion at open circuit, which again was 150 mV lower than t
measured after 30 min immersion at open circuit in DI water. The
fore, the discharge of the Pt surface also seemed to be only relat
the discharge of the surface, and no influence of the cathodic po
ization on the adsorption part could be detected.

The Volta potential difference measurements made by SKP
on alloys following emersion from solution in this and previo
studies1-4,31 have been performed within a few minutes followin
emersion. Figures 11 and 12 show that the total potential disch
of both Pt and Ni electrodes in air following emersion takes m
than 1 h and is smaller in magnitude than the faster decay in O
measured in solution after release of the potential control. This
servation suggests that part of the potential decay in air is misse
a result of the few minutes required to set up the SKPFM meas
ment. Nonetheless, it can be concluded that the Volta potential
ference measurements made during the first few minutes after
ersion are a meaningful, if not exact, representation of the situa
in solution. In corrosion studies, thick oxides that can accommod
considerable space charge are typically analyzed. Such surface
charge slower than noble metals like Pt, but the technique seem
be well suited for oxide-covered samples such as Al alloys.

These results show that the potential measured by the SKPF
a tip-sample distance of 100 nm is influenced by both the surf
charge distribution and the adsorbed species at the electrode su
Even if the potential measured above 100 nm is constant, the V
potential difference still contains a constant component related
the dipole contribution. One explanation is that adsorbed layer c
tains charge ions, permanent, and temporary induced dipoles. T
have a different influence on the potential as a function of dista
from the surface. The constant component added to the Volta po
tial difference might be related to the presence of charged SO4

22 or
Cl2 ions and permanent dipoles on the surface.

It has been shown that for distances greater than 100 nm from
surface, the potential measured by SKPFM is constant, which
responds to the conceptual definition of the Volta potential diff
ence for a metal-solution interface. However, the separation betw
the influence of the surface dipoles and free charges contributio
the measured potential is theoretical and does not exist as such
real solid-liquid interface. The influence of adsorbed dipoles do
nates closer to the surface, but also influences the potential m
sured at distances equal to or greater than 100 nm. Nonetheles
overall nature of the potential measured by SKPFM justifies
description of it as the Volta potential difference.

Conclusions

The SKPFM technique provides a unique means of mapping
Volta potential difference distribution of a surface with subm
crometer sensitivity. The results of this study develop a better
derstanding of the nature of the potential measured by the SKP
and clarify how these potential measurements made in air can
representative of the situation in solution. The following obser
tions were made.

1. The Volta potential difference contrast on the Al-Cu-M
containing particles in AA2024-T3 was reversed after sputter e
ing away 2-3 nm of the oxide film, suggesting a variation in t
nature of the surface oxide when the outer part is removed. It is m
probably electronic properties that change, because the compos
does not significantly change. The susceptibility to corrosion
these particles also increased upon light sputtering according to
measured active nature in this case.

2. Light scratching of the 2024 surface by rastering with t
AFM tip in contact mode at low set point voltage in chlorid
dichromate-containing solution resulted in the development o
high-potential structure that corresponded to SEM features but
not correspond to topographic features or compositional differen

al
.
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3. Sputter etching of 7mm of the surface of a pure magnesiu
sample revealed the microstructure of the metal. A different po
tial contrast between the different grains and defects was then
tected in the SKPFM.

4. Volta potential difference measurements on the sputtered
sample were found to detect very fine differences in the structur
the oxide film, most probably electronic in nature.

5. The effect of tip sample distance on measured potential
found to be complicated and depended on the material studied
the time after emersion. Changes in adsorption of species as a
tion of surface treatment and air aging of the electrode surface
found to have a strong influence on the potential measured whe
tip/sample separation was small~below 100 nm!.

6. Studies of emersed electrodes showed that the Volta pote
difference measured by the SKPFM at 100 nm from the surface
contains a constant component related to the dipole charge co
bution.
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