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bstract

Rolled 3xxx series Al alloys, e.g., EN AW-3003, are generally used as fin or tube material in heat exchangers for automobiles. With reducing
n thickness, maintaining fin material integrity is of increasing importance. This study aimed at exploring the differences in intrinsic corrosion
roperties between EN AW-3003 and a newly developed Al–Mn–Si–Zr fin alloy using state-of-the-art local probing techniques. Volta potential
apping of both alloys by scanning Kelvin probe force microscopy (SKPFM) indicates a cathodic behaviour of constituent intermetallic

articles (>0.5 �m) relative to the alloy matrix. Compared to EN AW-3003, the Al–Mn–Si–Zr alloy has a smaller number of particles with
arge Volta potential difference relative to the matrix. In situ atomic force microscopy (AFM) measurements in slightly corrosive solutions
howed extensive localized dissolution and deposition of corrosion products on EN AW-3003, and only a small number of corroding sites and

tunnel-like” pits on Al–Mn–Si–Zr. Probing the ongoing localized corrosion process by integrated AFM and scanning electrochemical microscopy
SECM) revealed more extensive local electrochemical activity on EN AW-3003 than on Al–Mn–Si–Zr. In all, the lower corrosion activity
nd smaller tunnel-like pits resulted in lower material loss of the Al–Mn–Si–Zr alloy, a beneficial property when striving towards thinner fin
aterial.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Heat exchangers with tube and fin components, such as radi-
tors in automobiles, are today mainly produced using Al alloys.
ubes and fins are brazed together using a brazing Al–Si alloy
aving a lower eutectic temperature than the tube or fin core
lloy. For the past 15 years, the standard commercial Al alloy
or heat exchanger applications is the EN AW-3003 (AA3003)
l alloy containing about 1 wt.% Mn, having good formability,
echanical strength and acceptable corrosion performance. The

lloy developments using basic EN AW-3003 composition have
mproved the corrosion resistance, especially of tube alloys, so

alled “long-life” alloys. For alloys used as fins, the long-term
echanical and corrosion performance is of increasing impor-

ance as down-gauging of strip continues, to 70 �m thickness
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r even less. When required, i.e., during exposure to corrosive
nvironment, the fin material should act as an efficient sacrifi-
ial anode to protect the tube from being perforated. In addition,
t should have a high intrinsic corrosion resistance to maintain

aterial integrity and mechanical properties in a long service.
eveloping new fin alloys with improved intrinsic corrosion
roperties requires a detailed understanding of the corrosion
echanisms of these alloys.
Different localized corrosion mechanisms have been

bserved on Al alloys in different solutions [1–4]. For pure Al
ith crystallized structure, pitting develops along closely packed

1 0 0) planes resulting in crystallographic corrosion [1–3].
lloying generally leads to the initiation and development of pits

hat are less sensitive to the microstructure of the alloy matrix,
ut more related to the secondary phases. Corrosion of low-

lloyed Al alloys is slightly localized along grain boundaries.

further increase in the content of alloying elements enhances
he localization of pitting, because the amount of intermetallic
hases increases substantially. High-alloyed Al alloys are often

mailto:jinshanp@kth.se
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Table 1
Chemical composition (wt.%) of the Al alloys investigated

Material Gauge (mm) Si Fe Cu Mn Mg Zn Zr
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N AW-3003 0.10 0.15 0.48
l–Mn–Si–Zr 0.10 0.73 0.24

usceptible to intergranular corrosion. One of the reasons is that
he structure of the grain boundaries becomes more complicated
ue to the appearance of precipitates, zones depleted of alloying
lements, and zones enriched in certain alloying elements and
islocation piles [3–5]. A tunnel-like pitting and narrow long
hannels have been observed on some commercial Al alloys,
epending on microstructure, solution composition, electrode
otential and temperature [1–3]. The reason for this type of
ehavior was discussed in terms of coupling of dissolution and
ass transport [6]. Some studies suggest that the alkalinity

eveloped at cathodic intermetallic particles on Al alloys
n aerated solutions can dissolve the adjacent alloy matrix,
reating grooves or pit-like clusters [7–10]. Later these cavities
ay switch to an acid-pitting mechanism [7]. Other authors,

owever, refer to the alkaline attack as pitting or treat the
roblem as galvanic corrosion between particle and matrix [9],
r self-regulating cathodic reaction occurring on the particles
10].

During the last decade, local probing techniques such as
tomic force microscopy (AFM) [7], scanning Kelvin probe
orce microscopy (SKPFM) [11–13], and scanning electro-
hemical microscopy (SECM) [14,15] have been used for
nvestigation of local corrosion mechanisms of Al alloys. How-
ver, such studies of 3xxx series Al alloys are scarce in the
iterature. Recently, an integrated AFM and SECM system with

icro- or submicron resolution has been applied for in situ
tudy of localized corrosion of Al alloys [16,17]. Concurrent
FM topography and SECM electrochemical activity mapping
rovided detailed information of ongoing localized corrosion
rocess of Al alloys related to the intermetallic particles.

This paper reports a comparative study of localized cor-
osion of a standard EN AW-3003 alloy and a new fin
lloy (Al–Mn–Si–Zr) developed at Sapa Heat Transfer AB.
canning electron microscopy (SEM) with energy dispersive
-ray spectroscopy (EDS) was used for characterisation of the
icrostructure and particle composition. SKPFM was applied

o map Volta potential of intermetallic particles relative to the
lloy matrix. In addition to more conventional corrosion tests
nd electrochemical polarization measurements, in situ AFM
nd integrated AFM/SECM were used in situ to investigate
he influence of material heterogeneities on localized corrosion
roperties of the two Al alloys.

. Experimental

.1. Sample material and preparation
The two 3xxx (Al–Mn) series materials investigated are
standard EN AW-3003 alloy, and a new fin alloy denoted
l–Mn–Si–Zr alloy, which has a very low Cu content, an

s
u
l
o

0.12 1.1 0.03 <0.01 –
0.04 1.6 0.01 0.03 0.11

ncreased Si and Mn content and some addition of Zr. Their
hemical compositions (wt.%) are given in Table 1. The mate-
ials were DC cast to 600 mm size ingots, scalped and hot
olled. The EN AW-3003 alloy was submitted to a homogeni-
ation heat treatment prior to hot rolling, while this process
as omitted for the Al–Mn–Si–Zr alloy. Normal practises for

old rolling, including an annealing step and a final reduction,
ere employed. To simulate a brazing process, sheets of the

nvestigated materials were submitted to heating and cooling
ycles following normal industrial procedures. Air was avoided
ither by using a vacuum furnace or filling the furnace with
itrogen. For traditional electrochemical measurements, the as-
eceived surface was cleaned by ethanol prior to the experiments.
or microstructure characterization and local electrochemical
easurements, small samples (0.5 mm × 0.1 mm) were cut and

mbedded in epoxy. Each surface investigated was sectioned
ongitudinally to the rolling direction, ground and polished fol-
owing normal procedures at Sapa Technology AB, with a final
olishing step using a colloidal silica suspension about pH 10,
nd subsequently cleaned in ethanol.

.2. Solutions and electrochemical cell

Accelerated corrosion testing of strip samples of 60 mm ×
10 mm size was performed according to the standard practice
or modified salt spray (fog) testing established as the SWAAT
est. The SWAAT corrosion test followed the ASTM G85-02,
nnex A3 using a test solution containing 42 g/L synthetic sea

alt without heavy metals, in accordance to ASTM D1141-98.
he step of adjusting the pH to 8.2 prior to the glacial acetic acid
ddition was omitted. The final pH after addition of 10 mL/L
lacial acetic acid was balanced to pH 2.85 using 1 M NaOH.
he SWAAT test includes a 2 h cycle with 30 min intermittent
alt spray, followed by a 90 min soak at above 98% relative
umidity. The test cabinet temperature was controlled at 49 ◦C.
his SWAAT solution was also used in the electrochemical AFM
easurements where the pH was adjusted to 4 in order to avoid

oo fast dissolution. For the integrated AFM/SECM study, a
iluted solution of 20 mM NaCl + 2 mM KI (pH 6.5) was used to
nvestigate initial stage of the localized corrosion. KI was added
s redox mediator for SECM mapping of electrochemical cur-
ent in the solution. KI was chosen for convenience, and previous
xperiments showed that KI could be satisfactorily used for this
urpose [16]. It is believed that the effect of I− ions as additional
orrosive species is not of importance for this chloride solution.
eagent NaCl, KI and distilled water were used to make up the
olution. A standard three-electrode cell for corrosion study was
sed for the traditional electrochemical measurements. For the
ocal electrochemical study, a small electrochemical cell made
f Teflon was used, with solution layer of ca. 1.5 mm in thickness
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overing the sample surface. A saturated Ag/AgCl was used as
he reference electrode, and a Pt foil surrounding the sample as
he counter electrode.

.3. Instruments and techniques

A standard SEM/EDS instrument was used for microstructure
haracterization and composition analysis of intermetallic parti-
les. To evaluate the relative nobility of the intermetallic particles
f the Al alloys, the Volta potential variations were mapped
hrough SKPFM measurements, the principle and details of the
echnique have been described previously [11–13]. In this work,
commercial AFM instrument supplied by Veeco Thermomi-

roscopes was used, and the relative humidity in the chamber was
0% [18]. The probe was a heavily doped silicon tip with a nomi-
al spring constant of 2 N/m, suitable for both the Volta potential
apping and for imaging the sample surface. The Volta potential
as measured using a standard non-contact force detection tech-
ique, and the tip was held at a fixed distance of approximately
00 nm above the sample. Standard electrochemical polariza-
ion measurements were performed by using an EG&G 273A
otentiostat.

For the in situ AFM and integrated AFM/SECM measure-
ents, the instrument used was a Resolver from Quesant Ltd.,

quipped with the iProbe package supplied by Windsor Sci-
ntific Ltd., UK. Details of the AFM/SECM instrument have
een described previously [16,17]. The in situ AFM was per-
ormed using a triangle contact mode cantilever (from Quesant
nstrument Co.) made of an oxide sharpened silicon nitride, with
ominal spring constant 0.12 N/m. The integrated AFM/SECM
as performed using a dual mode cantilever/tip probe. The dual
ode probe is a “L” shaped ultramicroelectrode, with a Pt wire

nsulated in a fiber glass (different from previously used probe).
he arm is flattened for laser reflection. At the end of the bending
art, the probe diameter is 10 �m and the Pt core diameter is ca.
�m. It has a 25◦ inclination so that the sharp end point acts as

he AFM tip, and the inclination keeps a constant distance (ca.

�m in contact mode) between the sample and Pt ultramicro-
lectrode for the SECM mapping. In the integrated AFM/SECM
easurement, the first line scan is a normal AFM operation in

ontact mode and a line of surface profile was collected. Then the

l
t
s
H

Fig. 1. Surface appearance after 4 days immersion in SWA
Acta 52 (2007) 7697–7705 7699

eedback is stopped and the tip is withdrawn to a preset distance
a few nm to a few �m) from the surface, and in the second line
can the tip follows the surface profile obtained from the first
can, and collects the local current using a redox couple as medi-
tor. With a normal scan speed (2 Hz) it takes a few minutes to
cquire a pair of AFM and SECM images. In the case of a very
mall lift (<10 nm), the system operates in one pass mode while
cquiring two signals (topography and current) simultaneously.

The SECM was operating in sample-generator-tip-collector
ode using I−/I3

− as the redox mediator. The voltammogram of
he ultramicroelectrode tip in the solution containing the redox

ediator was characterized by using the iProbe potentiostat to
efine the working potential range of the ultramicroelectrode.
xamples of CV curves of the KI redox mediator on the ultrami-
roelectrode were reported previously [16]. By scanning over the
urface, concurrent AFM topography and SECM current maps
ere obtained of the same area. During the measurement, the

ample was held at open circuit potential or anodically polarized.
ocal surface areas of higher anodic activity result in reduction
f the redox mediator at such areas, diffusion towards the tip and
ubsequent oxidation of the redox mediator at the tip. The lateral
esolution of the SECM depends on the tip size, the sample-tip
istance and the electrolyte conductivity [19].

. Results and discussion

.1. General corrosion behaviour

Fig. 1 shows the surface appearance after 4 days immersion
n the SWAAT solution of the EN AW-3003 and Al–Mn–Si–Zr
amples submitted to the simulated brazing heating cycle. The
orrosion products were removed by washing after the corro-
ion test. It is clear that the EN AW-3003 alloy exhibits wide
its and extensive perforation and, hence, a large material loss.
n comparison, on the Al–Mn–Si–Zr alloy the pits are small
tunnel-like) and perforation is limited, and therefore the impact
n the material integrity is relatively small. The measured weight

oss was about two times higher for the EN AW-3003 than
he Al–Mn–Si–Zr. Note that this was an accelerated corro-
ion test, with exposure conditions far from normal operation.
ence, it is desirable to investigate corrosion processes under

AT solution: (a) EN AW-3003 and (b) Al–Mn–Si–Zr.
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Fig. 2. Backscatter SEM images of polished (a) EN AW-300

ore realistic conditions, especially the initial stage of localized
orrosion.

.2. Characterization of intermetallic particles

Fig. 2 shows backscatter SEM images of sections in the lon-
itudinal direction. Intermetallic particles appear brighter in the
mages due to their higher atomic number compared to the Al

atrix. The larger particles (�m in size), named constituent par-
icles, are seen in both alloys. There is also a larger amount of
ne particles (white dots, <0.5 �m, often 50–200 nm), in what
ollows named dispersoids, present in the Al–Mn–Si–Zr alloy
s compared to the standard EN AW-3003 alloy. EDS analy-
is of larger particles (>2 �m) showed that the EN AW-3003
lloy contains mainly particles of Al6(Mn, Fe) type and some
f the Al12(Mn, Fe)3Si type, in both cases with a Mn/Fe ratio
f 1:1. There is basically only one type of larger particles in the
l–Mn–Si–Zr alloy, the Al12(Mn, Fe)3Si2 in which the Mn/Fe

atio is 4:1. The fine dispersoids normally have the composi-
ion of Al12Mn3Si1–2. Determined by resistivity/thermoelectric
ower measurements, the concentration of Mn in solid solution
s about 0.44 wt.% in the EN AW-3003, and 0.24 wt.% in the
l–Mn–Si–Zr alloy.

.3. Volta potential mapping

Volta potential mapping of the polished sample surface of the
wo alloys were achieved by SKPFM measurements. From con-
urrent topography and Volta potential images obtained by this
echnique, the Volta potential variations can be clearly correlated
o the intermetallic particles in the alloy matrix. Generally, the
olta potential is regarded as a measure of relative nobility of the
aterial [11,13]. Since the absolute values are sensitive to many

actors and require careful calibration of the measuring system,
he discussion herein is focused only on the Volta potential dif-
erence between the particles and the alloy matrix, which is of
nterest when considering galvanic effects on localized corrosion
rocesses.
As an example, Fig. 3 shows concurrent AFM topography
nd Volta potential images, and Fig. 4 displays Volta potential
aps illustrating variations between the matrix and larger or

maller particles. Generally, the constituent particles (>0.5 �m)

h
m
t
i

(b) Al–Mn–Si–Zr. The intermetallic particles appear bright.

n both alloys exhibit a higher Volta potential (brighter areas in
he images) than the alloy matrix, which indicate their cathodic
haracter relative to the matrix. Roughly the Volta potential
ifference relative to the matrix is around 300–600 mV for
he larger particles (2–6 �m), and around 100–300 mV for the
maller particles (0.5–2 �m). The Al–Mn–Si–Zr alloy contains a
maller number of particles having a larger potential difference
elative to the matrix. In some cases, it appears that the Volta
otential has a minimum in a narrow boundary region between
arge particles and the matrix. Further measurements are needed
o verify this observation. On the other hand, no clear difference
n Volta potential between the fine dispersoids (ca. 50 nm) and
he matrix can be seen, except some larger dispersoids having
he size of a few hundreds of nanometers. Since the relation
etween Volta potential and local electrochemistry is relevant
ut not trivial, it is desirable to combine this information with
ocal electrochemical data and corrosion morphology [13].

.4. In situ AFM observation of localized corrosion

In situ AFM measurements were performed at open circuit
otential for the two alloys after different times of exposure in the
WAAT solution adjusted to pH 4 (less aggressive). The AFM

mages obtained show in detail the progress of localized disso-
ution and formation of the corrosion products on the surface.
he results reveal a certain difference in the localized corro-
ion behaviour between the two alloys. As an example, Fig. 5
hows in situ AFM images of EN AW-3003 and Al–Mn–Si–Zr
lloys after 2 days in the solution. Clearly a large number of
orroding sites are evident on the EN AW-3003 alloy, where
recipitates of the corrosion products were formed on the sur-
ace. This indicates that extensive local dissolution has occurred
n this alloy. In contrast, only a small number of corroding sites
re observed on the Al–Mn–Si–Zr alloy, and the precipitates of
orrosion products are relatively small. This indicates that the
ne dispersoids (much more in the Al–Mn–Si–Zr alloy) are not
ctive in localized corrosion processes. The corroding sites are
ost likely related to the cathodic intermetallic particles that
ave sufficiently high Volta potential difference relative to the
atrix, so that local anodic dissolution of the matrix starts in

he boundary region adjacent to the particles. The observation is
n accordance with the Volta potential mapping, which revealed
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Fig. 3. AFM topography (a and c) and Volta potential map (b and d) of polished EN AW-3003 (left) and Al–Mn–Si–Zr (right), respectively. Higher Volta potential
(brighter) of the intermetallic particles indicates a cathodic character compared to the matrix.

Fig. 4. Volta potential maps of polished (a and b) EN AW-3003 and (c and d) Al–Mn–Si–Zr, showing higher Volta potential (brighter) of larger micrometer sized
particles (a and c) and smaller particles of a few hundreds nanometer in size (b and d).
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Fig. 6. In situ AFM images of (a) EN AW-3003 and (b) Al–Mn–Si–Zr, after 2
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ig. 5. In situ AFM images of (a) EN AW-3003 and (b) Al–Mn–Si–Zr, after 2
ays in SWAAT solution of pH 4, showing precipitates of corrosion products,
uch less on the Al–Mn–Si–Zr alloy.

smaller number of intermetallic particles having large Volta
otential difference relative to the matrix on the Al–Mn–Si–Zr
lloy as compared EN AW-3003.

The in situ AFM observation also shows a certain difference
n microscopic corrosion mode between the two alloys. As an
xample, Fig. 6 displays in situ AFM images of a small area
several micrometer) of the EN AW-3003 and Al–Mn–Si–Zr
lloy after 2 days in the solution. Ring-like deposits consisting
f “rectangular bricks” were clustered around wide pits on EN
W-3003, whereas small pits in an early stage were formed on
l–Mn–Si–Zr with small deposits around the pits. Fig. 7 shows

he in situ AFM images obtained after 3.5 days. In addition to
xtensive local dissolution and formation of precipitates of cor-
osion products, intergranular corrosion along grain boundaries
lso occurred on EN AW-3003. In contrast, pitting was the main
eature on the Al–Mn–Si–Zr, and the pits still maintained their
ocalized form despite of some growth in depth and size, char-
cteristic of tunnel-like pitting. The precipitates of corrosion

roducts are probably Al hydroxide, which is formed where Al
ons become oversaturated due to local dissolution of the Al

atrix. The highly localized corrosion, i.e., tunnel-like pitting,
f the Al–Mn–Si–Zr alloy implies minor perforation and a low

t
e
a
c

ays in SWAAT solution of pH 4. Ring-like deposits clustered around wide pit on
he EN AW-3003 alloy, whereas early stage of pit observed on the Al–Mn–Si–Zr
lloy.

mpact on the material integrity. Therefore, this alloy is favor-
ble for fin applications, especially when thinner fin material is
equired.

.5. Integrated AFM/SECM probing of pitting initiation

Before the integrated AFM/SECM investigation, normal
yclic potentiodynamic polarization measurements were
erformed to define the potential regions of interest for local
lectrochemical study. As an example, Fig. 8 shows the cyclic
olarization curve of EN AW-3003 exposed to 10 mM NaCl
olution in aerated condition. As can be seen, the open-circuit
otential was ca. −0.71 V versus Ag/AgCl, a passive region
as evident up to ca. −0.58 V versus Ag/AgCl, and above that
otential breakdown of passivity occurred, leading to a dras-
ically increased current density and the hysteresis loop upon
eversed potential sweep. In this case, the potential region for
FM/SECM studies was chosen from the open circuit potential
o 200 mV anodic polarization, in order to investigate pre-pitting
vents in the passive region and pitting initiation processes near
nd above the breakdown potential. Based on the voltammogram
haracterization of the SECM ultramicroelectrode in the work-
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Fig. 7. In situ AFM images of (a) EN AW-3003 and (b) Al–Mn–Si–Zr, after 3.5
d
o
a

i
v
c
s
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r

F

F
2
P

l
m

ays in SWAAT solution of pH 4. Intergranular attack along grain boundaries
bserved on the EN AW-3003 alloy and tunnel-like pitting in the Al–Mn–Si–Zr
lloy.

ng solution, the probe potential was controlled at ca. 600 mV
ersus Ag/AgCl for maximal collection of the local electro-

hemical current. Moreover, finite element method (FEM)
imulation of the SECM in the integrated AFM/SECM config-
ration was performed, which indicates that micrometer lateral
esolution of the SECM can be obtained by the instrument. The

ig. 8. Cyclic polarization curve of EN AW-3003 alloy in 10 mM NaCl solution.
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ig. 9. Concurrent in situ AFM and SECM images of EN AW-3003 alloy in
0 mM NaCl + 2 mM KI solution during small polarization in the passive region.
itting precursors are displayed.

ateral resolution of about 1 �m was verified in the AFM/SECM
easurements of the Al alloys (to be published elsewhere).
The integrated AFM/SECM probing of the EN AW-3003 sur-

ace in 20 mM NaCl solution containing 2 mM KI as mediator
evealed local anodic current and topography changes associ-
ted with precursors of pitting in the passive potential region,
nd also extensive local active dissolution above the breakdown
otential. Fig. 9 shows concurrent AFM and SECM images of
he EN AW-3003 at about 100 mV anodic polarization (pas-
ive potential region). Generally, the quality of the topography
mages obtained by the dual mode probe is lower than what can
e achieved by a standard AFM cantilever, like in the EC-AFM
esults above. The reason is that the dual mode probe utilizes
he end point of the fiber glass (quartz) as AFM tip in com-
romise for the ultramicroelectrode. Sometimes, a higher scan
peed (ca. 4 Hz) is needed in order to catch fast ongoing elec-
rochemical activities on the surface (e.g., passivity breakdown)
y SECM, and this may lead to a lower vertical resolution of the
FM images, as examplified in Fig. 9. This may be improved
y optimisation of design of the dual mode probe in future.
As can be seen in Fig. 9, with such a small polarization, local
nodic current (brighter areas in the SECM image) could be
bserved on the smooth surface (AFM image). Since the local
urrent was stable for at least a couple of minutes, i.e., the dura-



7704 A. Davoodi et al. / Electrochimica Acta 52 (2007) 7697–7705

Fig. 10. Concurrent in situ AFM and SECM images of EN AW-3003 alloy in
2
i

t
a
t
s
t
p
c
h
(
p
e
T
m
a
t
c
t
p
d
c
a
t

F
g
2

c
a
A
a
t
T
i

m
t
m
w
w
i
A
c
i
f
S
m

v
p
e
r
l
c
o
l
r
o
p
t
t
l
s
i
observed by electrochemical impedance measurements in neu-
0 mM NaCl + 2 mM KI solution during 200 mV anodic polarization. Progress
n localized corrosion observed characterized by active areas of small extension.

ion of the AFM/SECM measurement, these sites are regarded
s pitting precursors, probably related to local dissolution of
he matrix adjacent to certain intermetallic particles. Fig. 10
hows concurrent AFM and SECM images of EN AW-3003 in
he solution at 200 mV anodic polarization (above breakdown
otential). A large number of active areas with enhanced anodic
urrent could be observed in the SECM image while a pit-like
ole appeared in the AFM image. The background current
z-scale) in the SECM image was significantly increased com-
ared to the image obtained in the passive region. This is due to
xtensive localized anodic dissolution occurring on the surface.
he sequence of the AFM/SECM images obtained by repeated
easurements on the same area revealed that the current of local

ctive areas varies with time while the pit grows. Fig. 11 displays
he SECM image in three dimensions, showing clearly different
urrent levels in different active areas. It was also observed
hat, even when the anodic polarization was reduced into the
assive region, there are still areas of enhanced local current
espite of a reduced background current level, and the pits

ontinue to grow slightly. This remaining local anodic activity
t reduced polarization after passivity breakdown can explain
he hysteresis loop in the cyclic polarization curve in Fig. 8.

t

s

ig. 11. 3D SECM image of EN AW-3003 alloy surface from inte-
rated AFM/SECM measurement in 20 mM NaCl + 2 mM KI electrolyte during
00 mV anodic polarization. Different currents levels at different active area.

Contrary to the EN AW-3003, it was difficult to obtain
lear concurrent AFM/SECM images of the Al–Mn–Si–Zr
lloy under the same experimental conditions. It appears that
l–Mn–Si–Zr exhibits a much smaller number of local active

reas in the diluted solution, which suggests a higher resistance
o initiation of localized corrosion as compared to EN AW-3003.
his is in agreement with the Volta potential mapping and the

n situ AFM observation.
It should be mentioned that the relationship between the

icrostructure and pitting precursors seems not so clear from
he results obtained by the dual mode AFM/SECM measure-

ents. This is probably due to the fact that the measurements
ere focused on the initial stage of corrosion process on the
ell-polished surface, before noticeable changes have occurred

n the topography, and as mentioned before, the quality of the
FM images obtained by the dual mode probe was not suffi-

ient to reveal the small changes in topography. It is of great
nterest to perform the AFM/SECM measurements on the sur-
ace area that has been characterized by SEM/EDS and SKPFM.
uch effort is being made to clarify the relationship between the
icrostructure and corrosion initiation sites.
In short, the in situ AFM and integrated AFM/SECM obser-

ations indicate that extensive localized dissolution (i.e., active
itting) can occur and develop into wide pitting that expends lat-
rally on the EN AW-3003, whereas the Al–Mn–Si–Zr is more
esistant to pitting initiation and the pits are narrow and “tunnel-
ike”. According to Videm [20], these two types of pitting modes
an be found on Al alloys depending if they are formed fast
r slowly, observed by polarization of the samples at high or
ow anodic potentials, respectively. Tunneling predominates at
elatively lower potentials whereas conventional (wide) pitting
ccurs at higher potentials [6]. The pH of the solution and tem-
erature were also observed to influence the pitting mode [1]. In
his study, however, fast dissolution and wide pitting occurred on
he EN AW-3003 even without anodic polarization, but tunnel-
ike pitting was dominating on the Al–Mn–Si–Zr in the same
olution. Probably the passive film formed on the Al–Mn–Si–Zr
s more stable than that on the EN AW-3003. In fact, this was
ral solutions (data not shown).
The influence of individual alloy elements on the corro-

ion mechanism is a complicated matter for multi-component
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A. Davoodi et al. / Electroch

l alloys. The difference in the content of Cu, Si, Mn and Zr
etween the two alloys investigated may provide some expla-
ation of the observed localized corrosion behavior. It is well
nown that Cu accentuates the more general mode of corro-
ion of Al, and this effect seems to be dramatically reduced at
.04 wt.% Cu. It is generally believed that the great tendency
or intergranular corrosion of the EN AW-3003 is due to Cu-
ich phases precipitated along grain boundaries, but Sinyavskii
t al. claim that this is not the case for an Al alloy with alloy-
ng elements well within solubility limits [21]. They instead
laim that the cause is the recrystallization process (i.e., crystal-
ographic pitting). The very low Cu content of the Al–Mn–Si–Zr

ay be the reason for its insensibility to intergranular corro-
ion. The higher Mn and Si content and lower Fe content of
he Al–Mn–Si–Zr alloy results in a higher Mn/Fe ratio in the
onstituent particles and also in a lower amount of Mn in solid
olution. A higher Mn content in the particles (cathodic) is nor-
ally beneficial since it lowers the cathodic reduction rate under

pen-circuit condition. A smaller number of particles having
arge Volta potential difference relative to the matrix of the
l–Mn–Si–Zr alloy can explain the smaller number of active

ites and lower degree of local dissolution on its surface com-
ared to the EN AW-3003. The lower content of Cu and Mn in
olid solution of the Al–Mn–Si–Zr leads to a certain decrease
n the corrosion potential compared to the EN AW-3003, which

ay also contribute to a lower degree of susceptibility to pitting
orrosion of Al–Mn–Si–Zr. Further studies, especially analysis
f the passive film, are necessary to elucidate in more detail
he mechanism of local corrosion processes and the influence of
ndividual alloying elements.

. Conclusion

By utilizing state-of-the-art local probing techniques with
icrometer resolution, studies of two 3xxx (Al–Mn) series Al

lloys for heat exchange applications, have resulted in a more
etailed understanding of the localized corrosion processes of
oth alloys on a microscopic level. The Volta potential mapping
eveals the cathodic character of constituent intermetallic parti-
les relative to Al alloy matrix. The in situ AFM measurements
how details of local dissolution and formation of corrosion
roducts around active sites associated with intermetallic parti-
les as well as grain boundaries of the Al alloys. The integrated
ECM/AFM imaging of simultaneous topography and elec-
rochemical current provides information of pitting precursors
nd initiation processes. Concurrent AFM and SECM images
f the same surface area have been obtained with micrometer
esolution.
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The Al–Mn–Si–Zr alloy contains a smaller number of inter-
etallic particles having larger Volta potential differences

elative to the matrix as compared to the EN AW-3003. Some
arger micrometer sized intermetallic particles cause local-
zed dissolution initiating at particle–matrix boundary regions,
hereas fine dispersoids are not active. On the EN AW-3003

lloy, many active sites and extensive local dissolution result
n a higher material loss than on the Al–Mn–Si–Zr alloy. The
l–Mn–Si–Zr alloy contains much less intermetallic particles

hat initiate localized dissolution and mainly develop into small
unnel-like pits. The result is a lower weight loss, favorable for
pplication as fin material in heat exchange applications.
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