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a b s t r a c t

Microstructural and Volta potential behavior of a friction stir welded dissimilar joint of AA7023 to
AA5083 has been investigated. Interfacial regions were characterized by SEM-EDS, AFM, SKPFM and
optical microscopy techniques. A quantitative correlation between corrosion data from histogram and
power spectral density (PSD) analysis, which are related to Volta potential distribution, was established.
PSD analysis of SKPFM images showed that the lowest Volta potential in the highest spatial frequency
belongs to AA5083, while the highest Volta potential in lowest spatial frequency corresponds to inter-
metallic particles mainly on AA7023 matrix. Immersion test showed that intermetallic particles in the
two matrices, and especially FSW interface, were susceptible to corrosion attack due to a high driving
force between these surface constituents.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Among various materials, aluminum and its alloys are of interest
for various applications, particularly in automotive, aerospace, and
ship industries. This is because of their low density, high strength
and good corrosion performance [1e5]. 5XXX series of aluminum
alloys, with magnesium as the principal alloying element, are
favorable for their high strength, corrosion resistance in marine
atmosphere, good formability, and weldability [6e9]. The corrosion
behavior of AA5083 depends on microstructural features including
grain size, second-phase size and the presence of intermetallic
phases (IMPs). Although IMPs lead to enhanced mechanical prop-
erties, their presence could make the alloy susceptible to localized
corrosion [6,7]. Different IMPs on AA5083 were already reported
including Al6(Fe, Mn, Cr), (Cr, Fe)Al7, (Mn, Fe) Al6, Mg3Mn2Al12, and
Al6Mn [7,8,10]. Segregation of electrochemically active Mg-Al
phases at grain boundaries has been reported to lead to stress
corrosion cracking and inter-granular corrosion attack [7].
ript.
7xxx series alloys (Al-Zn-Mg-Cu) are popular for aircraft and
aerospace structures because of their high strength-to-density ra-
tio, good ductility, and excellent corrosion resistance in most media
[8,11e13]. They rely on Zn as the primary alloying element which
makes them excellent for fatigue applications. However, large
amounts of alloying elements such as Zn and Mg could lead to
brittleness and segregation, which in turn reduce mechanical
properties and performance [14,15]. An alloy such as AA7075 shows
poor corrosion resistance because of the presence of large amounts
of IMPs which might be anodic or cathodic (relative to the matrix
alloy). IMPs reported in AA7075 include MgZn2, Mg2Si, Al3Fe,
Al7Cu2Fe, Mg(AlCu) and Al2CuMg [6,14e16].

Aluminum alloys are difficult to be welded by conventional
methods such as the fusion welding due to hot cracking and
porosity development after welding [17e20]. Friction stir welding
(FSW) has been used to overcome problems related to fusing
welding. FS welded joints show different zones in the weld
including stirred zone (SZ), thermo-mechanically affected zone
(TMAZ) and heat affected zone (HAZ) [17,20e22]. The microstruc-
tures of all these regions and IMPs are different from those of the
base metal which in turn lead to different corrosion characteristics
[4,23]. IMPs and the FSW interface play a major role in localized
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corrosion especially in the initial stages of corrosion [2,24,25]. For
this reason, a combination of topography analysis by Atomic Force
Microscopy (AFM) in the air or in a solution and Volta potential
mapping by Scanning Kelvin Probe Force Microscopy (SKPFM) in
the air appears to be a powerful tool to study localized corrosion
[5,26e28]. In fact, a linear correlation has been previously found
between the corrosion potential of the metal and Volta potential
values measured by SKPFM. Indeed, more noble materials show
higher Volta potential values [29].

Histogram plots of Volta potential variations have been reported
in our previous studies [4,6]. Although histogram plots could point
to the presence, number and driving forces between the surface
constituents, they do not provide information about the correlation
between Volta potential values of roughness profiles and spatial
frequency vector in the x-y plane. Accordingly, a more comple-
mentary description could be provided using Power Spectral
Density (PSD) of Volta potential mapping. This allows Volta po-
tential roughness to be compared over different spatial frequency
ranges. In this paper, SKPFM has been employed together with
AFM, optical microscopy (OM) and scanning electron microscopy
(SEM-EDS) for a better understanding on the impact of FSW and
IMPs on the corrosion behavior of aluminum alloys.

2. Experimental procedure

2.1. Welding procedure

A 5mm thick plate of AA5083 alloy was friction stir butt-welded
to a 7mm thick AA7023 plate as discussed previously [6]. Chemical
compositions of thematerials used in this study are listed in Table 1.

2.2. Sample preparation

In order to provide a suitable sample for OM, SEM-EDS and AFM/
SKPFM measurements, a cut-off cross-section from the weld was
degreased in acetone, mechanically wet polished down to 0.05 mm
using alumina slurry and then washed by ethanol and finally dried
by hot air blow. For AFM and SKPFM, a mirror-like polished surface
was used to avoid contamination. For microstructural character-
ization, the sample was etched for 20 s in Keller's etchant (190
H2O þ 5 HNO3þ 3 HCl þ 2 HF).

2.3. Microscopical characterization

Morphology and microstructural characterization was carried
out using a SEM (1450 VP, LEO) equipped with Energy Dispersive
Spectroscopy of the X-ray (EDS) analysis.

2.4. AFM/SKPFM measurement

Volta potential mappings of the polished sample surface
including the FSW region and aluminum matrices around it were
achieved using AFM/SKPFMmeasurements. SKPFMmapping of the
polished samples was performed to evaluate the relative nobility of
IMPs and weld interface in the two alloys and FSW region. AFM and
Volta potential images obtained using a commercial Solver Next
AFM instrument (NT-MDT Company) from polished samples. All
Table 1
Chemical composition of the friction stir welded Aluminum alloys (wt%).

Alloys Mg Zn Mn Cu Fe Si

AA7023 2.127 4.227 0.138 1.353 0.943 0.836
AA5083 5.349 0.112 0.491 0.138 0.33 0.088
mappings were acquired in air at the ambient temperature under
the controlled relative humidity of �35%. The AFM tip was an n-
type antimony doped, pyramid single crystal silicone coated by
conductive PtIr (25 nm) and a Cr adhesive layer (2.5 nm). Dual-scan
mode was carried out for the acquisition of surface potential
mapping. In the first scan, topography data was recorded using the
tapping mode technique. In the second step of the scan process (for
Volta potential mapping), a lift scan height of about 10e20 nmwas
chosen (depending on the surface roughness) to avoid the topog-
raphy impact on the Volta potential mapping. Topography and
Volta potential were scanned with a pixel resolution of 512 � 512
and scan rate of 0.3 Hz.
2.5. Corrosion investigation

To study the corrosion attack, the same polished sample was
immersed in a 3.5 %wt NaCl corrosive solution for 20min. After this
time, the sample was washed with ethanol and finally dried by hot
air blow.
3. Results and discussion

3.1. Microstructural analysis

Microstructural features of the weld area have been previously
discussed in detail [6]. Notable notice from the previous work is the
presence of Zn and the formation of Al-Mg-Zn compounds in the
interface. Correspondingly, three areas consisting of AA7023,
AA5083 and the interfacial regionwith different compositions were
detected. Cu-rich particles which have been shown to make
AA7xxx alloys susceptible to localized corrosion in marine media
were also detected [14]. The composition difference (concentration
gradient) in these areas was found responsible for the formation of
galvanic couples or providing driving forces for corrosion [6]. Fig. 1
illustrates particles dispersed in the two adjacent matrices of
AA7023 and AA5083 alloys. Coarse particles in AA5083 matrix
(Fig. 1b and d) have been previously reported to be Al6(Mn, Fe)
[24,30].

Stirring action during FSW may lead to the fragmentation or
aggregation of Al6(Fe, Mn) particles. Therefore, the combination of
stirring and heat gradient during FSW is supposed to affect the size
of particles [6]. In addition, coarse IMPs of Al-Fe-Cu-Si type in the
matrix of AA7023 which have been reported to be Al3(FeCuSi), are
shown in Fig. 1a and c [14]. The main corrosion attack is focused on
the alloy matrix surrounding these IMPs through the formation of
galvanic cells leading to the formation of pits. In this case, reduction
of oxygen as the cathodic reaction of oxygen reduction occurs on
intermetallic surfaces as more noble phases through the following
reaction [24]:

O2þ 2H2O þ 4e� / 4OH� (1)

The dissolution of Al occurs adjacent to the IMPs due to the
weak oxide film in this region according to the following reaction
[24]:

Al /Al3þ þ 3e� (2)
Cr Ti Sn Pb Ni Ca Al

0.077 0.015 0.007 0.089 0.018 0.01 bal
0.064 0.013 0.003 e e e bal



Fig. 1. SEM-EDS micrographs of intermetallic particles in the mixed region (stirred zone).
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Another possibility, as one of the most commonly identified
IMPs in high strength Al alloys, is the formation of Al7Cu2Fe which
has a more positive dissolution potential than the Al matrix and
hence can form a galvanic cell for pitting corrosion [24,26].

3.2. Topography and Volta potential measurements

To evaluate the relative nobility of IMPs in both Al alloys, SKPFM
measurements were performed to map Volta potential variation on
the prepared sample surface. In SKPFM method, AC and DC bias
voltages are applied between a cantilever tip and the sample. The
induced electrostatic force is detected and used to control VDC such
that the tip-sample potential difference is compensated [31].
Therefore, recording VDC of the tip over the sample surface area
makes the mapping of the distribution of Volta potentials possible
[29,31,32].

Fig. 2 shows topography and Volta potential mappings of the
FSW interface in the dissimilar joint of both Al alloys. As shown in
Fig. 2a, the topography image shows a uniform distribution of both
Al alloys' heights with the roughness root-mean-square (RMS) of
54 nm. Fig. 2b shows an SKPFM image of the two separate regions
around the weld interface (AA7023 on top and AA5083 at the
bottom of the image).

Variously sized IMPs in AA7023 show higher Volta potential
distribution compared to AA5083 due to the chemical composition
variation in AA7023 [25,30]. In addition, the AA5083 region shows
more uniform Volta potential distribution compared to AA7023.
IMPs can be seen on the AA7023 surface (Fig .1a); i.e. Al-Cu-Fe-Si
containing particles with the highest Volta potential values. On
the other hand, IMPs in AA5083 are mostly of Al-Mn-Fe type and
pure Cu containing particles, as shown in Fig. 1b. Naturally, the
solubility of alloying elements such as Mn, Cu, Fe, Mg, and Si in the
alloy matrix has an influence on the reduction of Volta potential
difference between IMPs and Al alloy matrices [7,14].

A common way to study topography and Volta potential data is
employing line profiles through potential mappings [33e36].
Therefore, histogrammethod provides more information about the
Volta potential distribution of constitutive phases, as reported
previously [4,6]. The deconvolution of Volta potential or topog-
raphy histograms into multimodal Gaussian was calculated as
below [4,6]:

Y ¼ 1

s
ffiffiffi
p
2

q exp

"
� 2ðx� mÞ2

s2

#
(3)

where Y represents the counts number, s is the standard deviation,
m is the mean potential value of Volta potential and x is Volta po-
tential or topography values. As mentioned above, AFM and espe-
cially SKPFM images have been analyzed using image processing
and histogram analysis. Table 2 shows the extracted key parameters
from Volta potential histogram (Figs. 2d and 5a-c).

In order to accurately evaluate the spatial frequency of phases
(particles sizes) with the Volta potential mapping, the PSD evalu-
ation method was used. The method provides information related
to the roughness of the component as a function of spatial fre-
quency through the equation below [37e40]:

PSDðfÞ ¼ lim
A/∞

1
A
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Z�
A

zðrÞexpð � 2pif :rÞdr
������
2

(4)

where zðrÞ represents the Volta potential data of the surface
roughness, A is the surface area of the measuring field, r is position
vector and f is spatial frequency vector in the x� y  plane. Histo-
gram of SKPFM mapping (Fig. 2d) shows three peaks including
AA5083 region, AA7023 region and FSW interface with the mean
potential values (m or Vm) of 66.1mV (the lowest Volta potential),
244.5mV and 366.6mV (the highest Volta potential), respectively.
The difference between the mean potential values is equivalent to



Fig. 2. (a, b) AFM topography and SKPFM image of the same FSW region, (c) greater magnification of b, (d) Histogram plot of SKPFM image in b, (e) PSD profiles of the FSW sample
calculated from SKPFM images in b and c.

Table 2
Extracted Gaussian distribution parameters from Volta potential histograms.

Region label Constituents Mean value of Volta potential (m, mV) Standard deviation of Volta potential (s, mV)

Fig. 2d Alloy 5083 66.1 28.8
Alloy 7023 244.5 58.1
FSW interface 366.6 53.3

Fig. 5a Alloy 5083 30.2 14.2
Alloy 7023 182.4 34.8
FSW interface 282.2 46.2
IMPs 374.4 22.1

Fig. 5b Alloy 5083 59.8 34.6
Alloy 7023 246.5 43.7
FSW interface 346.9 26.2
IMPs 425.4 46.3

Fig. 5c Alloy 5083 55.6 20.2
Alloy 7023 257.7 82.1
FSW interface 475.7 61.8
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driving force ðDVmÞ for micro-galvanic localized corrosion [4,41].
Galvanic corrosion may initiate in the FSW interface with
DVm ¼ 178:4 mV between AA7023 and AA5083. Also, some IMPs
on AA7023 matrix have Volta potentials similar to the FSW inter-
face. Thus, the potential difference between the FSW interface and
IMPs with DVm ¼ 300:5 mV could provide driving force for micro-
galvanic corrosion. In fact, IMPs on AA7023 behave as cathode
zones with respect to the base alloy.

Fig. 2e shows the PSD profiles of Volta potential mappings in
two different scanned areas which are related to Fig. 2b (Area1) and
Fig. 2c (Area 2). In the PSD profile, the lowest and highest spatial
frequencies are related to the highest and lowest Volta potentials.
Therefore, the higher spatial frequency is related to AA5023 region
and lower value corresponds to the FSW interface and IMPs with
high Volta potentials on AA7023. IMPs with high Volta potential
distribution show lower spatial frequency than the IMPs with the
lower values, as shown in Fig. 3. Therefore, three areas could be
attributed to individual regions. These regions have been
determined on the basis of changes in the slope of PSD profile
[42,43]. In other words, non-uniform scattering (PSD curves are
non-linear) in PSD profiles is not due to the distribution but the
different sizes of particles and phases in both base metals [38].

PSD of Area 2 shows higher spectral Volta potential than Area 1
over the spatial frequency which is due to the high Volta potential
roughness of Area 2. IMPs with high Volta potential on AA7023 are
mostly large sized (low frequency) which are placed after the
spatial frequency of 0.21 mm�1. The spatial frequency in the range of
0.21 mm�1e0.92 mm�1 is related to AA7023 and IMPswithmedium
Volta potential values. Moreover, Area 2 has one order frequencies
more than Area 1 (the yellow lines in the frequency range of
1.67 mm�1 e 2.68 mm�1). It can be concluded that the less distri-
bution of Volta potential roughness is in AA5083 matrix. Fig. 4
shows SKPFM survey images of the FSW interface and IMPs in Al
alloys from the upper region (7023 alloy) to middle region and
finally into the lower region (5083 alloy). In addition, the FSW
interface shows higher Volta potentials compared to the parent Al



Fig. 3. Correlation between Volta potential distribution and spatial frequency for surface constituents corresponding to Fig. 2b (three line profiles were shown to confirm these
results).

Fig. 4. (a, b, c) Survey of SKPFM Volta potential images of the FSW interface in AA7023 (upper region) and AA5083 (lower region) matrices.
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alloys. It could be attributed to the formation of some noble pre-
cipitates in the FSW interface especially Al-Mg-Zn, as reported
previously [6]. Thus, this region in contact with a corrosive media
could be susceptible to galvanic attack [23].

Fig. 5 shows histogram and PSD analysis of survey SKPFM
mappings of Fig. 4. Four different regions are detectable on the
histogram analysis of SKPFM mappings in Areas 1, 2, and 3. By
sweeping from the AA7023 to the middle area and then into
AA5083, gradual increase and reduction are detectable in the his-
togram peaks of AA5083 and AA7023, respectively. In addition, by
decreasing in AA7023 scanning surface area and moving into
AA5083, a reduction can be seen in the peak intensity of FSW
interface and IPMs, as shown in Fig. 5. These changes in histogram
peaks can be clearly observed in Fig. 4aec and also can be detected
in PSD profiles data in Fig. 5d.
PSD in Fig. 5d shows the Volta potential distribution of com-
ponents (phases and particles in both Al alloys) versus spatial fre-
quencies (distribution of particles sizes) related to SKPFM
mappings in Fig. 4aec. During the survey from AA7023 to AA5083,
a reduction occurs in the spatial frequency of AA5083 from
7.8 mm�1 to 1.9 mm�1. This reduction has been attributed to the
increase in Volta potential roughness in AA5083 matrix which
could be confirmed by root-mean-square (RMSArea
1¼0.108mV< RMSArea 2¼ 0.132mV< RMSArea 3¼ 0.138mV).
Another reduction is detectable in the frequency ranges of
1.42 mm�1 to 0.15 mm�1 which could be attributed to reduction in
the distribution of IMPs with the medium Volta potential and
surface area in AA7023. This reduction is clearly visible in the his-
togram analysis of SKPFM images in Fig. 5. In addition, a gradual
reduction can be observed after 1.42 mm�1 frequency which could



Fig. 5. (a,b,c) Histogram plots of three SKPFM images in Fig. 4aec, (d) PSD profiles in a wide frequency range corresponding to SKPFM images in Fig. 4aec.
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be attributed to the reduction of IMPs distribution with the high
Volta potential (Fig. 4b and c).
3.3. Correlation between AFM/SKPFM analysis and localized
corrosion attack

To verify the corrosion initiation sites predicted by SKPFM
analysis, OM images were captured from the sample with the
polished surface after exposure to 3.5 %wt NaCl for 20min, as
shown in Fig. 6d and f. Moreover, Fig. 6aec shows 3D SKPFM images
and cross-sectional Volta potential analyses which are related to
the pre-exposure test. SKPFM image shows a large potential
gradient through the FSW interface between AA7023 and AA5083
measured by cross-sectional analysis (Fig. 6b). This suggests that
these regions could be more susceptible to galvanic corrosion
during exposure to corrosive electrolytes.

Line profile in Fig. 6b shows a high Volta potential difference
between the two Al alloys with 138mV driving force. As a result, a
predominant attack is detectable on the FSW interface (Fig. 6d). A
slightly more extended of corrosion attack towards AA5083 can be
observed which could be due to the higher Volta potential differ-
ence between AA5083 and FSW (with a driving force of 372mV)
compared to that of AA7023 and FSW (with a driving force of
234mV) as shown in Fig. 6d. These differences are related to vari-
ations in alloying elements [41,44], as reported in SEM-EDS result in
the previous work [6]. On the other hand, IMP detachment is
detectable around galvanic couples between the IMPs and AA7023
matrix (shown more clearly in Fig. 6d). It can be concluded that
alloying elements play an important role in the corrosion initiation,
especially pitting corrosion due to the different compositions of
IMPs and matrices as reported in Fig. 1 and through our previous
work [6,41].

Fig. 6 shows a correlation between SKPFM/line profile and BSE-
SEM images of Al-Mn-Fe particles on 5083 before exposure. Fig. 6f
shows an OM image of Al-Mn-Fe particles after exposure to the
corrosive media for 20min. A black ring (corroded area) is observed
around the Al-Mn-Fe particle due to the high Volta potential dif-
ference (293mV) between IMPs and AA5083 matrix, Fig. 6c. In fact,
amounts of Mg in AA5083 and the presence of Mn and Fe (as shown
in Fig. 1b) provide a potential site for localized corrosion attack.
4. Conclusion

The interfacial region of a friction stir welded dissimilar joint of
AA7023 and AA5083 was investigated using optical microscopy,
SEM-EDS, and AFM/SKPFM techniques. The main conclusions are:

1. Correlation between histogram and power spectral density
analysis was well explained by survey SKPFM mappings around
the weld interface.



Fig. 6. (a) SKPFM image of the FSW sample before immersion in the corrosive media, (b, c) Line profile of the FSW interface and IMPs with high Volta potentials in AA5083 matrix
obtained from SKPFM image, (d) optical microscopy image of the sample surface after 20min immersion in 3.5%wt NaCl corrosive solution showing localized corrosion attack on the
interface and IMPs in AA7023 (higher magnification of IMPs on AA7023 side is provided by the inserted image), (e) SEM image of an Al-Mn-Fe IMP before exposure to the corrosive
media, (f) Optical image of the corroded IMP on the AA5083 side after 20min immersion in 3.5 %wt NaCl corrosive solution.
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2. AA5023 region shows a lower PSD value in the high spatial
frequencies compared to AA7023 with higher PSD values at low
spatial frequency.

3. PSD analysis showed that IMPs with highest Volta potentials on
AA7023 matrix have the lowest spatial frequencies and vice
versa.

4. It was observed that localized corrosion initiated from the FSW
interface, IMPs with high Volta potentials on AA7023 and (Al-
Mn-Fe)-rich particles on the AA5083 matrix due to the great
driving force values.
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