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sazpasi 10 foly 2020 Friction stir welding (FSW) is an effective welding technique to realize the

joining of dissimilar aluminum alloys. The microstructural heterogeneities
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Nature 2020 corrosion behavior of shoulder interface zone (SIZ), vortex zone (VZ), bottom
zone (BZ) and bottom interface zone (BIZ) in the stir zone (SZ) of dissimilar FSW
AA2024/AA7075 joint was systematically investigated through detailed
microstructural characterization and relevant corrosion tests. The results indi-
cated that plentiful of Cu-rich constituent particles are formed on AA2024 side
and the areas near the interface on both sides, and corrosion originates from
these regions. Grain size has little influence on corrosion behavior of the SZ,
while the local regions with higher stored energy are more sensitive and liable to
corrosion. The sequence of mixing degree of materials in the four regions of the
SZ is: BZ > VZ > SIZ > BIZ, which is in contrast to the order of corrosion rate.
Galvanic corrosion is detected in the SIZ and BIZ, and sufficient mixing of
materials significantly weakens the galvanic corrosion, resulting in higher cor-
rosion resistance in the BZ.
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Introduction

Currently, in order to lower greenhouse gas emis-
sions, reduce the weight and fuel consumption and
optimize the overall performance [1-5], the demand
on co-friendly manufacturing processes and light-
weight structural material strongly attract the atten-
tions of many researches in the aviation and
aerospace industry. Due to high strength-to-weight
ratio, aluminum alloys are broadly utilized as a
promising alternative for lightweight structures [6, 7].
However, when the conventional fusion welding
procedures are employed to join these alloys (e.g.,
2xxx and 7xxx series aluminum alloys), there exist
some drawbacks/defects, such as segregation, reac-
tion between some reinforcing phases, the formation
of coarse microstructure and intermetallic com-
pounds, which are prone to deteriorate the mechan-
ical and corrosion properties of the joints due to the
significant difference of thermal expansion coeffi-
cients between the solid and the liquid phase [4, 8, 9].

It is widely known that friction stir welding (FSW)
can be adopted as an effective solution to improve the
low weldability and poor mechanical properties
[4, 10, 11]. Nevertheless, corrosion may be a serious
issue associated with the application of FSW, partic-
ularly for the joining of dissimilar alloys without any
protection [12]. This is because the distinctly different
metallurgical and microstructural zones are formed
due to the asymmetry heat input and mechanical
deformation in the joints during FSW [13-17]. The
production of conspicuous strip non-uniformity in
the weld zone will be most likely to result in the
formation of micro-galvanic corrosion cells in the
joint, which is unavoidable when involving the
welding of dissimilar alloys. Considering that the
welded alloys are both conductive and apparently
different with respect of corrosion potential, the
influence of galvanic coupling between the local
zones can be disastrous. Consequently, it is essential
to study the influence of the extent of zonal hetero-
geneities on the localized corrosion behavior in the
weld zone of the dissimilar joints.

During FSW, the typical microstructural zones are
formed, i.e., stir zone (SZ), thermo-mechanically
affected zone (TMAZ), heat-affected zone (HAZ) and
base material (BM) [10, 11, 18-20]. It has been
reported that the weld area is more susceptible to
localized corrosion behavior compared to the BM
[21-26]. Lumsden et al. [23] found that the most

@ Springer

heavily sensitive region is located at the interface
between the nugget zone and the partially recrystal-
lized zone by impregnating the FSW AA7075-T7651
joint in a modified exfoliation corrosion (EXCO)
solution. Bousquet et al. [24] studied the corrosion
sensitivity of FSW AA2024-T3 joints and pointed out
that the HAZ close to the TMAZ is more sensitive to
the intergranular corrosion, which results from the
presence of intergranular S'(S) phase clusters at grain
boundaries. Differently, Paglia et al. [25] reported
that higher corrosive attack is located at the interface
between the SZ and the TMAZ in their research on
the environmental corrosion susceptibility of the FSW
AA7050 joints with the addition of scandium. Kang
et al. [26] conducted the immersion tests of the FSW
AA2024-T3 joints in EXCO solution and verified that
the density and degree of the pitting corrosion in the
shoulder active zone are slightly larger than those
within other regions on the top surface. The initial
position of pitting corrosion is between the S phase
particles and the adjacent aluminum matrix.

In recent years, due to the increasing demands for
multimaterial components, the researches on the
corrosion sensitivity of dissimilar FSW joints have
been increased. Substantial investigations on the
corrosion susceptibilities of friction stir welds were
performed in the Al/Mg couples [27], Al/Cu couples
[28, 29], Al/brass couples [30], Al/steel couples [31]
and dissimilar couples of aluminum alloys [32-41].
Shen et al. [33] investigated the corrosion behavior of
the dissimilar FSW AA5083/6082 welds and reported
that the corrosion resistance of the dissimilar joints is
higher than that of the corresponding BMs. Never-
theless, Fattah-alhosseini et al. [37] studied the elec-
trochemical behavior of dissimilar AAS5083/1050
FSW welds and proposed that the passive current
density of the FSW joint is in between that of AA1050
and AA5083. Niu et al. [41] identified the influence of
BM locations on the corrosion behavior of dissimilar
FSW AA2024/7075 joints in an EXCO solution and
considered that the corrosion resistance of SZ
resembles that of the BM placing in the retreating
side (RS). Bertoncello et al. [34] reported the corrosion
behavior of dissimilar lap-welded AA7050/2024
joints and concluded that pitting occurs preferentially
in the nugget zone of the AA7050 at the open-circuit
potential for longer exposures close to the AA7050/
AA2024-interface, which can be attributed to the local
galvanic coupling. Abreu et al. [35] carried out a
multiscale electrochemical research on the corrosion



behavior of the dissimilar FSW AA7475/2024 joints
and verified the galvanic coupling by local electro-
chemical impedance spectroscopy (LEIS) tests, at
which the AA7475 acts as anode relative to the
AA2024. It is also confirmed a Zn deposit on the
intermetallic particles of the AA2024 after 24 h of
immersion in the electrolyte. Davoodi et al. [36]
studied the corrosion behavior of the dissimilar FSW
AA5083/7023 joint. They reported that a galvanic cell
is formed at the interfacial region, which is an inho-
mogeneous borderline consisting of Al-Mg-Zn pre-
cipitates. Although the previous studies have
reported the corrosion properties of the FSW regions
of dissimilar aluminum alloys, very little work has
been conducted to ascertain the effect of the zonal
heterogeneities on corrosion behavior of the NZ in
the dissimilar FSW joints.

Since FSW is an asymmetrical welding process,
pronounced zonal heterogeneities (different metal-
lurgical and microstructural zones) are formed dur-
ing the FSW process of dissimilar materials,
inevitably leading to potential difference between
different regions of the dissimilar joint, which is
likely to have a remarkable influence on the corrosion
resistance of the joint. Moreover, there are few
reports available to elaborate the localized corrosion
behavior in the NZ of the dissimilar FSW AA2024/
7075 butt weld. Therefore, we studied the localized
corrosion behavior of the SZ in the dissimilar FSW
AA2024/7075 joint obtained previously by optimiz-
ing the process parameters in the current work. The
microstructure of the SZ was characterized through
optical microscopy (OM), X-ray diffraction (XRD),
scanning electron microscopy equipped with energy
dispersive spectroscopy (SEM-EDS), atomic force
microscope (AFM), transmission electron microscope
(TEM) and electron backscatter diffraction (EBSD).
Corrosion behavior was evaluated by immersion
tests, weight loss tests, AFM and electrochemical
measurements. Vickers hardness test was also carried
out. The aim of this work is to clarify the relationship
between microstructure and corrosion behavior of
the different areas in the SZ of the dissimilar joint.

Experimental procedure
Welding procedure

Sheets of AA2024-T351 (on the advancing side—AS)
and AA7075-T651 (on the retreating side—RS) with
6.5 mm thickness were friction stir butt-welded using
an FSW machine (FSW-LM-AM16-2D) by employing
the H13 hot work steel tool. The FSW tool was posi-
tioned equidistant between the two BMs. It is char-
acterized by a concave shoulder diameter of 15 mm,
as well as a tapered thread probe with length of
5 mm, tip diameter of 3.76 mm and root diameter of
6.66 mm [7]. Chemical compositions of the two as-
received alloys are shown in Table 1. Both plates
were cut into 300 mm x 40 mm pieces and welded
perpendicular to the rolling direction (RD) by
adopting the optimal welding process parameters as
proposed in our previous research [42], namely with
a rotational speed of 1495 rpm, a traverse speed of
187 mm/min and plunge depth of 0.03 mm. During
FSW, the rotation direction of the tool is counter-
clockwise, and the title angle of the rotating tool is
2.5°. The joint acquired with these process parameters
is shown in Fig. 1. After FSW, the thickness of the
joint which is not thoroughly welded at the bottom is
cut off and the joint with 5 mm thickness is kept to
carry the relevant measurements.

Microstructure characterization

The transverse cross section of the dissimilar joint
perpendicular to the welding direction (WD) is
shown in Fig. 2a, which was cut into four small pie-
ces of samples according to the size. The samples
were ground on SiC papers up to 3000 grit and then
followed by rough and fine cloth polishing using
diamond power slurry. For OM tests, the polished
samples were etched with Keller's reagent
(HF:HCI:HNOj:deionized water = 2
mL:3 mL:5 mL:190 mL) for 40 s. The alloy phases
were identified by means of X-ray diffractometer
(Rigaku D/max 2500PC) using monochromatic CuKo
radiation (4 = 0.1542 nm), with a step size of 0.01°
and a time step of 0.1 s. The chemical composition of
the samples was analyzed by applying field emission
scanning electron microscopy (FESEM, JEOL JSM-
7800F) equipped with an energy dispersive spec-
troscopy (EDS). The corrosion morphology of the
samples was characterized by AFM (MFP-3D-BIO).
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Table 1 Chemical

composition of the aluminum Si Fe Cu Mn Mg Cr Zn Ti Al
1 0,
alloys (in wtv%) 2024-T351 005 017 45 06 14 00l 003 002  Bal
7075-T651 005 019 17 004 24 02 5.8 0.03  Bal

Figure 1 Weld image of dissimilar FSW joint.

The EBSD mapping was conducted on a TESCAN
MIRA3 SEM equipped with a HKL-EBSD system
with a step size of 0.3 um to reveal the grain struc-
ture. Before EBSD, the polished samples were elec-
tropolished in an electrolyte of 10 vol% perchloric
acid plus 90 vol% ethanol at 2-5°C and 15V for
100 s. The Channel 5 software was employed to
conduct the EBSD data analysis. TEM specimens of
the BMs and the welded zone of joint were prepared
in a 25% HNO3; methanol solution at — 30 °C using
the twin-jet electropolishing technique. The TEM
specimen at the interface of the SZ was prepared by
employing focused ion mill (FIB, Zeiss AURIGA)
technique. The precipitates were investigated by
using TEM (FEI TECNAI G2 F20) equipment, oper-
ated at 200 kV.

Hardness measurement

Vickers microhardness tests were conducted using
Vickers hardness tester (MH-5L). The hardness pro-
file for each specimen was performed along the cross
section of the joint perpendicular to the WD using a
load of 200 gf and a dwell time of 10 s. The distance
between each indentation is set to 0.1 mm.

Corrosion tests

Corrosion behavior of the samples acquired from
different positions in the SZ was studied via
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immersion test, PDP and EIS tests. Immersion tests
were carried out in naturally aerated 3.5% NaCl
solution for 12 h, 69 h, 192 h and 336 h. The weight
loss test was conducted after immersion of 336 h to
evaluate the corrosion rate. The experimental process
and the calculation method have been described in
our early work [42].

Electrochemical tests were carried out by electro-
chemical system (Gamry, Germany) in 3.5 wt% NaCl
aqueous solution at room temperature. The SZ was
cut into the four samples and their dimensions are
shown in Fig. 2a. Prior to the electrochemical tests,
the side and back of the specimens after cutting were
coated by insulating epoxy resin so that the surface to
be tested was only exposed to the solution. The
experiments were conducted with a three-electrode
cell configuration consisting of the studied samples
from different zones in the SZ as the working elec-
trode, a platinum sheet as counter electrode and a
saturated calomel electrode (SCE) as reference elec-
trode. The PDP test was conducted from — 1600 mV
to + 200 mV at a scan speed of 1 mV s, Tafel-type
fitting of the data was employed to determine the
corrosion potential (E.y) and corrosion current
density (I.ory) from the polarization curves. The EIS
test was carried out in the potentiostatic mode by
applying a sinusoidal voltage with an amplitude of
10 mV and frequency from 100000 to 0.01 Hz. The
ZSimpWin software was used to analyze of the EIS
data. To ensure the accuracy of experimental data,
these above electrochemical tests were conducted
separately and repeated at least for three times in
order to collect three reliable test results.

Results and discussion

The backscatter electron (BSE) images at the cross
section of different zones in the SZ of the dissimilar
FSW joint are exhibited in Fig. 2a. It is clearly
observed that the primary material flow trend is from
AS (AA2024) to RS (AA7075) under the action of the
tool shoulder and the tool pin. Four distinct regions
can be seen as shown in Fig. 2b-e, namely (1)
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Figure 2 BSE images
showing the studied regions in
the SZ of the dissimilar FSW
joint: a BSE images jigsaw of
the weld, b SIZ, ¢ VZ, d BZ
and e BIZ. AS

AA2024

shoulder interface zone (SIZ), (2) vortex zone (VZ),
(3) bottom zone (BZ) and (4) bottom interface zone
(BIZ). The SIZ demonstrates the migration of mate-
rials from AS (AA2024) under the rotational friction
extrusion of the tool shoulder [43]. The VZ is featured
by some typical onion ring structures as a result of
the mixing of the two BMs [44-46], which is located
below the tool shoulder and at the root of the tool pin.
The BZ is only affected by the tip of tool pin. The BIZ
is near the borderline of material flowing from AS to
RS. Since the different regions in the SZ are subjected

Axis position of tool probe

RS
AAT7075

to various degrees of heating and plastic deformation
during FSW, some complex zonal heterogeneities are
generated. The zonal inhomogeneity becomes even
more complex in the weld areas when involving
dissimilar alloys, thereby affecting the mechanical
and corrosion properties of the joint. In order to
clarify the local corrosion behavior due to the zonal
heterogeneities during the dissimilar FSW welds of
AA2024-T351 and AA7075-T651, the above four
regions were studied in detail.
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Phase analysis
X-ray diffraction analysis

The purpose of XRD analysis is to detect the forma-
tion of various phases in the alloys. Thus, XRD
analysis was executed on each specimen at the dif-
ferent positions of the dissimilar joint, as shown in
Fig. 3. Due to the positions close to those in the
diffraction pattern of the pure Al power, the sharp
and strong peaks are derived from Al matrix. The
intensity of Al peaks is higher due to larger per-
centage of Al matrix at the BMs and the weld zone. It
is worth noting that the smaller diffraction angle
regions were magnified to present the low-intensity
peaks. As illustrated in XRD patterns, it can be
obviously seen that Al,Cu and MgZn, can be detec-
ted in the AA2024 and AA7075, respectively. In
addition, some constituent particles, such as Al,.
CuMg, AlCuMg and Al,CuyFe, can be found in
AA2024, while Al,CuyFe presents in AA7075. The
four samples in the SZ present similar XRD patterns
because they all contain two BMs (Fig. 2b—e).
Accordingly, the above-mentioned constituent parti-
cles all exist in these four regions. Interestingly, the
diffraction peak intensity of VZ and BZ is lower than
that of SIZ and BIZ (the black ellipse in Fig. 3). This
could be because the original constituent particles in
BMs are broken or dissolved in the VZ and BZ during
material mixing under the action of the stirring tool,
which weakens the intensity of diffraction peaks to a

SEMY/EDS characterization

Figure 4 shows the SEM images of the two BMs and
the four regions in the SZ, and the EDS analysis
results are summarized in Table 2. Bulk EDS spec-
trum analyses indicate that the chemical composi-
tions of the two BMs conform to the results of XRD
patterns (Fig. 3). An inhomogeneity microstructure
with intermetallic particles usually exist in aluminum
alloys. Some constituent particles of AlI-Cu-Mg, Al-
Cu-Fe-Mn and Al-Cu-Fe types are distributed in the
AA2024 BM (Fig. 4a), and the Al-Cu-Fe-, Al-Zn—Cu-
Fe- and Al-Zn-Cu-Mg-Fe-type particles can be
found in the AA7075 BM (Fig. 4b). The precious
research has shown that the uneven distribution of
Cu-rich particles in AA2024 can be regarded as the
dominant factor of pitting and stress corrosion
cracking [47]. The corrosion resistance of AA7075 is
weak because of the large amount of second phase
intermetallic particles which may be anodic or
cathodic relative to the alloy matrix [36].

Through bulk EDS analysis (Table 2), the inter-
metallic particles with various sizes and types near
the interfacial regions are illustrated in Fig. 4c, f,
which are proved to be Al-Cu-Mg (Al,CuMg) and
Al-Zn—Cu-Mg-Fe particles at the interface of SIZ and
BIZ. In addition, Al-Zn—Cu-Fe and Al-Cu-Fe-Mn
particles are found in the BIZ. The interfacial region is
a combination of intermetallic phases of the two BMs
and its chemical composition can be changed due to
the diffusion and migration of alloying elements from

certain extent. adjacent substrates during FSW. The sharp
®Al YALCul v¥MgZn, . ¥ ° $
] 1
+ Al,CuMg | ®AICuMg | sAlCu,Fel %: A I | |
ya \ M
‘ ‘ v T BZ ILlAJ :I l\\/ A A
* = V2 :_.LL_L :1(1 ! A A
= i Py |
N 4 = ! I ] |
: A,A\.\g& | W S — ——] é SIZ :l | A : L A
> g 1 : : * ¢ |
| ISR — —— = [ro751 ), lii, e v
2|3 A Ly . o
i . . | &T20241 i il I 1 v
L& ‘“—’“ L’t y 2 it ity . 1 1 ® ! .1 ! i
ST S S 10 20 30 40 50 60 70 80 90 100
20 22 24 26 28 30 32 34 36 38 40

Diffraction angle 26 (degree)

Diffraction angle 26 (degree)

Figure 3 XRD patterns of the two BMs and the four regions in the SZ (reference codes: Al: 04-0787, Al,Cu: 25-0012, MgZn,: 34-0457,

AlL,CuMg: 28-0014, AlCuMg: 28-0015, Al,Cu,Fe: 25-1121).
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Figure 4 SEM images of the
two BMs and the four regions
in the SZ: a 2024 BM, b 7075
BM, ¢ SIZ, d VZ, e BZ and
f BIZ.

concentration gradient within the interfacial area
may result in the formation of galvanic cells that
provide the driving force for corrosion.

According to the EDS analysis results in Table 2,
Al-Zn-Cu-Fe-, Al-Zn—Cu-Mg-, Al-Zn-Cu-Mg-Fe-
and Al-Zn-Cu-Mg-Fe-Mn-type particles can be
observed in the VZ and BZ. Basically, almost all
particles in the VZ and BZ contain Zn element, which
can be ascribed to the flow behavior of welding
materials. During FSW, the elements in the two BMs
diffuse into each other when materials mix. Due to
Zn element only existing in the AA7075 BM, it can be
used as a feature marker element to analyze the
mixing degree of material flow. Compared to the SIZ
(Fig. 4c) and BIZ (Fig. 4f), it can be seen that both VZ
(Fig. 4d) and BZ (Fig. 4e) exhibit some apparent
mixed flow traces, indicating a better mixing of

materials at a macroscopic level since the proportion
of materials not properly mixed is smaller than that
of the SIZ and BIZ.

In order to get an intuitional observation about
elements distribution across the four regions in the
SZ, the EDS mappings are presented in Fig.5,
showing the distribution of various elements with
different colors. An obvious district distribution of
different elements, especially Zn, Cu and Mg, can be
observed within these four regions. According to the
chemical constituents of the two BMs in Table 1, Cu
mainly presents in AA2024, while AA7075 princi-
pally contains Zn. Besides, the mass fraction of Mg in
AA7075 is higher than that in AA2024. Therefore,
mixing traces of material flow during FSW are clearly
observed as a function of elements mapping distri-
bution. There is a clear demarcation line on both sides
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Table 2 Concentrations of elements acquired by EDS analysis (at%) results of the two BMs and the four regions in the SZ (SEM images

in Fig. 4)
2024 7075 S1Z vZ BZ BIZ
Location Al Zn Cu Mg Fe Mn | Location Al Zn Cu Mg Fe Mn
al 48.2 - 256 262 - - d4 736 21 46 - 19.7 -
a2 67.6 - 18.8 - 9.0 4.6 ds 832 28 22 3.1 8.7 -
a3 74.9 - 15.9 - 7.5 1.7 de 937 15 21 2.7 - -
a4 68.4 - 212 - 10.4 - d7 493 1.0 249 248 - -
a5 66.4 - 21.2 - 97 27 ds 708 09 183 - 79 21
a6 48.5 - 256 259 - - d9 846 30 20 29 7.4 -
a7 65.8 - 21.2 - 103 2.7 d1o 772 1.7 49 1.3 14.9 -
a8 48.6 - 255 259 - - dil 838 26 26 2.6 8.4 -
bl 839 27 2.5 - 10.9 - el 470 1.1 260 259 - -
b2 67.0 14 5.0 1.5 251 - e2 67.6 14 297 1.3 - -
b3 747 23 43 - 18.7 - cS5 641 15 33.1 1.3 - -
b4 719 12 3.9 - 17.0 - e4 46.1 12 264 263 - -
b5 734 2.1 4.5 - 20.0 - S 470 1.1 261 258 - -
b6 69.2 - 5.7 - 25.1 - €6 477 0.8 257 258 - -
b7 460 24 251 265 - - e7 499 1.0 243 248 - -
b8 88.6 29 1.5 3.0 4.0 - e8 494 12 246 248 - -
b9 732 23 4.7 - 19.8 - e9 474 1.1 256 259 - -
cl 94.4 - 3.8 1.8 - - el0 542 10 222 226 - -
c2 86.3 0.6 8.1 1.7 33 f1 71.2 - 153 135 - -
c3 95.4 - 22 2.4 - - 2 69.1 - 22.0 - 8.9 -
c4 744 23 43 181 09 - 3 48.4 - 258 258 - -
c5 751 22 4.1 12 17.4 - 4 48.5 - 256 259 - -
c6 728 24 5.1 1.0 18.7 - f5 67.3 - 20.7 - 10.0 2.0
c7 71.8 2.5 34 1.6 14.7 - fo 65.4 - 21.3 - 93 4.0
c8 739 25 4.1 1.0 18.5 - 7 587 26 186 20.1 - -
d1 83.1 24 2.8 22 9.5 - 8 73.1 2.1 43 - 20.5 -
d2 475 1.2 259 254 - - 9 73.6 21 48 - 19.5 -
d3 81.8 25 2.7 2.1 10.9 - 10 739 2.1 5.0 - 19.0 -

of the interface in the SIZ and BIZ. On the basis of the
results in Figs. 2 and 5, the order of mixing degree of
material flow in the four regions can be concluded:
BZ > VZ > SIZ and BIZ.

The EDS line scan results of Zn, Cu and Mg ele-
ments around the interface within the four regions
are illustrated in Fig. 6. To ensure the accuracy of
interface element analysis, the line scan was per-
formed twice for each area. An obvious transition
behavior can be clearly seen at the interface of SIZ
and BIZ, showing the diffusion of Zn, Cu and Mg at
the interface as depicted in Fig. 5. It is worth noting
that the diffusion distance of the Zn, Cu and Mg at
the interface of SIZ is greater than that of the BIZ.
This is because they experience different thermal
cycles during FSW. The diffusion distance depends
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on temperature and time, which can be expressed as
follows [48]:

X? = 6Dt

E
D = Dyexp < ﬁ)

where X is the diffusion distance, D is the diffusion
coefficient, t is the time, D, is a material constant, E is
the activation energy, T is the temperature and R is
the gas constant. The peak temperature of SIZ at the
top is higher than that of BIZ at the bottom [49].
Based on Egs. (1) and (2), it can be inferred that
higher peak temperature is prone to increase diffu-
sion rate, leading to higher mixing degree of material
flow. Accordingly, it is believed that the mixing
degree of SIZ is higher than that of BIZ. Besides,

(1)
(2)
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Figure 5 Element distribution
mapping of the four regions:
a SIZ, b VZ, ¢ BZ and d BIZ.

Figs. 5 and 6 show that the distribution of Zn, Cu and
Mg elements in the VZ presents a sharply fluctuant
pattern, indicating an inferior mixing degree com-
pared with that of BZ. Thus, we can conclude from
the results in Figs. 2, 5 and 6 that the order of mixing
degree of material flow in the four regions is:
BZ > VZ > SIZ > BIZ.

TEM/EDS analysis

The thin-foil specimen at the interface of BIZ extrac-
ted by FIB technique is shown in Fig. 7a. The pink
square area was enlarged and is shown in Fig. 7b,
which displays the distribution of second phases and
their corresponding element distribution mappings.
It is observed that AlI-Cu-Mg-type and Mn-rich-type
particles with a larger size are mainly distributed at
the interface of BIZ. Besides, Cu, Mg and Mn ele-
ments are evenly distributed, while a clear boundary

200 ym

can be detected from the distribution mapping of Zn
element. The line scan EDS results of Zn element at
the interface in Fig. 7c, d also demonstrate a con-
spicuous transition behavior (the blue ellipse in
Fig. 7c, d), indicating a significant diffusion behavior
at a more microscopic scale when materials flow and
mix during FSW.

For AA2024 alloy, the general precipitates
sequence from the supersaturated solid solution
(855S) — Guinier-Preston-Bagaryatsky (GPB)
zones — S”"/GPB2 —» §' — S [50]. The structure of
the S’ phase is the same as that of the equilibrium S
phase, but they have different lattice dimensions. The
bright-field TEM images of the 2024-T351 BM are
shown in Fig. 8a, b, in which two different types of
particles can be found. One is the deep contrast long-
rod-shaped particle with the length of 0.5-1 um. The
other is the shallow contrast short-rod-like particle,
which can be identified as Q phase with the chemical
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Figure 6 Linear EDS analysis results in the SIZ, VZ, BZ and BIZ.

composition of Al,(Cu,Mn; and nanometer precipi-
tated S phase with the chemical composition of Al,.
CuMg [51]. The TEM image within Zn-depleted
region is displayed in Fig. 8c, which can be subdi-
vided into different parts with a higher magnification
as depicted in Fig. 8d—f. According to the EDS results
in Table 3, it is found that many fine second phases
such as Al-Cu-Mg, Al-Cu-Mn and Al-Cu-Mg-Mn
particles are homogeneously distributed in the Zn-
depleted regions of the interface in the BIZ. Their
sizes and element compositions are disparate from
AA2024 BM. This is because the second phase parti-
cles existing in the two BMs are broken and then re-
precipitate due to the thermal cycle and deformation
under the agitation of the tool during FSW.

For 7xxx series alloys, the precipitation sequence is
generally accepted as solid solution — GPB
zones — 1’ phase (rod) — n phase (disk) [52]. The #’
and 5 phases are the semi-coherent metastable and
equilibrium MgZn, phase, respectively, and both of
them have a hexagonal crystallographic structure
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[53]. The AA7075-T651 used in this study is mostly
strengthened by precipitates. Figure 9a, b exhibits the
bright-field TEM images of 7075 BM. The
microstructure of 7075 BM consists of 1’ and n pre-
cipitates, which are uniformly distributed within the
matrix and along the grain boundaries. Figure 9¢
shows the TEM images of Zn-rich side in Fig. 7b.
Figure 9d—f shows the enlarged TEM images in
Fig. 9c. The EDS analysis data in Table 4 show that
Al-Zn—-Cu-Mg-Fe-, Al-Zn-Cu-Mg-Mn-, Al-Zn—-Cu-
Mg-, Al-Cu-Mg-Mn-, Al-Cu-Mg- and Al-Cu-Mn-
type particles with nanoscale are formed in the Zn-
rich side of the interface in the BIZ.

The formation of these nanometric particles at the
interface (Figs. 8, 9) largely depends upon the atomic
diffusion at the interface, which is driven by the
temperature during FSW. Accordingly, temperature
is the most important factor that affects the diffusion
coefficient [54-56]. According to Eq. (2), the higher
the temperature, the faster the diffusion rate. Thus,
the precipitation rate of the second phase increases
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Figure 7 Different views for TEM analysis: a thin-foil sample extraction by FIB technique, b enlarged view and the corresponding

mapping scan EDS results, ¢, d line scan EDS results.

with the temperature increases. The growth tine of
the second phase is limited during FSW, which
results in insufficient time to grow, forming nano-
metric intermetallic compounds. Gotawala and Shri-
vastava [57] developed a numerical mode consisting
of Fick’s second law-based diffusion model in con-
junction with a thermo-mechanical model, which
shows the significance of the atomic diffusion at the
weld interface, toward the precipitated phases
formation.

Figure 10 shows the TEM images of the BZ. Fig-
ure 10a, b shows that a large number of fine precip-
itate particles with the sizes less than 300 nm are
homogeneously distributed in the grain interior and
at the boundaries. Based on the difference of various
morphologies in Fig. 10c—e, the precipitate particles

can be divided into three kinds of shapes: irregular
shape, rod-like and discoid shape, which are,
respectively, identified to be AlCuMg (Fig. 10c),
Al;;CusMn;  (Fig. 10d) and AlgCuMg, (Fig. 10e)
phases by selected area electron diffraction (SAED).

Grain structure investigation

The corrosion behavior can be affected by the grain
size and its distribution in polycrystalline materials
[58, 59]. Thus, we conducted some EBSD tests on the
two BMs and the four regions in the SZ of the dis-
similar joint to investigate the grain structure. As
shown in Fig. 11a, b, the elongated grains of the two
BMs arising from the rolling process are very long
and the grain width of AA2024 BM is wider than that
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Figure 8 TEM images of precipitates in a, b 2024 BM, c—f Zn-poor regions corresponding to Figure 7b.

Table 3 Concentrations of elements acquired by EDS/TEM
analysis (at%) in Zn-depleted regions of Fig. 7b (TEM images
in Fig. 8d-f)

Locations Al Zn Cu Mg Fe Mn
pl 56.58 031 22,15 20.86 0.09 0.01
p2 61.74 0.19 2034 17.67 001 0.04
p3 5093 030 2621 2250 0.06 0.00
p4 89.63  0.13 4.39 082 0.08 495
p5 84.78  0.13 5.66 071 0.14 8.8
p6 87.71  0.17 4.59 136 0.16 5.02

of AA7075 BM. However, the microstructure in the
SZ is characterized by the fine and equiaxed recrys-
tallized grains (Figs. 11c—f, 12) resulting from the
severe plastic deformation and thermal exposure
during FSW. The grains experience severe deforma-
tion, which produces abundant dislocation sub-
structures. Then the friction heat can stimulate these
substructures into recovery and recrystallization. A
large number of nucleation sites can be generated
during cooling. Consequently, the grains are refined
and the number of grain boundaries is increased. In
addition, it is observed that the grain size on both
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sides of the interface is different, which presents
evident interface (Fig. 11c, f) and banded distribution
(Fig. 11d) characterization. The grain structure of the
BZ (Fig. 11e) is more homogeneous than that of other
three regions (SIZ, VZ and BIZ, Fig. 11c, d, f), which
indicates that more homogeneous mixing occurs in
the BZ.

The local misorientation maps of the four regions
in the SZ are illustrated in Fig. 13. Focused on the
analysis point in the 3 x 3 grid, the average value of
the misorientation between the point and the neigh-
boring eight points is calculated as the local misori-
entation value of the center point, and the local
misorientation of more than 2° is discarded. In
addition, the dislocation density can be calculated by
using the local misorientation 0o, [60, 61]:

- 0tO1oc

in which o is the grain boundary type parameters, b is
the Burgers vector, 7 is the defined area size and d is
the step size of EBSD measurements. Therefore, the
stored energy E can be obtained by the following
formula:
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Figure 9 TEM observations of the distribution of precipitates in a, b 7075 BM, ¢, f TEM images of Zn-rich sides in Figure 7b.

Table 4 Concentrations of elements acquired by EDS/TEM
analysis (at%) in Zn-rich areas of Fig. 7b (TEM images in
Fig. 9d—-f)

Locations Al Zn Cu Mg Fe Mn
rl 87.71  0.55 4.62 136 0.14  5.62
2 89.66  1.58 2.85 312 222 056
3 86.38 133 4.36 283 028 4.82
r4 82.72  0.77 6.64 070 0.12  9.04
r5 72.59 5.18 4.70 17.40 0.03 0.10
6 91.68 031 2215 20.86 0.09 0.01
1 5
E= Ep.ubz = 60(/1910017 4)

where p is the shear modulus. Thus, the stored
energy is proportional to the local misorientation. As
shown in Fig. 13, the heterogeneous distribution of
the local misorientation resulting from the lattice
distortion during plastic deformation demonstrates
the existence of stored energy, which presents a dis-
trict difference in the stored energy on both sides of
the interface in the SIZ and BIZ. After calculation by
using Eq. (4), the stored energy on the 2024 and 7075

side (of the SIZ and BIZ) is about 44.1 and 18.9 kJ/m?,
respectively. This implies that the stored energy on
the 2024 side is significantly higher than that of on the
7075 side. The rotation direction of the FSW tool is
from AS (AA2024) to RS (AA7075), which causes
higher deformation occurring on the 2024 side in the
SZ, finally resulting in higher local misorientation on
the 2024 side. Besides, the stored energy in the VZ
and BZ is relatively lower than that in the SIZ and
BIZ due to the sufficient mixing of materials in the
VZ and BZ.

Hardness tests

Figure 14 displays the hardness indentation of the
BMs and illustrates that the measured average
hardness values of AA2024 is approximately 20 HV
lower than that of AA7075. As shown in Fig. 15, the
dark and the light color zones are corresponding to
the matrix of AA2024 and AA7075, respectively. The
direction of the blue arrow is the order of hardness
indentation value from left to right in hardness pro-
file. It can be observed that the hardness values of the
four regions are lower than the corresponding BM.
The previous researches by Ma et al. [62] and Cam
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Figure 10 TEM images of the precipitates in BZ: a, b low-magnification images, c—e high-resolution images and the corresponding

diffraction spots: ¢ AlCuMg, d Al;;CusMn; and e AlsCuMg,.

et al. [63] proposed that the FSW of precipitation-
hardened aluminum alloys results in lower hardness
values in the weld regions due to the dissolution and
coarsening of strengthening precipitates during FSW.
In addition, Fig. 15a—c, j-1 shows that the hardness
value at the interface of SIZ and BIZ is between those
values of the materials on both sides. Such a distinct
gradient effect in hardness value at the interface
could be attributed to the apparent diffusion behav-
ior of the elements on both sides of the interface
under the stirring action of the tool (Figs.5, 6).
Moreover, the hardness profile in the VZ reveals a
trend of fluctuation (Fig. 15f). This is because the two
BMs are mixed and then alternately distributed
under the stirring process (Figs. 5, 6), forming the
banded structure in Fig. 15d, e. There is almost no
significant variation in the hardness profile of the BZ
due to sufficient mixing of materials (Fig. 15g—i).

Corrosion testing
Corrosion morphologies

Figure 16 displays the surface corrosion morpholo-
gies of the BMs and the four regions in the SZ in
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3.5 wt% NaCl solution after immersion of 12 h.
Clearly, slight pitting occurs in the two BMs (Fig. 16a,
b), while a large number of pitting holes are found in
the SZ (Fig. 16c—f). Besides, the pitting areas are
mainly concentrated in the SZ near the AS derived
from AA2024 BM. The dark and the light areas in
Fig. 16c, d, f represent the matrix of AA2024 BM and
AA7075 BM, respectively. The number and density of
the pitting holes on both sides of the interface line in
the SIZ (Fig. 16¢c) and BIZ (Fig. 16f) are totally dif-
ferent, and more pitting holes can be found on the
side of AA2024 BM. The corrosion in the VZ is not
uniform, which results from the uneven flow
behavior of materials, and a large number of pits are
mainly concentrated in the AA2024 BM. Further-
more, there are only a few pits between the layers in
the VZ as indicated with the red ellipse in Fig. 16d.
The pitting in the BZ is uniformly distributed
(Fig. 16e) due to the sufficient material mixing. The
above pitting corrosion mainly occurs in the welded
zone related to AA2024 BM. According to the EDS
analysis results in Fig. 4 and Table 2, the Cu element
exists throughout the SZ, which is prone to deterio-
rate the corrosion performance of Al alloys through
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Figure 11 EBSD maps of the two BMs: a AA2024 BM, b AA7075 BM, ¢ SIZ, d VZ, e BZ and f BIZ.

the formation of a galvanic cell in the matrix [64]. The
corrosion of materials mainly depends on the surface
passivation film. A homogeneous passive film can be
formed due to the fact that aluminum alloy has a
large affinity for oxygen. This film is liable to prevent
Cl™ from corrosion medium. With the increase in the
immersion time, a large number of CI™ accumulate
on the surface of passive film and then penetrate into
the Al matrix by means of the infirm point. Finally,
the pitting nuclei can be produced by the combina-
tion of C1™ and position ions of the Al matrix.

As shown in Fig. 17, some larger pits related to the
activities of constituent particles can be observed on
the exposed surface of the two BMs after immersion
for 69 h. In addition, it is found that some attacked
spots in AA2024 BM, termed as corrosion rings, are
surrounded by circular areas with little or no trace of

attack as marked with the blue ellipse in Fig. 17. The
corrosion rings are cathodically protected by the
anodic reactions occurring at the center of the pits.
The same corrosion behavior has also been found in
AA2198 alloy, regarded as a typical characteristic of
localized corrosion [65]. With immersion time up to
192 h, the size of corrosion rings increases markedly,
leading to an intersection between some adjacent
rings. For the AA7075 BM, the number, density and
size of local corrosion pits increase with increasing
the immersion time. In the welding zones, slightly
larger corrosion pits begin to appear at the interface
of the SIZ and BIZ. Between layers in the VZ and BZ,
the larger corrosion pits also appear. After 336 h of
immersion, the corrosion attack of the four regions in
the SZ becomes more and more serious with the
extension of immersion time. By comparing the
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Figure 12 Distribution maps of grain size: a SIZ, b VZ, ¢ BZ and d BIZ.

corrosion severity (the size and number of corrosion
pits) of different areas in the SZ, the order of corro-
sion severity can be obtained: BIZ > SIZ > VZ > BZ.
This difference between the corrosion severities
acquired for each zone can be attributed to the dif-
ferent mixing degree of material flow.

Since SEM and OM are unable to provide the
quantitative information about the surface roughness
of these corroded samples. As a consequence, AFM
was employed to further study about the surface
corrosion morphology. As exhibited in Fig. 18, it is
concluded that the surface roughness of the four
regions in the SZ is slightly larger than that of the
BMs (Table 5), indicating lower corrosion resistance
presents in the SZ. Moreover, the different regions in
the SZ exhibit disparate corrosion morphologies.
Both SIZ and BIZ display clearly stepped morphol-
ogy since their interface line on both sides comes
from the two kinds of BMs with different corrosion
resistances. The VZ is characterized by an undulating
pattern, which is attributed to the layered structure of
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onion ring formed in the VZ during FSW (Fig. 2¢).
The surface profile of the BZ is fairly flat due to
sufficient mixing resulting in uniform corrosion
throughout the BZ. It can be concluded that the
sequence of surface roughness in the four regions is:
BIZ > SIZ > VZ > BZ, which reveals that uneven
corrosion presents in the BIZ, while the corrosion in
the BZ is uniform.

Corrosion rate

Corrosion rate of the two BMs and the four regions in
the SZ is evaluated based on mass loss measurements
of the samples in 3.5 wt% NaCl solution after 336 h.
As delineated in Fig. 19, it is obvious that the corro-
sion rate of the SZ is higher than that of the two BMs.
The corrosion rate of the four regions in the SZ
decreases in the following order: BIZ > SIZ > VZ >
BZ, which is consistent with the results of the corro-
sion severity (Fig. 17) and surface roughness (Fig. 18
and Table 5). This is associated with the mixing



Figure 13 Local
misorientation maps of a SIZ,
b VZ, ¢ BZ and d BIZ.

Figure 14 OM images of
hardness indentation in the two
BMs: a AA2024 and

b AA7075.

degree of materials in different regions of the NZ
during FSW.

Electrochemical measurements
Potentiodynamic polarization (PDP) curves

Figure 20 exhibits polarization curves of the speci-
mens in 3.5 wt% NaCl solution. All specimens are not

subjected to passivation within the scan potential
range. It can be observed that the anodic and cathodic
branches of these polarization curves in Fig. 20 are
not symmetrical. The cathodic kinetics appear to be
very similar in all the specimens. This is because slow
diffusion rate of the reactant or reaction produced
near the cathode causes concentration polarization
during the polarization testing of each specimen,
which results in the formation of cathode
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polarization. The corrosion potentials (E.oy) and
corrosion current density (I..,;) wWere calculated from
the potentiodynamic curves in Fig. 20, as presented
in Table 6. It can be found that the E,,,. of AA7075 is
lower than that of AA2024, while higher .., is pre-
sented in the AA7075 compared to the AA2024. More
negative value of corrosion potential can be observed
in the SIZ and BIZ compared to the VZ and BZ,
showing less corrosion resistance. Compared to the
magnitude of the E,, values of the four regions in
the SZ, their I.,,, values present an apparent differ-
ence. In general, the I, can be employed to evaluate
the active dissolution ability of materials [66]. Table 6
shows that the I, of SIZ and BIZ is at least about 30
and 50 pA cm 2 higher than those of the VZ and BZ,
respectively. Thus, it can be concluded that severe
corrosion occurs in the SIZ and BIZ.
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Electrochemical impedance spectroscopy (EIS) tests

As a most reliable nondestructive electrochemical
testing technique, EIS technique can provide more
information (e.g., the capacitive characteristic of the
materials to be measured) compared with the PDP
test [67]. Based on the frequency range, loops formed
in Nyquist plot are sorted and the number of loops
reveals the number of time constants. High-frequency
loop is caused by the electric double layer capacitance
between the oxide film on the surface of alloy and the
solution, which can be termed as capacitive loop.
Intermediate-frequency loop is ascribed to the relax-
ation process into the oxide film. The appearance of
low-frequency inductive reactance arc indicates the
occurrence of local corrosion on the surface of alloy
[68]. The representative Nyquist and Bode plots
obtained from the EIS data are shown in Fig. 21.
Nyquist plot in Fig. 21a demonstrates that impedance
changes with frequency at certain points and the
electrochemical impedance spectrum consists of a



Figure 16 BSE images of the samples immersed in 3.5 wt% NaCl solution for 12 h a 2024 BM, b 7075 BM, ¢ SIZ, d VZ, e BZ and

f BIZ.

compressed high-frequency capacitive reactance arc
and a low-frequency inductive reactance arc. The
former can be mostly attributed to the surface
roughness caused by corrosion process, while the
latter is generated by the decrease in the protective
effect of the oxide film. Besides, the larger diameter of
the loop displays the higher impedance and hence
reveals the higher corrosion resistance. The phase
angle in the Bode plots can reflect the capacitive
characteristics of charge accumulation at the interface
rather than charge transfer [69]. It can be observed
that the maximum phase angle of the BZ is higher
than that of other zones in the 5Z, suggesting that
more passivation layers are formed in the BZ, which
is effective to prevent and/or delay corrosion.
Figure 21b, c shows the Bode plots and phase angle
diagrams of impedance along with frequency,
respectively. Clearly, the impedance and phase angle
values of AA2024 are higher than those of AA7075
and the four regions in the SZ almost in the low- and
medium-frequency spectra, respectively. Local

surface defects are usually recognized in the high-
frequency spectrum, while the low- and intermedi-
ate-frequency spectra can be used to detect the pro-
cesses within the film and at the interface of
metal/film [70]. Since the ideal phase angle values
would be close to 90°, the deviation from the ideal
capacitive behavior exists in every response. It is
essential to use a constant phase element (CPE) to
prove this deviation from the ideal state. The CPE
behavior can be ascribed to the surface roughness,
impurities, grain boundaries, species adsorption and
formation of porous layers [71]. Theoretically, the
impedance of CPE is expressed as follows [37]:

1

where Q, j, ® and o are the CPE constant, the imag-
inary number (j* = 1), the angular frequency in rad/s
and the CPE exponent, respectively. Here, what can
be represented by a CPE is determined by o a
resistant (o« = 0, Zy = R), a capacitance (o = 1, Zy = C)
or a Warbug impedance (x = 0.5, Zo = W).
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Figure 17 OM images of the 69 h
samples immersed in 3.5 wt%
NacCl solution after 69 h,

192 h and 336 h.

The fitted EIS data from the equivalent circuit
(Fig. 21d) are exhibited in Table 7, where Rg and Rp
are the solution resistance and the polarization
resistance, respectively. Yo is the channel which
turns into inductor, resistor or capacitoratn = — 1,0
or 1, respectively. L and R, are the electrical induc-
tance and the corresponding inductive impedance,
respectively. All the Chi-squared values of below 0.01
in Table 7 illustrate good fitting results. Due to the
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336 h

Corrosion attack

7075 side

deviation of the capacitance of the circuit from the
ideal capacitor, the n value less than 1 indicates the
characteristic behavior of the capacitor of an oxide
film. As given in Table 7, the Rs of all the specimens
is almost the same, which can be neglected compared
with the Rp. The Rp value of the four regions in the SZ
increases in the sequence of BIZ, SIZ, VZ and BZ. In
general, the Rp is believed to be inversely propor-
tional to the corrosion rate; thus, it can be used to
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Figure 18 AFM micrographs of the samples in 3.5 wt% NaCl solution after 69 h a 2024 BM, b 7075 BM, ¢ SIZ, d VZ, e BZ and f BIZ.

Table 5 Surface roughness of the BMs and the four regions in the SZ in 3.5 wt% NaCl solution after 69 h

Samples AA2024 AAT075 SIZ

vzZ BZ BIZ

Ra (nm) 37.46 + 2.83 4131 + 336

51.72 £ 4.83

46.76 £ 3.46 42.01 + 5.05 53.75 £ 4.81

assess the corrosion resistance of alloys [72]. Appar-
ently, the Rp of BIZ and SIZ shows the worse corro-
sion performance when compared with other
samples. Thus, it can be concluded that the sequence
of corrosion resistance within different regions of the
SZ is: BZ > VZ > SIZ > BIZ.

Corrosion mechanism analysis

The corrosion behavior of aluminum alloys is mainly
affected by some microstructural factors, such as
grain size and the precipitation particles types. On
the basis of Gollapudi [58], the effect of grain size
distribution on corrosion behavior depends on the
average grain size and the standard deviation of

@ Springer



I ] Mater Sci

Corrosion rate (mm/year)

4+ T
A 1 I

2| - 1

0 1 " 1
AA2024 AAT075  SIZ vz BZ BIZ

Figure 19 Corrosion rate of the samples in 3.5 wt% NaCl
solution after 336 h.

0.4
[ —"—2024BM
02F  —e—7075BM /4
00 —A—SIZ S
o2l —vVZ
[ —e—BZ
w 04r BIZ
B sl
¢ osl
2 0
LLI F
1.2 -
14k
-1.6 |
1.8 L N L N i N L N L 2 1
7 6 5 -4 -3 2 1

Log (/A cm™®)

Figure 20 PDP curves of the samples in 3.5 wt% NaCl solution.

Table 6 Polarization parameters of the BMs and the four regions
in the SZ

Specimens Ecorr VscE) Lo (LA cm72)
2024 BM — 0.557 & 0.106 71.5 + 7.526
7075 BM — 0.704 £+ 0.087 90.2 + 5.498
S1Z — 0.709 £ 0.005 119.23 + 5.055
VZ — 0.601 £+ 0.069 98.57 £+ 6.749
BZ — 0.597 £+ 0.004 93.77 £ 6.167
BIZ — 0.711 £ 0.013 131.99 4+ 5.749

grain size. Gollapudi reported that the function of the
above two factors is imperative when the average
grain size is below 100 nm, but not significant when
the size is larger than 1 pm. Figure 11 shows that a
large number of fine grains are produced in the SZ.
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The statistical results in Fig. 12 indicate that the
average grain size of SIZ, VZ, BZ and BIZ exceeds
1 um. Thus, we can summarize that the grain size has
little influence on the corrosion behavior of the SZ.

After immersion for 12 h (Fig. 16), plenty of pits
can be detected on the AA2024 side and in these
regions near the interface on both sides due to the
formation of Cu-rich particles (Fig. 4 and Table 2,
Fig. 8 and Table 3, Fig. 9 and Table 4 and Fig. 10).
The pitting process is portrayed in Fig. 22. The cor-
rosion potential of Al matrix is more negative than
that of the Cu-rich particles [73], which results in the
dissolution of Al matrix around these particles in
corrosive environments containing chloride ions.
With the prolonged immersion time up to 69 h, the
corrosion morphologies of both SIZ and BIZ present
distinct step shape on both sides of the interface line
(Fig. 18). Interestingly, the horizontal height of 2024
side is lower than that of 7075 side in the SIZ and BIZ,
which is related to the distribution of the stored
energy. Zhang et al. [59] and Ma et al. [74] found that
the grains with higher stored energy are liable to
dissolve or corrode. Figure 13 shows that the stored
energy distribution of AA2024 side at the interface is
more intensive and concentrated than that of AA7075
side. Consequently, the corrosion is prone and sen-
sitive to occur on 2024 side at the interface. Besides, it
is also found that the deeper pits are formed locally
on AA7075 side (marked by the pink arrows in
Fig. 18¢, f). This is because the chemical composition
of AA7075 side is dominated by Mg and Zn elements
and the particles containing Mg and Zn elements are
preferentially dissolved due to their high reactivity as
anode [35].

During FSW, different microstructural regions can
be produced. Thus, the zonal inhomogeneity is more
evident and causes local galvanic corrosion especially
for the welding of the dissimilar aluminum alloys
[34-36]. A necessary condition for galvanic corrosion
is a large potential difference between two metals.
The formation condition for galvanic corrosion is a
potential difference of 50 mV or more between two
metals in contact [75]. According to the PDP results in
Fig. 20 and Table 6, the potential difference of the
two BMs is about 147 mV, indicating the formation of
galvanic corrosion at the interface of the SZ. In this
work, we have proposed that the order of mixing
degree of materials flow in the NZ is: BZ > VZ >
SIZ > BIZ (Figs. 2, 5 and 6), which is consistent with
the sequence of corrosion resistance (Fig. 21 and



] Mater Sci

(a) 1000
800 |-
600 |-
400 |

200

-2, (Q-cm?)

0

200 |

-400 e

1 1 1

0 200 400

(c) so

600 800

1
1000 1200 1400 1600

1800

- Phase angle (deg)

10? 10"

10°

10' 10° 10°
Frequency (HZ)

10*

10°

(b)

12| (Q-cm®)

AA2024 Tested
AA2024 Fitted
AA7075 Tested
AA7075 Fitted
SIZ Tested

SIZ Fitted

VZ Tested

VZ Fitted

BZ Tested

BZ Fitted

BIZ Tested

BIZ Fitted

P> e A4 D>PO OO

10? 10° 10’ 10* 10° 10°* 10°
Frequency (HZ)
(d)

Y, n

1 D |

R R,
| — |
LT L T
R, L

Figure 21 EIS test results of the samples in 3.5 wt% NaCl solution: a Nyquist plot, b Bode plot, ¢ phase plot and d equivalent circuit for
fitting the EIS data.

Table 7 Fitted EIS parameters from the equivalent circuit model in Fig. 21c

Samples Rs (Q cm?) Yo Q7' em™ s n Rp (Q cm?) L (H cm™?) Ry (Q cm?) Chi-square

2024 BM 5.49 5314 x 1074 0.84 1868 2.178 x 10* 266 3.296 x 1073
7075 BM 6.58 1.577 x 1074 0.85 827.3 1.254 x 10° 576 7.888 x 1073
SIZ 5.85 3.039 x 1074 0.80 676.5 3.491 x 10° 371.3 1.961 x 1073
\y4 7.38 1.544 x 107* 0.86 870.5 5.126 x 10° 435.4 5.664 x 1073
BZ 5.52 1.539 x 107* 0.85 906.1 3.622 x 10° 338.6 2.130 x 1073
BIZ 6.82 4088 x 107* 0.88 555.6 2.597 x 10° 328.4 6.540 x 1073

Figure 22 Schematic of

_ . ot Cu rich particles (cathode)
various stages in the pitting : \

process.

No corrosion

Corrosion initiation

Pit formation
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Figure 23 Schematics of
varying mixing degrees in the
two BMs: a no mixing,

b slight mixing or diffusion,
c relatively uniform mixing
and d thorough mixing.

Table 7). It can be concluded that different mixing
degrees show various corrosion performance.
Although slight mixing or diffusion behavior occurs
in the SIZ and BIZ, a strong galvanic corrosion is still
present. Further, the corrosion resistance of both BZ
and VZ is significantly higher than that of SIZ and
BIZ (Fig. 21 and Table 7), which demonstrates that
sufficient material mixing can weaken the galvanic
corrosion.

The effect of material mixing degree on galvanic
corrosion can be expounded by the schematic dia-
gram in Fig. 23. As shown in Fig. 23a, without mixing
of the two materials, obvious galvanic corrosion can
be generated. With the two materials being slightly
mixed (Fig. 23b), the elements at the interface migrate
and diffuse lightly each other, corresponding to the
SIZ and BIZ; at this time, the galvanic corrosion still
exists, indicating that slight element diffusion has
little effect on galvanic corrosion (Fig.21 and
Table 7). When the two materials are completely
mixed (Fig. 23d), it can be considered to form a new
material. In this case, the corrosion potential differ-
ence is close to 0 or there is no potential difference.
Thus, relatively uniform mixing of materials
(Fig. 23¢), corresponds to the BZ, can significantly
weaken galvanic corrosion and then can result in
higher corrosion resistance (Fig. 21 and Table 7). The
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results of immersion test (Fig. 17) and corrosion rate
(Fig. 19) also confirm this behavior.

In addition, as displayed in Fig. 17, more severe
corrosion occurs near the borderline, and the areas
away from the borderline are less corrosive, which is
similar to the results of Won et al. [76]. Corrosion is
caused by electrochemical reaction, which involves
charge transfer process. Since metal is a good con-
ductor, electron transport in the metal is not a prob-
lem when limiting the distance corrosion occurs. The
ionic transport rate in electrolyte is not fast enough as
the electron transport. Hence, its resistance would be
increased with the distance away from the borderline
in the effective distance, leading to the weak corro-
sion. As a consequence, severe corrosion occurs near
the interface area due to the action of galvanic cor-
rosion, while relatively light corrosion can be found
in the regions away from the interface.

Conclusions

A thorough study on the localized corrosion behavior
in the SZ of the dissimilar FSW AA2024-7075 joint has
been implemented. Some significant conclusions can
be drawn from this work as follows:

1. The sequence of mixing degree of materials in the
four regions of the SZ is: BZ > VZ > SIZ > BIZ,



which is in contrast to the order of corrosion rate
and surface roughness, indicating that mixing
degree of materials significantly affects the cor-
rosion properties.

Immersion test, potentiodynamic polarization
test and EIS test results indicate that galvanic
corrosion occurs in the SIZ and BIZ, resulting in
higher corrosion rate and lower corrosion resis-
tance. Lower corrosion rate and higher corrosion
resistance are found in the BZ due to sufficient
material mixing obviously weakening the gal-
vanic corrosion. The corrosion resistance of VZ is
between that of BZ and SIZ because material
mixing results in the mutual diffusion of the
elements and then cripples the effect of galvanic
couplings.

Plentiful of Cu-rich constituent particles are
formed on the AA2024 side and the areas near
the interface on both sides, and corrosion origi-
nates from these regions.

Grain size has little influence on corrosion
behavior of the SZ, while the local regions with
higher stored energy in the SZ are more sensitive
and liable to corrosion.

Conspicuous element diffusion behavior occurs
at the interface region, especially Cu and Zn,
which causes a gradient distribution of hardness
values at the interface.

A distance effect can be found in galvanic
corrosion; for example, serious corrosion occurs
at the interface, while light corrosion presents in
the regions away from the interface.
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