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Abstract: The dissimilar 2B06 and 7B04 Al alloy joints were prepared by refill friction stir spot welding (RFSSW), and
the microstructural evolution and corrosion behavior of the joints were investigated. Based on microstructural analysis,
the welded joints exhibit distinct microstructural zones, including the stir zone (SZ), thermomechanically affected zone
(TMAZ), and heat-affected zone (HAZ). The grain size of each zone is in the order of HAZ > TMAZ > SZ. Notably, the
TMAZ and HAZ contain significantly larger secondary-phase particles compared to the SZ, with particle size in the
HAZ increasing at higher rotational speeds. Electrochemical tests indicate that corrosion susceptibility follows the
sequence of HAZ > TMAZ > SZ > BM, with greater sensitivity observed at increased rotational speeds. Post-corrosion
mechanical performance degradation primarily arises from crevice corrosion at joint overlaps, but not from the changes
in the microstructure.
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1 Introduction

High-strength 2xxx and 7xxx series Al alloys
are widely used in aircraft structure manufacturing
due to their high specific strength [1-3]. However,
physical property differences between these alloys
often lead to metallurgical defects [4], such as
pores, inclusions, and thermal cracks, during fusion
welding [5—12], compromising weld quality and the
reliability of dissimilar Al alloy joints. Additionally,
joining Al alloys via riveting and bolting is
labor-intensive and costly, making it impractical for
many production environments [13]. Refill friction
stir spot welding (RFSSW), an innovative solid-
state spot joining technique derived from friction
stir welding (FSW), has gained traction for

effectively joining similar and dissimilar Al alloys
and Al-Mg alloys [14—23]. Unlike fusion welding,
RFSSW avoids metallurgical issues [24—28] and
offers pollutant-free, energy-efficient, and high-
strength bonding, making it suitable for the
high-performance requirements in the aerospace
industry [29].

The corrosion behavior of Al alloy RFSSW
joints is closely related to the microstructural
characteristics of the welded joint region. ZHANG
et al [30,31] conducted separate studies on RFSSW
joints involving 2524 and 7050 Al alloys. The
experimental results revealed a clear correlation
between the microstructural features of the joints
and their macroscopic corrosion behavior. The
continuity of the precipitated phase was identified
as a crucial factor. The highest degree of continuous
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distribution of intergranular precipitated phases is
found in the heat-affected zone (HAZ), where there
is a high susceptibility to intergranular corrosion
and exfoliation corrosion. However, there is
currently limited research on the corrosion behavior
of RFSSW joints involving dissimilar Al alloys,
with most studies focusing on FSW. In an
investigation of AA2024/7075 FSW joints, ZHANG
et al [32—34] categorized micro-regions based on
material mixing in the stir zone (SZ) and conducted
extensive tests to assess corrosion resistance across
regions. These findings suggest that sufficient
material mixing in FSW can effectively reduce
corrosion sensitivity. XU et al [35] investigated the
impact of process parameters in single and
double-side friction stir welding of AA7085—T7452
on stress corrosion cracking (SCC) sensitivity. The
results revealed that a reduction in Cu content in the
grain boundary precipitated phase of the FSW joint
increases SCC sensitivity, thereby elevating the
overall stress corrosion sensitivity of the joint.
Further studies on SCC behavior in the SZ of the
AA7075-T651 Al alloy FSW joint, were conducted
by PARASURAMAN et al [36] and by MORETO
et al [37] on the evolution of local corrosion with
2524-T3 post-FSW utilized techniques such as
scanning vibration electrode technology (SVET)
and pH micro-potential measurement. Results
indicated that FSW decomposed larger alloy
particles into smaller, more evenly distributed
particles across the welded area, enhancing both
corrosion fatigue and overall corrosion resistance.
Additionally, DENG et al [38] investigated the
microstructure evolution of the 2195 Al alloy FSW
joint and its corrosion behavior. They concluded
that the precipitation and redissolution of Cu-rich
precipitates resulted in variations in the corrosion
potential of the Al matrix between regions, leading
to robust coupling of macro-electric couple between
regions and minimal pitting sensitivity in the HAZ.
In summary, the current common
characteristics for the evolution of microstructure
in high-strength Al alloy RFSSW joints remain
insufficiently understood, including the variation
in corrosion potential across joint regions and
the macroscopic direction of galvanic coupling
corrosion. Moreover, the correlation between the
microstructure characteristics of the joints and the
macroscopic corrosion behavior has not been
established. It hinders the provision of sufficient

theoretical and technical support for corrosion
protection. Therefore, it is of great significance to
analyze the relationship between microstructural
characteristics and macroscopic corrosion behavior
of dissimilar RFSSW joints.

2 Experimental

In this experiment, dynamic gantry-type refill
stir friction spot welding equipment was utilized, as
depicted in Figs. 1(a, b). The welding tool consists
of three components: the stirring pin, stirring
shoulder, and compression ring, as illustrated in
Fig. 1(c). The stirring pin has a diameter of 6 mm,
the shaft shoulder has a diameter of 9 mm, and the
compression ring has a diameter of 13 mm.

Fig.1 Refill friction stir spot welding (RFSSW)
equipment and tool: (a) RFSSW equipment; (b) RFSSW
equipment welding area; (c) RFSSW stirring tool

In this experiment, 2B06 and 7B04 Al alloys
were selected as base materials, with their chemical
compositions given in Table 1. The 2B06 alloy,
part of the Al-Cu—Mg series, is a heat-resistant
structural material offering excellent properties,
including plasticity and fracture toughness. The
7B04 alloy, a high-strength Al-Zn—Mg—Cu alloy,
has substantial tensile strength, and an effective
response to heat treatment. The 2B06 alloy was
prepared in the T42 temper, while the 7B04 alloy
was treated in the T74 temper. Figure 2 depicts the
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lap joint test configuration for these alloys, with
the specimen dimensions of 100 mm x 25 mm %
I mm and 100 mm % 25 mm % 1.5 mm, respectively.
Table 2 summarizes the RFSSW process parameters
used in the welding trials.

Table 1 Nominal chemical compositions of 2B06 and
7B04 Al alloy (wt.%)

Alloy Al Cu Mg Mn Fe Si Zn Ti
2B06 Bal. 43 23 02 03 02 0.1 0.1
7B04 Bal. 2.0 28 06 02 0.1 65 0.1
175 mm
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Fig. 2 Design of dissimilar Al alloy 2B06/7B04 joint

Table 2 Process parameters of refill friction stir spot

welding
Speed/ Plunge  Plunge rate/ Refill rate/
(rmin”") depth/mm (mm-'min™') (mm-min')
1 1600 1.6 60 60
2 1900 1.6 60 60
3 2200 1.6 60 60

After welding, samples were polished using
SiC sandpaper and a diamond polishing agent
(particle size: 2.5 pym). Metallurgical specimens
were etched with Keller’s reagent (2.5 mL HNOs +
1.5 mL HCl + 1 mL HF + 95 mL H,O) to prepare
for morphological analysis. First, the macroscopic
distribution of the grain structure was observed with
an optical metallurgical microscope. Grain structure
characteristics were then acquired using an electron
backscatter diffraction (EBSD) probe integrated
with a field emission scanning electron microscope
(SEM). A back-scattered electron detector on the
SEM was used to characterize the size and
distribution of secondary-phase particles at the
micrometer level. Following these analyses, tensile
shear tests were performed on an electronic
universal testing machine. Plates matching the base
metal thickness were mounted on each side of the
tensile shear sample at the chuck positions to ensure
parallel force application. The tensile test was
conducted at a constant rate of 1 mm/min, with

displacement—load data recorded throughout.

Subsequently, the electrochemical behavior of
each zone of the joint was characterized using the
three-electrode electrochemical workstation. The
measurement area was 3 mm x 4 mm. The Ag/AgCl
electrode was used as a reference electrode. The Pt
electrode was used as an auxiliary electrode, and
each designated study area was used as a working
electrode. The working electrode was immersed in a
3.5 wt.% NaCl electrolyte for 30 min to monitor the
variation in the open circuit potential (OCP) of the
electrode. Once the open circuit potential stabilized,
the AC impedance (EIS) was measured within the
frequency range of 0.1-10000 Hz. Subsequently, a
polarization current of 10 mV (at the open circuit
potential) was applied, and the polarization curve
of the working electrode was measured within the
range of +100 mV (relative to the open circuit
potential) at a scanning speed of 1 mV/s.

Finally, salt spray corrosion was used to
simulate the marine atmospheric environment
during the service of RFSSW joints. The corrosion
medium was 5% NaCl solution and the corrosion
temperature was room temperature. The changes
of the macroscopic and microscopic corrosion
morphology of the joint surface with time were
observed after 72 h of corrosion.

3 Results and discussion

3.1 Evolution of grain structure

The surface morphology and cross-section
morphology of the joints at various rotational speeds
are shown in Fig. 3. The surface of each joint is
well-formed, without a central exit hole or apparent
forming defects. Moreover, an increase in rotational
speed correlates with an expansion of SZ region.
This phenomenon occurs due to the elevated
welding speed leading to increased heat input,
resulting in a more significant metal-plastic flow.
Additionally, as the speed increases, the height of
the solder joint gradually decreases, and stickiness
appears in the upper part of the SZ, forming a weak
connection at high speed. This phenomenon is
attributed to the high speed of the mixing head,
leading to an increase in heat production per unit of
time. During the evacuation stage of the mixing
head, adhesion between the material and the mixing
head occurs, resulting in the formation of pits on
the surface of the solder joint.
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Following the macroscopic morphological
analysis of the joint, EBSD was employed for
detailed observations in distinct regions. Figure 4
shows the inverse pole Figure (IPF) maps for the
SZ and HAZ. The high-angle grain boundaries,
identified by an orientation difference greater than

15°, are represented by a black line in the IPF
diagram. The low-angle grain boundaries are
characterized by an orientation difference angle of
2°—15°, depicted by a white line in the IPF diagram.
Both 2B06 and 7B04 are heat-treated, rolled Al
alloys, with the grain morphology of the base metal

Fig. 3 Evolution of surface morphology and joint cross-section morphology with rotation speed: (a) 1600 r/min, surface

morphology; (b) 1600 r/min, cross-section morphology; (c) 1900 r/min, surface morphology; (d) 1900 r/min, cross-

section morphology; (e) 2200 r/min, surface morphology; (f) 2200 r/min, cross-section morphology

1900 r/min; (¢c) HAZ, 2200 r/min; (d) SZ, 1600 r/min; (e) SZ, 1900 r/min; (f) SZ, 2200 r/min
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equiaxed along the rolling direction. The robust
stirring action of the stirring tool induces friction
heat generation in the SZ, leading to dynamic
recrystallization and consequently resulting in a
reduced grain size. Thermomechanically affected
zone (TMAZ), situated at the periphery of the SZ,
is primarily influenced by the insertion, refilling,
and stirring of the shaft shoulder. These factors
contribute to changes in the grain morphology
within the TMAZ. The elongated grains exhibit an
inclination towards the rolling direction of the base
metal. However, the grain size near SZ is smaller,
while the grain size near HAZ is equivalent to the
HAZ due to reduced mechanical action. Due to heat
input on the joint surface, the grains in the HAZ
coarsen compared to those in the base metal (BM).
Figures 4(a—c) depict IPF diagrams of HAZ at
varying speeds. Due to the weak mechanical action
and predominant heat effect in the HAZ, the grain
shape and size in this region are coarser than those
of the base material, appearing as elongated strips.
Table 3 presents the grain size statistics in the HAZ
of the joint across various rotational speeds. At
1600 r/min, the anticipated grain size in the HAZ is
the smallest at 17.47 um. Conversely, at 2200 r/min,
the expected grain size increases to 24.95 um, with
the maximum grain size reaching 108.11 pm.
Figures 4(d—f) represent IPF at varying speeds in
the SZ. The diagrams indicate a decrease in grain
size in the SZ due to mechanical agitation, resulting
in a uniform distribution. At 1600 r/min, 50% of the
grain size of SZ falls within the 2—4 um range. At

2 e . T e N R

-

Table 3 Grain size in HAZ of Al alloy 2B06/7B04 joints
at different speeds

Speed/ Grain size/um

(rmin™")  Average Maximum Minimum
1600 17.47 81.65 1.69
1900 19.88 83.81 1.35
2200 24.95 108.11 1.69

1900 r/min, significant growth in grain size occurs
in the SZ. This growth is primarily attributed to the
larger joint heat input, extended high-temperature
residence time, and elevated temperature associated
with high rotational speed, leading to grain growth
through recrystallization. Additionally, the grain
size range exhibits a wide distribution, with the
primary grain size concentrated in the 2—10 pm
range. At a welding speed of 2200 r/min, the
SZ zone features a higher prevalence of small-
sized grains, concentrated in the 0—4 pm range.
Specifically, the grain size distribution shows that
27% fall within the 0—2 pm range, and 51% fall
within the 2—4 pm range.

To gain deeper insights into the phase
composition and distribution of the RFSSW joint,
SEM and EDS analyses were conducted. As
depicted in Fig. 5, SEM scanning images provide a
detailed view of each area of the joint. Based on the
analysis of the test results, SZ exhibits large white
areas and small dots. Composition analysis reveals
a high Zn content with x(Mg):x(Zn)=1:2 in the SZ,

/ MgZZn3/ \
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Fig. 5 Distribution of secondary-phase particles in 2B06/7B04 Al alloy joints in different regions and at different speeds:
(a) SZ, 1600 r/min; (b) TAMZ, 1600 r/min; (c) HAZ, 1600 r/min; (d) HAZ, 1600 r/min; (e) HAZ, 1900 r/min; (f) HAZ,

2200 r/min
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initially identified as an accumulation area of
MgZn,. Additionally, a region with x(Al):x(Fe)~1:1,
sized less than 1 um, may form during the welding
process of intermetallic compounds. Within the
HAZ corrosion pit, massive particles with
X(Al):x(Cu)=2:1, identified as the strengthening
phase 6O(Al,Cu), are discovered. Additionally,
x(Al):x(Cu)=7:1 1is observed, representing the
Al-Cu matrix. The TMAZ region also reveals
Fe-based particles, as well as phases such as Al,Cu,
MgoZn, MgyZn;;, and MgyZns. Figures 5(d—f)
illustrate the distribution of precipitated phases in
the HAZ at various welding speeds. Size statistics
of secondary-phase particles in the HAZ indicate
that, with the increase of rotational speed, these
particles are coarsened, accompanied by a decrease
in their overall number.

3.2 Local electrochemical behavior of joint

In the corrosive environment, the welding area
frequently exhibits varying open circuit potential,
leading to macroscopic galvanic corrosion across
specific regions. Figure 6(a) depicts the temporal
evolution of the open circuit potential within each
welding area of the 2B06/7B04 Al alloy joint. The
corrosive medium used was a 3.5% NacCl solution.
The designated testing area was immersed in the
corrosive medium for 1 h before the test to ensure
a stabilized electrode reaction. Examination of
Fig. 6(a) reveals that the open circuit potential of
the SZ is centrally located, with a limited
fluctuation range. The open circuit potential in the
TMAZ and HAZ regions is lower than that in SZ,
whereas the BM region exhibits the highest
potential with the widest fluctuation range. This
observation indicates that the HAZ and TMAZ
exhibit the highest level of -electrochemical
sensitivity. Consequently, within the corrosive
environment of the 2B06/7B04 Al alloy joint, the
BM acts as the cathode, while the HAZ or TMAZ
functions as the anode, initiating macro-galvanic
corrosion and leading to accelerated dissolution in
these regions. Figure 6(b) illustrates the polarization
curves of 2B06/7B04 Al alloy joints for the SZ,
TMAZ, HAZ, and BM in corrosive media. A
passivation platform is not observed in all the
curves, which indicates that pitting corrosion
develops in conjunction with current fluctuations.
The ordering of corrosion potentials in each region
is BM > SZ > TMAZ > HAZ, which is consistent
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Fig. 6 Test results of electrochemical behavior in

connection area of 2B06/7B04 Al alloy: (a) Open circuit

potential of each region; (b) Polarization curves of each

region; (¢) Impedance diagrams of each region

with the results of the open circuit potential test.
The examination of Fig. 6(b) reveals that the
polarization curve for each welding region of the
joint follows a consistent trend. The absolute value
of the slope in the anode region significantly
exceeds 0, whereas the slope in the cathode region
remains close to 0 across a considerable range. The
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findings indicate that in a neutral corrosion solution
containing CI”, the primary corrosion mechanism
for the 2B06/7B04 Al alloy joint is oxygen
absorption corrosion. The severity of corrosion
increases with the oxygen content in the corrosion
solution. Table 4 presents the electrochemical
parameters for each region of the joint. The
self-corrosion potential of BM is the highest at
—0.53 V, accompanied by the lowest self-corrosion
current density at 1.0x1077 A/cm?. The ranking of
corrosion current density in various areas of the
joint is as follows: HAZ > SZ > TMAZ > BM, with
the current density in the HAZ being significantly
higher than that in other regions. Corrosion current
density is proportional to the corrosion rate: the
higher the current density, the faster the corrosion
rate, and the worse the corrosion resistance of the
material. Based on a comprehensive analysis of the
polarization curve results, the corrosion resistance
of the joint regions is ranked as follows: BM > SZ >
TMAZ > HAZ. Figure 6(c) illustrates the AC
impedance diagram for the various areas of joint.
Examination of Fig. 6(c) reveals that the AC
impedance of the BM and TMAZ comprises a
capacitor arc. The SZ resembles the HAZ, with
the addition of a reactance-induced arc at low
frequencies, indicative of active pitting in the
system. A larger arc radius in the impedance
diagram corresponds to increased polarization
resistance, decreased corrosion current density, and
enhanced corrosion resistance of the material.
Consequently, based on the arc radius of the
capacitive reactance, the order of corrosion
resistance for different regions is established as
follows: BM > TMAZ > SZ > HAZ.

Table 4 Electrochemical parameter of each zone in joint
prepared by RESSW on 2B06/7B04 Al alloy
Self-corrosion Self-corrosion

Region potential, current density,
Pcorr (Vs Ag/AgCH/V Jeor/(A-cm™?)
Sz —-0.74 3.21x107
TMAZ —-0.81 2.52x1077
HAZ —-0.87 8.90x1077
BM —-0.53 1.00x1077

The total impedance of a basic electrochemical
process can be represented by a circuit consisting
of three electrical components: internal resistance
(Rs), charge transfer resistance (R:), double-layer

capacitance (CPE), and Faraday impedance (Rp),
as illustrated in Fig. 7. Internal resistance (Rs)
primarily comprises the internal resistance of the
electrolyte and the electrode. The double electric
layer capacitor (CPE) originates from inactive ions
in the electrolyte, causing no chemical reaction but
altering the charge distribution. Faraday impedance
(Rp) results from the REDOX reaction in the
electrolyte, involving charge transfer processes. To
further explain the corrosion mechanism, the
equivalent corrosion circuits for different regions
are depicted in Figs. 7(b,c). In Fig. 7(b), the
equivalent circuit diagram represents BM and
TMAZ, while Fig. 7(c) illustrates the equivalent
circuit diagram for SZ and HAZ. In Fig. 6(c), Z'
and Z" respectively correspond to the real and
imaginary parts of the impedance. Z' and Z" can be
expressed using Egs. (1) and (2):

-1/2

Z' =R+ Rytow (1)
o (Con*+1)*+0*C? (R, tow ?)?
wC (Rp tow ) +tow "*(Cow'+1)
'~ 2)

- (Coa* )+ CHR +ow )

where C represents the value of the double-layer
capacitance (CPE), w is the angular frequency of

CPE
A\
(c) /7
t
R = L

Fig. 7 Schematic diagram of electrochemical test process:
(a) Schematic diagram of electrochemical process
impedance; (b) Equivalent circuit models for BM and
TMAZ; (c) Equivalent circuit models for SZ and HAZ
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the sine wave signal, and o is a coefficient
associated with the material transfer. The pertinent
electrochemical parameters acquired through fitting
and calculating the AC impedance diagram for each
welding area is presented in Table 5. By comparing
the polarization resistance across different regions,
it is evident that the order of polarization resistance
for these regions is: BM > TMAZ > SZ > HAZ.
Greater polarization resistance corresponds to lower
corrosion current density and improved corrosion
resistance of the material. Therefore, the corrosion
resistance of the 2B06/7B04 Al alloy joints in
different regions can be ranked according to the
magnitude of the polarization resistance. This result
is the same as the result of corrosion resistance
determined by polarization curves.

3.3 Overall corrosion behavior

The joint underwent a neutral salt spray
corrosion test to simulate a marine atmosphere
aiming to validate the electrochemical sensitivity
assessment and examine corrosion characteristics
of the welded structure under simulated service
conditions. Figure 8 displays the corrosion
morphology of the 2B06/7B04 Al alloy joint section
after up to 72 h of salt spray exposure. The sample’s
corrosion evolves progressively, with the joint
surface losing its metallic luster and turning
gray-black. A transparent gel forms on the surface,
which dries to a white powder, with some areas
showing white corrosion spots. In Fig. 8(b), a
locally enlarged image of the SZ reveals a layer of
thin and dense corrosion products covering this area.
These products are fine, thin, and resemble fine
sand. In Fig. 8(c), a locally enlarged image of the
TMAZ region indicates that the corrosion products
on its surface are noticeably thicker than those in
the SZ. These corrosion products are loose and
accumulate in bulk. In some areas, the corrosion
products exhibit cracks and appear as irregular

clumps. In Fig. 8(d), a locally enlarged image of the
HAZ region reveals that the corrosion products on
its surface become loose. The region is covered
with a thin and loose white layer of corrosion
products, some of which are cracked into irregular
sheets with deep cracks.

Further characterization of the joint’s corrosion
morphology is presented. Figure 9 illustrates the
surface corrosion morphology of the SZ. Upon
observation, corrosion appears uniform across most
areas of the SZ surface, with only a few pits, and
their number is limited. The joint’s surface is flat, as
depicted in Fig. 9(b). Three prominent corrosion
pits were selected, and their depths were measured,
with results presented in Fig. 9(d). Among these,
the 3* corrosion pit reaches a maximum depth of
3.85 um. As shown in Fig. 10, the surface corrosion
morphology of the TMAZ in the joint reveals a
higher corrosion degree compared to the SZ. This
heightened corrosion is attributed to the presence
of a larger precipitated phase in the TMAZ, where
the Cu content of this phase surpasses that of
the surrounding Al matrix. Consequently, the
precipitated phase exhibits a higher corrosion
potential, engaging in a galvanic reaction with the
Al matrix. The Al substrate, with a lower potential,
acts as the anode and is more susceptible to
corrosion, leading to the formation of larger
corrosion pits. The corrosion pit depth in the
TMAZ is significantly greater than that in the SZ,
with the 2% corrosion pit reaching the maximum
depth of 13.37 um. Figure 11 depicts the corrosion
morphology of the HAZ. The number of corrosion
pits in the HAZ is notably higher than that in the
TMAZ and SZ. Statistical analysis of corrosion pit
depths reveals that the 2 corrosion pit has the
greatest depth, measuring 17.84 pm.

Based on the preceding discussion, the
corrosion resistance of the 2B06/7B04 Al alloy
joint in different areas is determined to be in the

Table 5 Electrochemical impedance parameters of different regions of welded joints

Region CPE/(W-cm™2-s7™) R/(Q:-cm?) R/(Q-cm?) L/(H-cm?) Ry/(Q-cm?)
SZ 2.32x107* 85.42 46.96 71.48 30.30
HAZ 54.5x10™ 56.51 56.02 33.04 28.13
TMAZ 36.9x10™ - - - 146.61
BM 4.15x107* - - - 162.20
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Fig. 8 SEM images of each zone of joints after salt spray corrosion: (a) Macrostructure of joint; (b, ¢) Microstructure of
SZ; (d, e) Microstructure of TMAZ; (f, g) Microstructure of HAZ

following order: SZ > TMAZ > HAZ. The HAZ
area exhibits severe corrosion, representing the
weakest corrosion resistance among the joint’s
regions.

3.4 Effect of corrosion on mechanical property
The fracture morphologies of joints with

different welding parameters are shown

Figs. 12—14. Upon comparison, it is evident that at

in

a rotational speed of 1600 r/min, the fracture mode
changes from the base metal fracture to the plug
fracture before and after corrosion. All fractures
exhibit a plug-type morphology. The mechanical
properties of the joint were analyzed statistically,
with results presented in Table 6. Notably, at a
rotational speed of 1600 r/min, the tensile shear
properties after corrosion are reduced to 97.67% of
the original value, and the change in fracture mode
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Fig. 9 Corrosion depth and corrosion morphology in SZ of joint after 72 h of salt spray corrosion: (a, b) Salt spray
corrosion depth; (c) Corrosion morphology; (d) Salt spray corrosion depth curves
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Fig. 10 Corrosion depth and corrosion morphology in TMAZ of joint after 72 h of salt spray corrosion: (a, b) Salt spray
corrosion depth; (c) Corrosion morphology; (d) Salt spray corrosion depth curves
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has no significant impact on the joint’s mechanical
properties. However, at rotational speeds of 1900
and 2200 r/min, the mechanical properties of the
joint are diminished, with the mechanical properties
after corrosion reduced to 84.84% and 92.79%,
respectively.

As illustrated in Figs. 12(d—g), the local
magnification of A-D in the cross-section
topography reveals lamellar tear topography at
Position A, expanding downward along Position B.
The joint’s surface exhibits evident tearing edges
and a flat fracture without obvious dimples,
indicating a brittle fracture as the primary mode for
the corroded joint. Before corrosion, the joint
fractures at the 2B06 Al alloy base metal of the
upper plate. After corrosion, the fracture position
shifts to the HAZ region of the lower plate, and the
fracture mode changes from the base metal fracture
mode to the plug fracture mode.

The local amplification of A—C in the corroded
cross-section topography at 1900 r/min is presented
in Fig. 13. Position C corresponds to an area with a
weld joint defect, and the interface exhibits a
smooth and flat profile, indicating a weakly bonded

region. During the tensile shear test, as the load
gradually increases, the stress at the defect tip
surpasses the critical stress, initiating crack
propagation. Notably, a shallow and dense dimple is
observed at Position B, signifying crack expansion
under shear force. The interface cracks, forming a
dimple and exhibiting a certain level of plasticity.
At Position A, the fracture morphology is
undulating and striated, resembling the river-like
pattern characteristic of dissociation fracture,
indicative of brittle fracture. In general terms, it can
be classified as a mixed-type fracture.

The local amplification of A—C in the corroded
cross-section topography at the rotational speed
of 2200 r/min is depicted in Fig. 14. The crack
initiates at Position C, displaying a smooth and
flat profile, characteristic of brittle fracture. A
substantial dimple is observed at Position A, and the
crack extends to the joint’s surface, forming a large
shallow dimple on the surface, indicating a degree
of plasticity. The corrosion of the crack has no
impact on the fracture mode of the joint welded at
2200 r/min, maintaining a plug-type fracture both
before and after corrosion.
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Fig. 12 Tensile-shear tested samples welded at 1600 r/min: (a) Photo of as-welded joint; (b) Photo of corroded joint;
(c) Fractured surface of corroded joint; (d—g) Magnified images of Positions A, B, C, and D labeled on (c), respectively

Fig. 13 Tensile-shear tested samples welded at 1900 r/min: (a) Photo of as-welded joint; (b) Photo of corroded joint;
(c) Fractured surface of corroded joint; (d—f) Magnified images of Positions A, B and C labeled on (c), respectively
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N

Fig. 14 Tensile-shear tested samples welded at 2200 r/min: (a) Photo of as-welded joint; (b) Photo of corroded joint;

(c) Fractured surface of corroded joint; (d—f) Magnified images of Positions A, B and C labeled on (c), respectively

Table 6 Mechanical properties and fracture modes of joint prepared by RFSSW on 2B06/7B04 Al alloy before and after

salt spray corrosion testing

Speed/ Pre-corrosion tensile Pre-corrosion Post-corrosion tensile Post-corrosion
(rmin’") shear load/kN fracture mode shear load/kN fracture mode
1600 5.15 Base metal type 5.03 Plug type
1900 4.09 Plug type 3.47 Plug type
2200 5.27 Plug type 4.89 Plug type

4 Discussion

Corrosion of welded joints is mainly caused
by the electrochemical inhomogeneity of various
regions of the weld. In a corrosive environment, a
corrosion cell is formed between a high-potential
region and a low-potential region. The potential
difference among different regions creates a
macroscopic galvanic coupling effect, where the
low potential region is dissolved as an anode and
the corrosion susceptibility becomes higher.

The primary precipitation phases in 2B06/
7B04 Al alloy joints include the S phase (A.CuMg),
0 phase (AlCu), n phase (MgZn:), and an
irregular Al-Cu—Fe—Mn precipitation phase. These
precipitated phases contain substantial amounts of
Cu and Fe elements, and the corrosion potential of
these precipitated phases is higher than that of the
Al matrix. When the joint is in a neutral or acidic

environment containing CI”, the Al matrix around
the precipitated phase and the precipitated phase
form a corrosion microcell, and the Al matrix is
preferentially dissolved as the anode.

The SZ of the joint contains many secondary-
phase particles, which exhibit a uniformly diffusive
distribution. This distribution is attributed to the
strong thermal-mechanical effects during welding,
which induces dynamic recrystallization and results
in the formation of small isometric crystals,
replacing the flat grain morphology typical of rolled
material. During this process, the secondary phase
particles are fragmented. The average diameter of
the secondary phase particles of SZ is exceedingly
small and diffusively distributed with uniform
chemical composition, so its corrosion sensitivity
is low. In the TMAZ and HAZ, the thermal-
mechanical effects of welding cause grain
elongation, distortion, and growth, leading to the
formation of inclined flat grains. The secondary-
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Fig. 15 Schematic diagram of microstructure and corrosion fracture of joints: (a) Al alloy RSSFW joint; (b) Secondary-

phase distribution in joint; (c¢) Depth of corrosion in different regions of joint; (d) Fracture diagram of joint

phase particles are significantly coarsened,
increased in size, and non-uniform. The micro-
structure and chemical composition here are grossly
inhomogeneous, resulting in strong corrosion
sensitivity in this region.

Pitting corrosion of Al alloy joints is a
localized corrosion behavior concentrated in the
anodic region, and the occurrence of corrosion is
based on the continuous expansion of pitting on the
metal surface. In a corrosive environment, the HAZ
and TMAZ, due to their high corrosion sensitivity,
function as anodes and corrode rapidly. The SZ and
BM with low corrosion sensitivity become cathodes,
and the corrosion is slow. The whole joint forms a
macroscopic galvanic corrosion. After corrosion,
the HAZ and TMAZ are significantly damaged.
During tensile testing of the corroded joint, the
fragile HAZ and TMAZ regions are the first to fail,
leading to plug fracture. This is shown in Fig. 15.

5 Conclusions

(1) Based on microstructure differences, the
joint is divided into three zones: the stir zone (SZ),
the thermomechanically affected zone (TMAZ),
and the heat-affected zone (HAZ). Grain size
distribution follows the sequence: HAZ > TMAZ >
SZ. Fine equiaxed grains are formed in the SZ due
to dynamic recrystallization, while in the TMAZ,
grains are elongated along the exit line, with some
grains retaining a flattened shape aligned with the

rolling direction. The grain morphology in the
HAZ resembles that of the base metal (BM), with
a slightly larger grain size.

(2) The size of the precipitated phase in
different regions follows the order of HAZ =
TMAZ > BM > SZ. In the SZ, precipitated phase
particles are fine and evenly distributed, while in
the HAZ and TMAZ, they are coarser and unevenly
distributed.

(3) The corrosion resistance of the joint is
lower than that of the BM, making it more
susceptible to corrosion as an anode. The HAZ
exhibits the poorest corrosion resistance due to
uneven local element distribution caused by the
polarization of precipitated phases. The corrosion
sensitivity of each region follows the order of
HAZ > TMAZ > SZ > BM. With the rotational
speed increasing, the polarization of precipitated
phases is intensified, leading to progressively stronger
corrosion. However, higher rotational speed reduces
the overall corrosion sensitivity of the joint.

(4) In simulated marine atmospheric corrosion
tests, severe crevice corrosion develops at the side
laps of the joint. The corrosion significantly reduces
the mechanical properties of the joint to a minimum
of 84.84% of its pre-corrosion value. The micro-
structure of joints contributes to the corrosion and
mechanical property degradation.
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