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The present work investigates the correlations between galvanic corrosion, intermetallic compound (IMC) for-
mation, and the input of welding energy with respect to the initiation and propagation of micro-cracks in
micropillars of resistant spot welding (RSW) joints between aluminum (Al) and steel. The present results indicate
that, in the high welding energy region, Al was corroded first after 26 cycles of corrosion, and AlsFe; IMC was
corroded after 72 cycles of corrosion due to its high corrosion potential predicted by the calculations based on
density functional theory (DFT) in terms of the Nernst equation. In comparison with the high welding energy
region, less corrosion was observed in the middle welding energy region due to the thinner AlsFe; IMC layer, a
lower amount of Aly3Fes IMC in the Al matrix, and lower residual stress. Mechanical properties at different
locations after various corrosion conditions were obtained using in situ compression tests, including the stress-
strain responses and the strain rate sensitivity. The micropillars from the high welding energy region have a
higher average yielding stress due to the thicker IMC layer than those from the middle welding energy region.
The yielding stress decreases gradually with increasing corrosion cycles. Three conditions for crack initiation and
propagation have been identified: firstly, for pillars from the high welding energy region before corrosion or the
middle welding energy region (before or under the minimal corrosion conditions), the cracks initiate within the
IMC layer; secondly, for pillars from the high welding energy region after 26 cycles of corrosion (under the
moderate corrosion condition), cracks propagate at the Al/IMC interface; finally, for pillars from the high
welding energy region after 72 cycles of corrosion (under the severe corrosion condition), the cracks initiate at
the IMC/steel interface.

1. Introduction production of Al/steel dissimilar joints. Among these approaches, RSW

is a preferred method for joining Al and steel in the automotive and

Compared to traditional vehicle bodies manufactured solely from
steel, hybrid bimetal Al/steel structures have become increasingly
popular in the automotive industry due to the combined advantages of
both metals [1-5]. Al has high corrosion resistance, while steel offers
high strength and ease of manufacturing [6,7]. To join Al and steel al-
loys, various welding methods such as RSW, laser welding [8], friction
stir welding [9,10], and explosive welding [6], as well as mechanical
joining methods such as self-piercing riveting [11], are applied in the
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aerospace industries due to its low cost, ease of automation, and high
efficiency [12,13].

Most research on Al/steel RSW joints focused on welding parame-
ters, bonding strength, interfacial behavior, and fracture mechanisms
[14-17], with limited research on corrosion behavior [18]. Corrosion
behavior is a significant factor in evaluating the quality of welding
joints, particularly for Al/steel joints, where the IMC layers are formed
at the interface of Al and steel, significantly affecting the corrosion
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behavior of the joint. Qiu et al. [14] and Wan et al. [15] reported that the
IMC layers consisted of columnar AlsFe; grains and needle-like Al;3Feq4
grains. The thermal history of the welding process greatly affects the
type, thickness, and morphology of IMC layers, complicating the anal-
ysis of the corrosion mechanism. The corrosion behavior of Al/steel
joints includes the galvanic corrosion that occurred at the Zn coating on
the steel, Al alloy, and steel sheet [12], the localized corrosion generated
at the IMC phases between the Al and steel [16,17], and the corrosion
generated from the secondary phases’ precipitation in the Al and weld
seam [19]. Lim et al. [20] investigated the corrosion behavior of the
friction bit joint of AA7075 Al alloy and DP 980 steel and found that the
Zn coating on the steel protected the steel from galvanic corrosion. Shi
et al. [21] identified that the IMCs formed at the interface contributed to
the galvanic corrosion of the adjacent weld seam and decreased the
corrosion resistance of the dissimilar materials 1060 Al and Q235 steel
joint. Sravanthi et al. [22] found that the Al-Fe and Al-Fe-Si alloys
suffered the major deterioration of corrosion resistance in Al/steel
joints, while the AlI-Mg-Si precipitates were the major reason for weight
loss in the Al alloy. Ma et al. [23] investigated the influence of IMC on
the corrosion behavior of Al/steel hybrid fusion-brazed joints and
observed the pitting holes on the IMC layers when the heat input was
lower than 652 J/cm due to the galvanic corrosion between IMCs
(anode) and steel (cathode). When the heat input was higher than 652
J/cm, severe corrosion was observed between IMCs and the weld seam
due to the galvanic difference between the weld seam and the IMCs,
while the IMCs were sheltered from corrosion. Ma et al. [24] investi-
gated the influence of IMCs on the corrosion behavior of Al/steel hybrid
fusion-brazed PX-Al and STO06 Z steel gas tungsten arc welding joints and
found that the corrosion behavior of the joint was dominated by the
incomplete corrosion products (such as ZnO and AlyO3) and the sec-
ondary phases (such as the Al-Si-Mn-Fe phases, AlsFep, and Al;sFey).

Mechanical properties are essential factors in evaluating the impact
of corrosion on the performance of dissimilar material joints [25].
Compared to standard mechanical testing, micro-scale mechanical
testing allows the investigations of effects of microstructural features
and in situ atomic-scale or micro-scale structural characterization [26,
271, for example, single-crystal lacking strain gradients [28], crystals
with different orientations [29], and the nanoscale eutectics structure
[301.

In the present work, corrosion behaviors of Al/steel RSW joints after
different heat input conditions and corrosion cycles were investigated
through experimental characterizations, finite element analysis, and
thermodynamic calculations. Micropillar compression was employed to
study the effects of corrosion on mechanical effects. The present work
aims to establish a relationship between mechanical properties, defor-
mation morphology, crack initiation and propagation, and salt spray
corrosion of Al/steel RSW joints.

2. Experimental procedure
2.1. Materials, RSW process, and accelerated corrosion tests

An AA6022-T4 Al alloy sheet (137 mm x 38 mm x 1.2 mm) and an
HSLA 340 galvanized steel sheet (137 mm x 38 mm x 2 mm) were
joined using the RSW method, and the overlap region is 38 mm x 38
mm. The compositions of the AA6022 and HSLA 340 alloys are given in
Table 1.

The RSW process was presented in a previous study [31]. Before

Table 1

Chemical compositions (wt.%) of AA6022 Al and HSLA 340 galvanized steel.
Elements Si Fe Mn Zn Cu Mg Al
AA6022 1.3 0.14 0.07 0.23 0.07 0.65 Bal.
Elements C Si Mn Ti Fe
HSLA 340 0.12 0.5 1.5 0.15 Bal.
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welding, the AA6022 Al and HSLA 340 steel sheets were cleaned using
abrasive paper and acetone. The RSW joint was then prepared using a
direct current (DC) welding machine (Milco Weld System, manufactured
by Milco Manufacturing in Warren, MI), with the Al and steel sheets
connected to the positive and negative electrodes, respectively. The
holding force for the welding process was 900 1b (408.233 kg), and the
welding process consisted of a preheating stage and two welding stages,
with the welding parameters provided in the previous study [32].

To assess the corrosion resistance of the Al/steel RSW joints, salt
spray corrosion tests were conducted at the Corrosion Engineering
Laboratory in General Motors R&D. The salt spray solution, in accor-
dance with the GMW14872 standard [25], was composed of 0.90 wt%
NaCl, 0.10 wt% CaCly, and 0.075 wt% NaHCOj3, with a pH range of
6.1-6.5. Each accelerated corrosion test cycle lasted for 24 h with an 8-h
ambient stage, an 8-h humid stage, and an 8-h dry-off stage (the details
are presented in the former study [33]). The corrosion tests were con-
ducted for 7, 26, and 72 cycles, with all five specimens under each
corrosion condition exhibiting similar behavior after the corrosion tests.
One specimen from each condition was selected for future
characterization.

2.2. Microstructure characterization and mechanical tests of micro-pillars

After the corrosion tests, the specimens underwent cross-sectioning,
mounting, and polishing for characterization. The corrosion behaviors
of the Al/steel RSW joints were investigated using SEM. The IMCs before
and after different corrosion cycles were identified using electron
backscattered diffractometry (EBSD). The SEM and EBSD characteriza-
tions were carried out using the Apreo-S SEM.

To evaluate the mechanical properties of the RSW joints after
different corrosion cycles, a Hysitron/Bruker PI-89 SEM Picoindenter
was used for compression tests. Compared to the in-situ compression
test, the in-situ compression test has a higher simplicity and ease of setup
and brings an easier analysis of crack initiation and propagation. All
micro-pillars were prepared using a Scios 2 DualBeam Focused Ion Beam
(FIB) SEM, with a diameter of 8.2 pm and a length of 17 pm. The tests
were performed at a constant strain rate of 10~3/s in the Apreo-S SEM
for in-situ imaging. Furthermore, to ensure repeatability and test accu-
racy, three separate micro-pillars were FIBed and compressed at the
same heat input locations.

2.3. Finite element and nernst simulations

The Sorpas software [34] was used to predict the thermal and re-
sidual stress distribution at different locations of the Al/steel joints. The
details of the electro-thermo-mechanical model, mechanical boundary
conditions, and electro-thermal boundary conditions are presented in
the previous study [32]. In addition, the major thermal and mechanical
properties of the base metals (AA6022 Al alloy and HSLA340 steel)
between 20 and 1200 °C were presented in the previous research [35],
including density, tensile stress, yield stress, thermal conductivity,
specific heat, and thermal expansion coefficient, The meshes of the 2D
simulation model consisted of 1636 elements with the mesh sizes be-
tween 0.25 mm and 1 mm.

After the calculation of the thermal cycle, the temperature data of
each node can be loaded into the finite element model as the thermal
load to simulate the stress and train field [36]. The welding process can
be simplified to a nonlinear problem of the material and the stress and
strains vary linearly in a small-time increment based on the thermal load
[37]. The total strain rate in the welding process is introduced as
follows:

Smml = Se + 8[) + Srh + Etr + Sc 1

where Eqrat, €, & Eny €, and &, are total strain, elastic strain, plastic
strain, thermal strain, phase transformation strain, and creep strain,
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respectively. Because of the short welding time, the creep strain and
phase transformation strain can be ignored in the welding process [37].
The elastic strain and stress can be calculated by Hooke’s law and the
plastic strain and stress obey the VonMises criterion [38].

The Nernst equation [39] was adopted to calculate the corrosion
potential under different pH values and ionic concentrations for Al,
Al;3Fey, AlsFe,, and Fe as follows :

E—E° — E n apmdu(‘/s 2
ZF Greactanms

where E is the reversible potential of reactions, E° is the standard
reduction potential of reactions, @roqucs is the activity of products,
Qreactants 1S the activity of reactants, T is the temperature in kelvin, R is the
gas constant, z is the number of electrons transferred in the cathode half-
cell reaction, and F is the Faraday constant.

2.4. Fracture toughness estimated by first-principles calculations

In the present study, the model by Niu et al. [40] was used to predict
the fracture toughness of Al, Al;sFe4, AlsFey, and Fe,

Kc=(1+a)e V) eGe(B/G)"* 3

where K¢ is the fracture toughness, a is the enhancement factor calcu-
lated by the density of states at the Fermi level, g(Er), calculated by the
DFT in the present work, with a =43 e g(EF),lz/ 4, Vy is volume per atom
in m3, G is shear modulus in MPa, B is bulk modulus in MPa. For IMC of

AnmBy, the electronegativity factor, fzy, is introduced for more accurate a
[41]

a=43e g(Ep),le/4 o frn 4

fen= p 7 5

1 _;'_% ()(A—ZB)Z

Coatn Za%Xp

where C},, C}, and C2,, are the combination number for m and n in
AmBn, x4 and yj are the electronegativity of elements A and B in Allen
scale, and f and y are the parameters of 0.3 and 8, respectively.

In the present work, the Vienna ab initio Simulation Package (VASP)
[42] was utilized for DFT-based first-principles calculations. The pro-
jector augmented wave (PAW) method was employed to describe the
ion-electron interaction [43], while the exchange-correlation functional
[44] was described by the generalized gradient approximation (GGA) by
Perdew, Burke, and Ernzerhof (PBE). For structural relaxations and
phonon calculations, a plane-wave cutoff energy of 293.2 eV was cho-
sen, while a higher value of 520 eV was used for the final static calcu-
lations. This allowed for accurate determination of energy and electron
density of states (DOS). The convergence criterion for electronic
self-consistency was set to 6 x 10~ eV/atom for structural relaxations,
and static calculations. The k-point meshes (27 x 27 x 27), (1 x 2 x 2),
(11 x 6 x 5) and (31 x 31 x 31) were used for relaxations and static
calculations of FCC_AL, Al;3Fe4, AlsFey, and BCC_Fe phases, respectively.
The crystal structures of FCC_Al, Al;sFe4, and BCC_Fe were obtained
from Materials Project [45], while the crystal structure of AlsFe; was
generated by USPEX [46]. In the present DFT calculations, three elec-
trons (3523p1) were considered valence electrons for Al and fourteen
(3p63d7451) for Fe. Fe atoms were treated as ferromagnetic
spin-polarization.

3. Results
3.1. Interfacial characterization of Al/steel joints

Fig. 1 (a) presents the cross-sectioned image of the Al/steel RSW
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Fig. 1. (a) Macrograph of the cross-sectioned Al/steel RSW joint [32], and (b)
the residual stress histories of three positions at the interface of the RSW joint.

joints before corrosion. According to the previous experimental and
simulation results [32], the peak temperatures of locations 1, 2, and 3
are approximately 1150 °C, 850 °C, and 665 °C, respectively, named as
the high welding energy region, the middle welding energy region, and
the low welding energy region, respectively. The nodal effective residual
stresses of the high and middle welding energy regions are presented in
Fig. 1 (b). Due to the higher heat input and holding force from the
electrodes, the region with high welding energy has a higher residual
stress than the region with middle welding energy (approximately 185
MPa compared to 177 MPa).

The corrosion behavior of the Al/steel RSW joint under different
corrosion cycles is illustrated in Fig. 2. Fig. 2 (a)-(c) present the SEM
images of the high welding energy region before corrosion and after 7
and 26 cycles of corrosion, and Fig. 2 (d) and (e) present two different
locations from the high welding energy region after 72 cycles of corro-
sion. With increasing corrosion cycles, severe corrosion behavior was
observed. In the high welding energy region, micro-cracks initiated after
7 cycles of corrosion (Fig. 2 b), and typical pitting corrosion was
observed on the Al side adjacent to the IMCs with continued corrosion
(26 cycles in Figs. 2 ¢ and 72 cycles in Fig. 2 d). Additionally, after 72
cycles of corrosion, pitting corrosion started occurring on the IMCs
adjacent to steel in addition to corrosion of Al (Fig. 2 e), indicating that
compared to steel, the IMC layer corrodes more easily. Fig. 2 (f)-(i)
present the SEM images of the middle welding energy region after
various corrosion cycles. Less corrosion was found in the middle welding
energy region compared to the high welding energy region, and only
several micro-cracks and pits were identified after 72 cycles of corro-
sion. Fig. 2 (j)-(m) present the corrosion behavior of the low welding
energy region (location 3 in Fig. 1 a). Unlike the high and middle
welding energy regions, which contacted the corrosion solution by
micro-tunnels in the joints, the low welding energy region directly
contacted the corrosion solution in the salt spray process, which resulted
in more severe galvanic corrosion. As a result, pitting corrosion occurred
at the Al and the IMC between Al and steel (consisting of Al, and occa-
sional AlsFep and Al;sFe4 grains, reported in the former study [32]) after
7 cycles of corrosion (Fig. 2 k). Steel continued to corrode after 72 cycles
of corrosion (Fig. 2 m).

To evaluate the corrosion behavior of the high welding energy re-
gion, energy-dispersive X-ray spectroscopy (EDS) and EBSD methods
were applied. Fig. 3 (a) and (b) present an SEM image of the high
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Fig. 2. Microstructures of different welding energy regions before corrosion and after 7, 26, and 72 corrosion cycles: (a)-(e) high welding energy region; (f)-(i)

middle welding energy region, and (j)-(m) low welding energy region.
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Fig. 3. (a) High welding energy region without pitting corrosion, (b) EDS line scan of the red arrow from (a), (c) EBSD of high welding energy region before
corrosion, (d) EBSD of high welding energy region where Al is corroded (yellow box from Fig. 2 d), and (e) EBSD of high welding energy region with high O
concentration after 72 cycles of corrosion. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

welding energy region and the EDS line scan results of the image,
respectively. The peaks of the O element were identified on the Al side,
which indicates the oxidation of Al grains. The presence of the Fe peak
can be attributed to the Al;sFe4 grains within the Al matrix, as proved in
our prior study [32]. Fig. 3 (c) presents the EBSD results of the high
welding energy region before corrosion, and Fig. 3 (d) and (e) present
the EBSD results of regions with pitting corrosion (yellow box in Fig. 2 d)
and without pitting corrosion (Fig. 3 a) after 72 cycles of corrosion,
respectively. According to Fig. 3 (c), after the welding process, the
welding joints exhibited excellent quality, with no observable
micro-holes or micro-cracks, which indicates that the emergence of
micro-holes and micro-cracks is solely attributed to the effects of the
corrosion. In the pitting corrosion region, compared to the IMCs before
corrosion (Fig. 3 c), the Al adjacent to the IMCs was corroded after 72
cycles of corrosion. However, the AljsFey4 particles and steel were not
affected by the corrosion, indicating that Al is more susceptible to
corrosion than Al;sFe4 and steel. While in the region without pitting
corrosion, the product of Al after oxidation was identified as Al,O3 based

on the EBSD in Fig. 3 (e).

3.2. Pillar compression of Al/steel RSW joint

Mechanical properties of the Al/steel RSW joint were determined by
micropillar compression. Table 2 presents the yield stress of micro-
pillars from various welding energy regions and Fig. 4 (a) shows the
average yield stress of the micro-pillars from the high and middle
welding energy regions. It is observed that the compression stress of the
high welding energy region is significantly higher than that of the
middle welding energy region. This is because the micropillars from the
high welding energy region have a thicker IMC layer than the middle
welding energy region (with an average of 2.56 pm vs. 1.93 pm,
calculated from the surface of the pillars before compression). The
AlsFe; and AljsFes phases have low ductility and high hardness
(~12.79 GPa and 11.74 GPa, respectively, calculated in the former study
[32]), which contributes to a high compression stress at the Al/steel
joint [32,47,48]. After 72 corrosion cycles, the average yield stress of the
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Table 2
Yield stress of micro-pillars from various welding energy regions.

Yield stress Test High welding energy Middle welding energy
region region

No corrosion testl 1101 MPa 817 MPa
test2 1156 MPa 874 MPa
test3 1229 MPa 830 MPa
7 cycles of testl 1093 MPa 904 MPa
corrosion test2 1038 MPa 855 MPa
test3 1066 MPa 774 MPa
26 cycles of testl 976 MPa 969 MPa
corrosion test2 1109 MPa 918 MPa
test3 990 MPa 918 MPa
72 cycles of testl 740 MPa 920 MPa
corrosion test2 942 MPa 803 MPa
test3 1054 MPa 932 MPa

micropillars from the high welding energy region decreases from 1161
MPa to 912 MPa. Therefore, the observed galvanized corrosion on Al
and IMC from Fig. 2 (d) and (e) is detrimental to the compression me-
chanical properties of the pillars. It should be noted that the variation in
yield stresses after 72 cycles of corrosion (+175 MPa) is relatively higher
compared to those of the pillars before corrosion (+68 MPa) and after 26
cycles of corrosion (+75 MPa). This is due to the uneven localized
corrosion after the accelerated corrosion, as shown in Fig. 4 (b)-(d). On
the contrary, the average yield stress for pillars from the middle welding
energy region changes from 840 MPa to 885 MPa after the 72-cycle
accelerated corrosion test, which indicates that the compression me-
chanical properties of the pillars from the middle welding energy region
are similar after corrosion. Therefore, the micro-pits and micro-cracks
presented in Fig. 2 (h) and (i) have a minor influence on the yield
stress of the pillars.

3.3. Crack initiation and propagation in the pillar compression of Al/steel
joint

To investigate the crack initiation and propagation of the Al/steel
RSW joint, the in-situ compression test was performed in the SEM to
observe the deformation behavior of the micro-pillars under different
corrosion and welding heat input conditions.

3.3.1. High welding energy region

Fig. 5 (a) shows the engineering stress vs engineering strain curves of
the pillars from the high welding energy region before corrosion in the
compression test. The pillars have an average yield stress of 1162 MPa.
Stress drops were observed in test2 and test3 (green and red lines in
Fig. 5 a). The stress drop is explained as a competition of relaxation from
compression stress and dilatation in the shear band from shear stress
[49]. The upper point of the stress drop can be explained as the dilata-
tion resistance against shear transformation, while the lower point can
be explained as shear band densification under compression and the
ability to sustain reloading [50]. Jiang et al. [51] and Azadehranjbar
et al. [52] discussed that brittle materials present in the pillars
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significantly affect both tensile and compression mechanical properties
and the stability of micropillars, such as the IMCs in this study. For the
micropillars from the high welding energy region, the fraction of the
IMC layer is 31.2% of the diameter of the micropillar (2.56 pm/8.2 pm).
Fig. 5 (b)-(e) show the SEM images of the pillar captured during the
compression test (green line for test2), and Fig. 5 (f) displays the EDS
mapping of the pillar after compression. Based on the SEM images of the
deformed pillars, the crack initiated in the IMC at the engineering strain
of 4.60% and turned into a large shear serration after 6.06% engineering
strain. As the stress from the indenter increased (as seen in Fig. 5 a), the
engineering stress reached about 1250 MPa, and the crack continued
running across the entire pillar. Fig. 6 (a)-(c) present the cross-sectional
images of the micropillar from test2 after compression, where multiple
cracks were observed in the IMC layer (as seen in red boxes).

Fig. 7 (a) shows the engineering stress vs. engineering strain curves
of the pillars from the high welding energy region after 26 cycles of
corrosion. The average yield stress of the three pillars is 1024 MPa.
Similar to the pillars before corrosion, an elastic deformation stage was
observed before the yielding process. However, compared to the pillars
from Fig. 5 (a), the engineering stress vs. engineering strain curves after
26 cycles of corrosion are also dominated by more frequent and larger
stress drops (>50 MPa), which indicates that the deformation of the
micropillars is more unstable after corrosion. Fig. 7 (b)-(e) show the
SEM images of the pillar under compression test corresponding to the
green line (test2) after 26 cycles of corrosion, and Fig. 7 (f) presents the
EDS mapping of the pillar after compression. Localized pitting corrosion
was observed in the Al phase adjacent to the IMC layer (see Fig. 7 b),
which matches the SEM image in Fig. 2 (c). At the same time, slight pillar
widening can be observed (Fig. 7 c¢). From the recorded SEM images,
deformation instability (the non-uniformity and unstable deformation of
materials under loading conditions, mentioned by Wan et al. [53]) was
initiated at the micro-cracks and micro-pits in the Al matrix next to the
IMC layer (Fig. 7 d and f) and spread along the interface between Al and
IMC layer through the entire pillar (Fig. 7 e). Fig. 6 (d)-(f) show the
cross-sectional images of the micropillar from test2 after compression. In
addition to the primary crack (red arrow in Fig. 7 d) that originated from
the Al matrix, a micro-crack was also observed in the IMC layer (red box
in Fig. 6 d). A similar phenomenon also was seen in the pillar before
corrosion (Fig. 6 a-c). The crack prefers to initiate at the AlsFe, phase
and propagate near the 45° direction. Therefore, the failure of the pillars
after 26 cycles of corrosion is attributed to a combination of pitting
corrosion of the Al matrix and brittle fracture of the IMC phase.

Fig. 8 (a) displays the engineering stress vs. engineering strain curves
of micropillars from the high welding energy region after 72 cycles of
corrosion. The yield stress of the three tests is 740 MPa, 942 MPa, and
1054 MPa, respectively (mentioned in Section 3.2). Small stress drops
(<50 MPa) were observed before yielding. The occurrence of deforma-
tion instabilities under relatively low strains suggests that corrosion
significantly affects the deformation morphology of the Al-IMC-steel
structure. Fig. 8 (b)-(f) display the SEM images and EDS results distri-
bution from the high welding energy region after 72 cycles of corrosion.
In this case, most of the Al phase adjacent to the IMC has been corroded

Fig. 4. (a) Average yield stress of high and middle welding energy regions under different corrosion conditions, (b)—(d) pillars from high welding energy region after

72 cycles of corrosion.
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Fig. 5. (a) Stress-strain curve of micropillars before corrosion, (b)-(e) SEM images of micro-pillars from test2, and (f) EDS of the micropillar after compression.

(Fig. 8 f), and the compression force was directly applied to the IMC and
steel. Apart from the failure in the IMC and Al phase, a new failure mode
was observed in the micropillars after 72 cycles of corrosion in addition
to the fracture at the Al/IMC interface. Due to localized corrosion on
AlsFes at the interface of IMC/steel, the micro-cracks originated at the
IMC/steel interface when the engineering strain reached 3.09% (as seen
in Fig. 8 c¢). Consequently, the cracks propagated into the AlsFe; in the
IMC layer near the 45° direction in the continuous plastic deformation.
It should be noted that the failure of pillars after 72 cycles of corrosion is
due to multiple crack propagation (as seen in Fig. 6 g and h). The micro-
cracks were generated from different pitting corrosion locations and
propagated into the IMC layer of the micropillar.

3.3.2. Middle welding energy region under different corrosion conditions
Fig. 9 (a) presents engineering stress vs. engineering strain curves of
the micropillars from the middle welding energy region before corrosion
in the compression test. All three pillars present similar mechanical
properties and deformation behavior with an average yield stress of
about 840 MPa. Fig. 9 (b)—(e) show the compression process of the pillar
from test3, and Fig. 9 (f) presents the EDS mapping of the pillar. Initially,
elastic deformation was observed, followed by plastic deformation, and
the primary micro-crack was generated when the engineering strain
reached 8.58 % (Fig. 9 c). Subsequently, the micro-cracks propagated in
the IMC layer along about 45° direction (explained in Section 4.2.1), and
shear steps appeared on the surface of the pillar. Subsequently, defor-
mation advanced, and the crack persisted in its propagation into the
steel phase, similar to the deformation of the pillar from the high
welding energy region. (Fig. 5). It is noteworthy that the direction of
shear steps in the Al is not the same as those of the IMC and steel, but

rather symmetric (white and red arrows in Fig. 9 d). After the failure of
IMC and steel, the applied compression stress on the surface of the pillar
is uneven. Under this condition, the secondary crack originated from the
tip of the primary crack and propagated in the Al phase near the 45°
direction (Fig. 9 e). Comparing the engineering stress vs. engineering
strain curves of the pillars from the high and middle welding energy
regions, the pillars from the middle welding energy region have lower
yield stress but higher ductility due to the thinner IMC layer in the pillars
(as mentioned in Section 3.2). Meanwhile, large stress drops were not
observed in the stress-strain curves of the pillars, indicating that the
middle welding energy region with the thinner IMC layer has a higher
initial activation energy for shear transformation compared to the high
welding energy region.

Fig. 10 (a) displays the engineering stress vs. engineering strain
curves of the micropillars from the middle welding energy region after
72 cycles of corrosion. The average yield stress is 865 MPa and the
pillars from tests 1 and 2 exhibited a similar deformation behavior to the
pillars before corrosion. This is attributed to the less corrosion that
occurred in joints prepared in the middle welding energy region.
However, for test3, a large stress drop was observed on the stress-strain
curve, indicating that micro-cracks and micro-pits after corrosion can
affect the deformation behavior of the micropillar with the Al-IMC-steel
structure. Fig. 10 (b)-(e) present the SEM images of the failure of the
pillar from test3 and Fig. 10 (f) displays the EDS mapping of the pillar
after compression. Two micro-cracks (red and yellow boxes in Fig. 10 b)
initiated simultaneously in the IMC layer of the pillar at the engineering
strain of 6.29%, which contributes to the complicated formation and
movement of shear steps in the AlsFey grains. Consequently, with the
continued deformation development, the two micro-cracks gradually
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Fig. 6. Cross-sectioned images of micropillars under various corrosion cycles: (a)-(c) before corrosion, (d)-(f) 26 cycles, and (g)-(i) 72 cycles.

propagated into the steel and Al (red and white arrows in Fig. 10 e),
respectively.

4. Discussion
4.1. Corrosion mechanism of the Al/steel joints

Fig. 11 (a)-(c) depict the proposed corrosion mechanism of the high
welding energy region under different corrosion conditions. As the
number of corrosion cycles increases, localized corrosion occurs grad-
ually at the interface of the Al/steel joints. Although the high and middle
welding energy regions don’t have direct contact with the corrosion
solution in the crevice of the Al/steel RSW joint, these regions can face
the corrosion solution by the defects (like micro-channels) in the
welding process.

Pitting corrosion was observed on the Al adjacent to the IMC layer
after 26 cycles of corrosion (Fig. 11 b). Based on the Nernst equation and
the present DFT calculations, the corrosion potentials of Al, AljsFeq,
AlsFey, and Fe are 5.40-5.68 V, 4.34-4.62 'V, 4.10-4.38 V, 1.69-1.97 V

from pH values of 6.1-6.5, respectively [54]. As mentioned in Section
2.1, the pH value of the corrosion solution is 6.1-6.5 [12]. Under this
condition, Al serves as the anode, and long needle-like Al;sFe4 (with
corrosion potential 4.10-4.38 V from pH 6.1-6.5) serves as the cathode,
leading to minimal corrosion in the Al matrix. It should be noted that a
large amount of Fe atoms diffuses into the Al matrix due to the RSW
process, which reacts with the Al atoms and generates the short
needle-like Al;sFe4 phase in the Al matrix [13,15,32]. Therefore, mini-
mal corrosion also occurred at the Al matrix adjacent to the short
needle-like Alj3Fey, resulting in enhanced corrosion of Al [55]. After 72
cycles of corrosion (Fig. 11 c), severe corrosion was observed at the Al
matrix with the accumulation of minimal corrosion, and a continuous
corrosion crack was observed at the interface of Al/IMC (Fig. 2 d). At the
same time, minimal corrosion occurred at the AlsFe; because AlsFe; is
less noble than Fe (Fig. 11 c). AlsFes serves as the anode, contributing to
the dissolution of the AlsFe;, adjacent to the steel/IMC layer (Fig. 2 e).
Compared to the galvanic corrosion of Al, the corrosion rate of AlsFey
remains at a lower level.

Less severe corrosion was observed in the middle welding energy
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Fig. 7. (a) Stress-strain curve of micropillars under 26 cycles of corrosion, (b)-(e) SEM images of micro-pillars from test2, and (f) EDS of the micropillar after

compression.

region compared to the high welding energy region. Compared to the
large area pitting corrosion in the high welding energy region, only
micro-cracks and pits were observed in the middle welding energy re-
gion after 72 cycles of corrosion, similar to Fig. 11 (b). According to
Mansfeld [56], the galvanic corrosion rate is directly influenced by the
ratio of anode and cathode area:

Ig = IL o (Acathode /Aanode) 6

where I, is the galvanic current, I; is the limited diffusion current den-
sity, and A qthode @and Agnode are the areas of the cathode and anode re-
gions, respectively. For the corrosion performance on the interfacial
layer, the diffusion current densities between Al and Al;3Fey4 are equal at
the high and middle welding energy regions, because of the same types
of IMC phases at these two regions (proved in the former study [32]).
Therefore, the galvanic current is directly affected by the ratio of the
cathode and anode areas. Compared to the middle welding energy re-
gion, the thickness of the IMC layer in the high welding energy region is
larger (2.56 pm vs. 1.93 pm, from Section 3.2). At the same time, the
higher energy input in the high welding energy region also increases the
diffusion rate of Fe atoms in the Al matrix (10’7'87 m2/svs. 107845 mz/s,
according to the former study [32]), leading to more IMC formed in the
Al matrix (as shown in Fig. 12 a-d). The IMC phase has been proved as
Aly3Fey in the former study [32]. As a result, the Acathnode/Aanode Value in
the high welding energy region is considerably greater than that in the
middle welding energy region, resulting in a stronger galvanic current
between the Al and Al;sFe4 phases and a higher corrosion rate on the Al
matrix. Additionally, the higher residual stress in the high welding en-
ergy region (shown in Fig. 1 b) also exacerbates the corrosion of Al.
According to Dong et al. [57] and Ming et al. [58], residual stress

increased stress corrosion cracking (SCC) susceptibility and SCC growth
rates in the welding zone. SCC prefers to propagate along regions with
high residual stress concentration, high corrosion potential, high
micro-hardness, and high-angle grain boundaries [59]. Therefore, due to
the higher galvanic current and residual stress, the Al matrix in the high
welding energy region has a lower corrosion resistance than the middle
welding energy region, which contributes to the severe corrosion
occurring in the high welding energy region.

4.2. Fracture mechanism of micropillars in compression test under
different corrosion conditions

According to the crack initiation and propagation of pillars from
Section 3.3, the fracture mechanism of the pillars is summarized in
Fig. 13.

4.2.1. Fracture mechanism before corrosion or under the minimal corrosion
condition

Fig. 13 (a) shows the fracture mechanism of the pillars before
corrosion or under minimal corrosion conditions, which presents the
pillars from the high welding energy region before corrosion and the
middle welding energy region after 0-72 cycles of corrosion. In this
condition, the IMC layer is not corroded, and the Al matrix is barely
corroded. Micro-cracks are initiated at different locations in the IMC
layer of the micropillar (Fig. 6 a-c). Using Niu et al.’s model [30], the
predicted K¢ values of Al, Al;3Fey, AlsFep and Fe in comparison with
experimental values as summarized in Table 3, with the AlsFe; phase
exhibiting the lowest value. According to experiments by Windmann
et al. [60] in terms of Laugier’s equation [61], the estimated Kj¢ values
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Fig. 8. (a) Stress-strain curve of micropillars under 72 cycles of corrosion, (b)-(e) SEM images of micro-pillars from testl, and (f) EDS of the micropillar after

compression.

are 1.4 and 0.9 MPa /m for Al;sFe4 and AlsFe,, respectively. The K¢
values of pure elements such as Al (29.1 MPa /m) and Fe (112.4 MPa
v/m) were found to be less than 8% different from experimental data
summarized in paper of Niu et al. [41], which reported the Kj¢ values of
30-35 MPa /m for Al and 120-140 MPa /m for Fe. The experimental
Kic values of Alj3Fe4 and AlsFe, are 1.4 MPa /m and 0.9 MPa /m,
respectively, while the predicted K¢ values of AljsFes and AlsFey are
24.0 MPa y/m and 15.0 MPa /m, respectively. The reason for the dif-
ference between the experimental and predicted Kj¢ values is the high
error on Kj¢ values calculation based on the indentation fracture test
using Laugier’s equation [62]. However, these are the only available Kj¢
values of Al;sFe4 and AlsFe; from the experimental test. The computa-
tional predictions indicate a trend of Fe > Al > Al;3Fe4 > AlsFe;, which
aligns well with the observed trend based on experimental data.
Therefore, IMCs such as AljsFes and AlsFe; demonstrate significantly
lower Kj¢ values compared to pure elements. This is primarily due to
their ordered crystal structures, which limit their ability to undergo
plastic deformation as they possess fewer slip systems.

In the plastic deformation of the pillars, the observed shearing can be
observed on the micropillars with the Al-IMC-steel "sandwich" structure.
The shear steps are apparent on the pillar surface, and the shear bands
initiate from the AlsFe, phase (see Fig. 5 b and f). Based on the stress
analysis on the tip of the micro-crack in the AlsFe; phase, there are two
possible directions for crack propagation, i.e., 0° along the direction of
principal compression stress and 45° along the direction of the
maximum shear stress. Based on the results from Beygi et al. [63], when
the load is applied on the interface of dissimilar material joint, the shear
stress has a significant influence on the fracture behavior of the joints.
According to Chen et al. [13], in the absence of diminished interfacial

fracture toughness due to grain coursing, the thin IMC layer has rela-
tively high resistance for crack propagation in the IMC parallel to the
interface, so the cracks prefer to propagate along the shear stress di-
rection approach Al and steel side and form the primary crack [64].
Ultimately, the cracks cross the interface of Al/IMC and IMC/steel under
the shear direction (black arrows in Fig. 13 a) and result in the fracture
of the whole pillar. The fracture at the interface of the Al/steel joint
occurs in a brittle manner under shear loading conditions, ultimately
contributing to the failure observed at the IMC layer [63]. This fracture
mechanism is applied to the pillars from the high welding energy region
before corrosion (Fig. 5) and the middle welding energy region before
and after corrosion. However, the difference on the deformation
morphology between pillars from the high and middle welding energy
should also be mentioned. Compared to the pillars from the middle
welding energy region, pillars from the high welding energy region have
more hard and brittle IMCs (proved by the former study [32] and Chen
et al. [13]), which contributes to a lower Kjc for the Al-IMC-steel
structure in the pillars (based on Table 3). Therefore, the pillars from
the high welding energy region have lower resistance for crack initiation
and propagation [13,47,65], leading to the formation of deformation
stability at an earlier engineering strain (4.60% vs. 5.58% from Figs. 5 ¢
and Fig. 9 c, respectively).

4.2.2. Fracture mechanism under the moderate corrosion condition

Fig. 13 (b) presents the fracture mechanism of the pillars under the
moderate corrosion condition, which counts for the pillars from the high
welding energy region after 26 cycles of corrosion. Localized galvanic
corrosion is generated at the Al phase adjacent to the needle-like Al;sFe4
phase. Simultaneously, while the IMC phases are not corroded. Under
this condition, in addition to the initiation of new cracks in the IMC
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Fig. 9. (a) Stress-strain curve of micropillars before corrosion, (b)-(e) SEM images of micro-pillars from test3, and (f) EDS of the micropillar after compression.

layer, the micro-cracks and pits formed in the corrosion process can
directly propagate along the interface of Al/IMC (the black arrows in
Fig. 13 b) and result in the failure of the pillar. This can be attributed to
three reasons: (1) micro-cracks and pits formed along the IMC/Al
interface during corrosion; (2) defects generated during the welding
process, such as vacancies [66]; and (3) high residual stress at the
boundary of the IMC/Al interface. The presence of tensile residual stress
functions as a preliminary tensile procedure, augmenting the propaga-
tion of micro-cracks. The tensile residual stress acts as a pre-tensile
process and promotes micro-crack propagation [67]. The accumula-
tion of multiple micro-cracks propagation at the interface of Al/IMC and
the compression load from the normal direction leads to the failure of
the pillar [63]. Compared to the IMC layer, the micro-cracks and
micro-pits formed after corrosion have lower structural resistance to
shear deformation, which leads to frequent stress drops in the
compression process (Fig. 7a). As a result, the cracks propagate along the
Al/IMC interface under lower loads than those in the absence of corro-
sion, leading to the lower yield stress of the micropillars (Fig. 4 a).
Because of the corrosion occurred on the Al matrix, fractures will occur
at the interface of Al/IMC in the macro-scale lap-shear test, which will
be discussed in detail in our future study.

4.2.3. Fracture mechanism under the severe corrosion condition

The fracture mechanism of the micropillars under the severe corro-
sion condition is depicted in Fig. 13 (c), which counts for some pillars
from the high welding energy region after 72 cycles of corrosion (like the
pillar in Fig. 8). In this case, the failure of the pillars is due to a com-
bination of the fracture at the Al/IMC interface and the fracture in the
IMC layer. The fracture at the Al/IMC interface results from the micro-
cracks and micro-pits propagation along the Al/IMC interface, as
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introduced in Section 4.2.2. The fracture in the IMC is based on the
localized galvanic corrosion that occurs on the AlsFey (Fig. 11 c¢) of
pillars from the high welding energy region after 72 cycles of corrosion.
As presented in Fig. 8 (b)-(e), the micro-cracks initiate at the interface of
IMC/steel. This can be attributed to the micro-cracks and micro-pits
generated after the galvanic corrosion of AlsFey, as well as the high
residual stress between the IMC and steel induced during the welding
process (as seen in Fig. 1 b) [68,69]. It should mention that only a
limited number of micro-pits were observed at the AlsFe,/Fe interface, a
phenomenon attributed to the inhibitory effect of galvanic corrosion in
the aluminum. This inhibition of corrosion on the IMCs leads to a
comparatively low corrosion rate for the AlsFe, phase. In this scenario,
instead of growing along the AlsFep/Fe interface, the micro-cracks
prefer to propagate into the AlsFep phase due to the lower Kjc of
AlsFes when compared to the Fe matrix. Relative to the Al matrix with
micro-cracks and micro-holes, the structural resistance to shear defor-
mation within the IMCs is higher. Therefore, the frequent large stress
drops were not observed on the stress-strain curves for the pillars after
72 cycles of corrosion (Fig. 8 a). Eventually, the micro-cracks propagate
along the shear direction in the AlsFey phase, due to the low shear
modulus [70]. Similar to the moderate corrosion condition, fractures are
observed at the Al/IMC interface for the Al/steel RSW joints under the
severe corrosion condition in the macro-scale lap-shear test, which will
be investigated in our future study.

5. Conclusions
The present work comprehensively investigated the effects of weld-

ing heat input on the formation of IMCs, corrosion mechanism, and
micro-crack initiation and propagation in Al/steel RSW joints. The
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Table 3
The predicted Kjc values (MPa /m) of Al, Al;5Fe4, AlsFe, and Fe in comparison
with experimental values.

Compounds  Predicted K¢ Experimental K¢ References of

values data experiments
Al 29.1 30-35 Niu et al. [41]
Aly3Fey 24.0 1.4 Windmann et al. [60]
AlsFe, 15.0 0.9 Windmann et al. [60]
Fe 112.4 120-140 Niu et al. [41]
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corrosion potentials of Al, Fe, AlsFe,, and Al;sFe,4 were calculated by the
Nernst equation. The in-situ compression was applied to investigate the
compression mechanical properties and deformation behavior of the
pillars under different heat inputs and corrosion conditions. The results
are summarized in the following:

1. Galvanic corrosion first occurred at Al (next to Al3Fey), then AlsFey
(adjacent to steel) in the salt spray corrosion. Corrosion potential
simulations for Al, Al;sFe4, AlsFes, and Fe indicated that IMC phases
can cause local potential differences, leading to localized galvanic
corrosion on Al and AlsFe,.
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2. The high welding input reduced the corrosion resistance of the Al/
steel RSW joint, due to the thick IMC layer and high residual stress at
the interface. High welding energy promoted the formation of AlsFe,
and AljsFe4 at the Al/steel interface and AljsFes in the Al matrix,
which accelerated the corrosion of Al. The higher residual stress also
increased the SCC susceptibility of the high welding energy region.

3. Compared to the middle welding energy region, corrosion had a
more significant influence on the compression properties of the high
welding energy region. The average yield stress of pillars from the
high welding energy region decreased from 1161 MPa to 912 MPa
after 72 cycles of corrosion, while the middle welding energy region
is similar after corrosion.

4. Three crack initiation and propagation mechanisms were proposed
under different conditions. The IMC phases showed significantly
lower Kj¢ values than AA6022 and HSLA340, leading to crack initi-
ation. Under before or minimal corrosion conditions, cracks initiated
and propagated in the IMC layer in the shear direction. Under the
moderate corrosion condition, cracks propagated at the Al/IMC
interface. The fracture of the pillar under the severe corrosion con-
dition was due to both cracks propagating at the Al/IMC interface
and new micro-cracks initiated in the AlsFe, phase at the IMC/steel
interface.
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