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relationships in laser-welded dissimilar
steel-to-aluminium joints
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J. I. Ahuir-Torres 1, S. Jabar 2 , P. Franciosa2, D. Ceglarek 2 & H. R. Kotadia1,2

This study investigated the corrosion behaviour of dissimilar steel-to-aluminium laser-welded
conduction, and keyhole mode (partial- and full-penetration) lap joints through electrochemical
techniques and advanced microstructural characterisation. The corrosion resistance of the weld was
found to be higher than the basematerials, primarily due to the presence of cathodic FexAly (η-Fe2Al5,
θ-Fe4Al13, β-FeAl) intermetallic compounds (IMCs) with high corrosion potential. The different micro
and macro-galvanic corrosion mechanisms were found at various interfaces around the weld,
resulting in localised pitting corrosion. The keyhole mode welding showed improved corrosion
resistance, primarily attributed to the type, size, and distribution of IMCs.

Steel (Fe) and aluminium (Al) alloys are crucial structural materials widely
used in engineering, with steels known for their versatility, offering good
creep resistance, formability, and high strength at a low cost. On the other
hand, Al alloys provide value in applications requiring light-weighting and
corrosion resistance1,2 Dissimilar joints between steel and Al alloys are vital,
particularly in transport industries aiming to reduce overall weight without
compromising safety. Nevertheless, challenges have arisen in dissimilar
metal welding due to the inherent differences in the properties of the two
metallic alloys that require welding together3. Physical properties play a
direct role in shaping the fusion zone and the subsequent rapid solidification
characteristics. Furthermore, solubility and differences in melting tem-
perature have an impact on the weld pool, defects, and the formation of
intermetallic compounds (IMCs)4. This can have a substantial effect on the
properties and structural integrity of the welded joint.

Fusion joining processes involving steel andAl lead to the formation of
brittle IMCs, including η-Fe2Al5, κ-Fe3Al, θ-Fe4Al13, γ-FeAl3, and β-FeAl at
the interface and in the weld pool2,5,6. In the literature, researchers exten-
sively studied IMCs, their nucleation and growth2,7, types4, the influence of
different alloying elements8, and the assessment ofmechanical properties9,10.
IMC formation is influenced by chemical potential, initial interdiffusion
nucleation conditions, and constituent elementmobilities, which vary based
on the welding process and alloy chemistry. Therefore, understanding the
dissimilar weld characteristics is essential, as they are strongly correlated
with the heat and mass-transfer process within the evolving melt-pools.
Then, comprehending the underlying physical mechanisms related to
interface formation, dissimilar (liquid) metal mixing, and solidification
within the weld pool can facilitate the development of mitigation strategies
against the formation of poor-quality dissimilar welded joints10. On these

topics, recent studies suggest that optimising laser processing parameters
can yield a uniform layer of η-Fe2Al5 IMCs at the interface between Fe- and
Al- rich regions, free from problems like hot and cold cracks, ultimately
contributing to improved strengths of up to 4 kN (105.3 N/mm2)11.

Furthermore, understanding the corrosion behaviour of dissimilar
welds is crucial, particularly given that the joining of two metals can
heighten susceptibility to galvanic corrosion (GC) due tomicro-segregation
and formation of IMCs during dissimilar metal fusion welding, along with
the creation of a heat-affected zone (HAZ). Corrosion typically initiates at
the welding boundary and manifests as localised attacks around the IMC
and precipitation phases at the interface and within the weld12,13 In general,
dissimilar metals, IMCs, and heterogeneity in chemical composition lead to
different corrosion potentials when they come into contact with a corrosive
environment, GC occurs once certain kinetic conditions are met. However,
the precise mechanisms governing the localised initiation and propagation
of corrosion at different interfaces of steel to Al laser-welded joints remain
incompletely understood.The rapid solidificationand thermal cycles during
laser welding affect different parts of the joints, leading to significant var-
iations in the microstructure and properties of the resultant joint4. Addi-
tionally, alterations in laser welding parameters substantially influence weld
geometry, IMC types, and distributions14–16 resulting in varied electro-
chemical responses in different zones.

Therefore, this research aims to uncover the corrosion mechanisms at
different interfaces of dissimilarmetal laserwelding, including the impact of
weld geometry (conduction and keyhole mode) and IMC distribution. The
study selected an overlap configuration of IF steel to 1050Al alloy, achieving
three weld shapes by adjusting laser beam welding (LBW) parameters,
primarily the core laser power while maintaining a constant laser welding

1School of Engineering, Liverpool John Moores University, Liverpool, UK. 2WMG, University of Warwick, Coventry, UK. e-mail: sharhid.jabar@warwick.ac.uk;
h.r.kotadia@ljmu.ac.uk

npj Materials Degradation |           (2024) 8:105 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00517-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00517-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00517-y&domain=pdf
http://orcid.org/0000-0002-3160-0223
http://orcid.org/0000-0002-3160-0223
http://orcid.org/0000-0002-3160-0223
http://orcid.org/0000-0002-3160-0223
http://orcid.org/0000-0002-3160-0223
http://orcid.org/0009-0007-2313-2793
http://orcid.org/0009-0007-2313-2793
http://orcid.org/0009-0007-2313-2793
http://orcid.org/0009-0007-2313-2793
http://orcid.org/0009-0007-2313-2793
http://orcid.org/0000-0003-0788-4673
http://orcid.org/0000-0003-0788-4673
http://orcid.org/0000-0003-0788-4673
http://orcid.org/0000-0003-0788-4673
http://orcid.org/0000-0003-0788-4673
mailto:a4.3d
mailto:a4.3d
www.nature.com/npjmatdeg


speed. Electrochemical analysis techniques, including electrochemical noise
with asymmetrical system, potentiodynamic polarisation curve, and elec-
trochemical impedance spectroscopy, were applied to test the three welds
and a non-welded area in saltwater with varying immersion times for
electrochemical impedance spectroscopy. In-depthmicrostructural analysis
before and after the corrosion tests were also performed. The electro-
chemical andmicrostructural results confirmed diverse GCmechanisms at
different interfaces of dissimilar welds and highlighted the role of weld
microstructures from the perspective of pitting corrosion initiation. The
outcomesof the studyoffer valuable insights into theGCof steel (Fe) toAl in
the context of the weld.

Results
Pre-corrosion weld microstructure
Theweld cross-sections, displayed in Fig. 1 via opticalmicroscopy andSEM,
demonstrate the presence of three distinct weld types, encompassing both
conduction and keyholemodes (partial and full penetration). Observing the
microstructure of these cross-sections, variations in weld geometry are
apparent, primarily due to differences in weld penetration depth andwidth.
The classification of welds is based on the aspect ratio, calculated as the ratio
of weld depth to weld width. A ratio of ≤1.0 corresponds to the conduction
mode,whereas ratios above1.0 signify the keyholemode11. These differences
inweld penetration can be attributed to the varying power levels of the laser,
with higher power densities facilitating deeper weld penetration into the Al
sheet11.

Figure 2 illustrates the distinctive (liquid) metal mixing characteristics
of each of the three weld pools, leading to the formation of FexAly IMCs.
Notably, the conduction mode weld (Fig. 2a) exhibits a thin continuous
IMC layer at theAl/weld interface, primarily due to limitedmixing of the Fe
and Al elements. Conversely, in the keyhole modes (both partial and full
penetration), the greater fluid-flow lead to a higher degree of mixing (of Fe
and Al) which resulted in a different distribution and volume of IMCs
within the weld. This phenomenon is clearly evident through the SEM-EDS
maps and line scan data displayed in Fig. 2. Based on varying compositions
of Fe and Al, different types of FexAly IMCs are observed: β-FeAl at 20-30
wt.% Al, η-Fe2Al5 at approximately 55 wt.% Al, and θ-Fe4Al13 at Al con-
centrations exceeding 60 wt.%. Analysis of the line-scan data (Fig. 2e–g)
allows for the identification of various IMCs (Fig. 2d) based on changes in

elemental concentration. In the conduction mode weld (Fig. 2e), distinct
layers of β-FeAl, η-Fe2Al5, and θ-Fe4Al13 are discernible. The partial
penetration keyholemode η-Fe2Al5 IMC layer was low or absent and the θ-
Fe4Al13 IMCwas foundwell distributed throughout theweldsAl-rich fusion
zone (Fig. 2f, g).Moreover, keyholemodewelding has revealed the presence
of micro-cracks and defects within the weld and in proximity to the gap
between the sheets (seeFig. 1). TheHAZvaries significantly from the steel to
the Al-side, including the formation of FeAl3 eutectic phase through solid-
state Fe diffusion into the Al (Fig. 1).

Electrochemical evaluation
AEN (Asymmetric Electrochemical Noise). Figures 3a, b present the
open circuit potential (OCP) and zero resistance ammeter (ZRA) results
with immersion times in 0.6MNaCl solution, respectively. It is known that
OCP and ZRA fluctuate with time as a result of corrosion evolutions such as
pitting initiation, pitting propagation, and repassivation17–19. The region
whereOCPoscillation occurred at the early stage of themeasurementwould
be associatedwith pitting propagation and theOCPoscillationwas observed
for all cases, indicating passivity loss leading to pitting initiation. The OCP
results indicate a decrease in the potential of all samples after 2000 s of
immersion, which could be attributed to the formation of oxide layers on the
samples, subsequently reducing their nobility20. Subsequent to this period,
the potential values were observed to remain stable, indicative of the
establishment of a steady thermodynamic corrosion system17. Notably, the
similarity in sample potential values suggests that the weld minimally
impacted the thermodynamic stability of the system during the two-hour
immersion period.

In Fig. 3b, the ZRA result demonstrates a decrease in current density
across all samples over time, reflecting a stable kinetic system. Particularly,
the non-welded steel to Al interface exhibited a significant reduction in
current density compared to the welds, suggesting the presence of oxides
and their inhibitory effect on oxidative element access (e.g., water and
oxygen) to the exposed materials20,21. Conversely, the presence of cracks,
IMCs, and voids in thewelds hindered the stability of the native passive film
on the surface22. Additionally, all welds displayed a lower current density
than thenon-welded regions, indicating reducedchemical activity due to the
formation of an intermediate alloy between steel and Al19,23,24. The presence
of η-Fe2Al5 IMCmitigates the detrimental cathodic effect of IF steel on the

Fig. 1 | Overview of the conduction and keyhole
mode dissimilar weld microstructures. Optical
micrographs a conduction, b partial penetration
keyhole and c full penetration keyhole mode.
Arrows in figures b and c indicate the presence of
micro-cracks and defects. SEM images displaying
the heat-affected zone (HAZ) and IMCs.
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1050 Al alloy. This occurs because η-Fe2Al5 exhibits a higher corrosion
potential (−0.35 V vsAg/AgCl) compared to the steel (−0.5 V vsAg/AgCl).
This difference in potential leads to the galvanic oxidation of IF steel by η-
Fe2Al5, thereby reducing the steel’s ability to act as a cathode relative to the
Al.This phenomenonalignswithobservations reportedbyDeGraeve et al.25

and Lemmens et al.26 on coated steel. While FeAl3 also has a cathodic effect
on theAlmatrix, its negative impact is likely less significant due to its similar
potential to steel (−0.505V vs Ag/AgCl)27.

Thenon-welded samplehad the highest current density, followedby full
penetration keyhole, conduction mode, and finally partial penetration

keyholewelding (which exhibited the lowest). This order reflects the type and
distribution of IMCs formed. The cathodic nature of θ-Fe4Al13 (≈−0.5 V vs
Ag/AgCl), relative to the Al alloy (≈−1V vs Ag/AgCl)22,26, drives accelerated
corrosion. Therefore, the reduction of θ-Fe4Al13 in partial penetration key-
holewelding explains its lower currentdensity. In contrast,β-FeAl (≈−1Vvs
Ag/AgCl)28) has a similar potential to the Al alloy, resulting in a negligible
impact on corrosion resistance.

AEN features (e.g., current density root mean square, asymmetric
electrochemical noise resistance, and localised index) of the samples are
listed in Table 1. The current density root mean squares (IR.M.S.) were

Fig. 2 | SEM-EDS chemical maps showing the metal mixing between Fe and Al. Showing the a conduction, b partial penetration keyhole and c full penetration keyhole
mode welds, with corresponding line-scans – e–g, respectively. High resolution SEM-BSE image of IMC types is shown in d.

Fig. 3 | AEN testing results. Samples were
immersed for 2 hours in 0.6 M NaCl: a OCP
and b ZRA.
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calculated with Eq. (1)22.

IR:M:S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i Ii

2

N

s

ð1Þ

Where, Ii is the current density permeasurement andN is themeasurement
number. The samples had similar IR.M.S. with one another. The same
behaviour was observed for asymmetric electrochemical noise resistance
(RAEN), being estimated with Eq. (2)29.

RAEN ¼ σE
σI

ð2Þ

Here, σE and σI were potential and current density standard deviations,
respectively. All samples showed a mixed corrosion mechanism (localised
and general) as showing the localised index (L.I.), whichwas calculatedwith
Eq. (3)23.

L:I: ¼ σI
IR:M:S:

ð3Þ

For values≥ 0.1, the corrosion process is localised; between 0.1 to 0.01, it is
mixed; and for values less 0.01 it is general. The breakdown of the passive
film on the metal surface exposes the underlying metal to the corrosive
environment, initiating simultaneous anodic and cathodic reactions. This
concurrent occurrence of metal dissolution (anodic) and reduction reac-
tions (cathodic) is characteristic of a mixed corrosion mechanism23.

PPC (Potentiodynamic Polarisation Curves). Figure 4 illustrates the
PPC results. Most of the samples exhibited distinctive cathodic and
anodic branches. All samples had a horizontal curve at low potential
(≈−1.1 V vs Ag/AgCl3 M KCl) due to the evolution of the water and
oxygen25. The vertical curve of the cathodic branch showed a reduction
reaction controlled by diffusion21,23,30,31. Furthermore, all of the welded
samples presented fluctuation of the cathodic branch due to the activa-
tion and deactivation processes. The fluctuations observed are likely due
to metastable pitting events caused by the AlxFey IMC present within the
Al matrix. This IMC, being anodic with respect to the surrounding
matrix, acts as a preferential site for localised corrosion initiation. The
breakdown and repassivation of the passive film on these IMC particles
lead to observed fluctuations in the electrochemical signal22,32,33. The only

exception was the full penetration keyhole mode welding. The horizontal
curve of the anodic branch signified the high activity of the oxidation
reactions21,31. The partial penetration keyhole mode welded sample
however demonstrated a different PPC shape characterised by inclined
curves, indicatingmixed control for cathodic and anodic reactions31. This
variation in corrosion performance can be attributed to the weld com-
position. Specifically, lower quantities of θ-Fe4Al13

34 and the increased
presence of finer IMCs21 reduce the overall chemical activity of the joint.
Thismitigates the negative impact of the decreased anodic effect on theAl
matrix. While θ-Fe4Al13 significantly accelerates corrosion, the influence
of β-AlFe on the 1050 Al alloy is minimal. Further, η-Fe2Al5 can reduce
the IF steel’s cathodic effect on theAl26. Note that η-Fe2Al5 and β-AlFe are
present in all welded samples. The keyhole partial and full penetration
samples exhibited fluctuations in the anodic branch of their polarization
curves. These fluctuations are also attributed tometastable pitting events,
but in contrast to the previous case, they are caused by the presence of
IMCs with a cathodic effect on the Al matrix, specifically FeAl3, and θ-
Fe4Al13. These IMCs, being cathodic relative to the surrounding matrix,
create localised galvanic couples that can lead to the breakdown and
repassivation of the passive film on the Al, resulting in the observed
fluctuations19,35. Fluctuations in the cathodic branch were absent in both
non-welded and conduction welded samples due to the high suscept-
ibility of the passive film to breakdown, which hinders its re-passivation.
In the non-welded samples, the IF steel exerts an unmitigated cathodic
effect on the Al matrix because of the absence of the η-Fe2Al5 phase. This
increased cathodic influence promotes the breakdown of the passive film,
preventing it from reforming effectively25. In conductionwelded samples,
the increased size and concentration of the FeAl3 and θ-Fe4Al13 IMCs
exacerbate the breakdown of the passive film. The cathodic effect of these
IMCs intensifies with their growing size and volume, contributing to a
more pronounced susceptibility to corrosion21.

The corrosion characteristics fromPPC testing are presented in Table 2.
Comparable corrosioncurrentdensities (Icorr) anddiffusion (Idiff) across three
samples indicated that diffusion processes primarily controlled their corro-
sion rates31. Specifically, for the partial penetration keyholemodewelding, the
Idiff calculation was impractical due to the mixed control of the cathodic
branch. In this case, Icorr emerged as the dominant kinetic factor, therefore,
this sample showed a lower corrosion rate. The observed improvement in
corrosion resistance can be attributed to the reduced cathodic effect of Fe on
Al in the absence of a continuous IMC layer34. The reducing presence of θ-
Fe4Al13 is particularly significant because it directly promotes cathodic
behaviour on the Al surface26. This reduction in chemical activity enhanced

Table 1 | AEN features of the non-welded and welded and samples for 2 hours of immersion in 0.6M NaCl

Sample IR.M.S. (A/cm2) σI (A/cm2) σE (V) RAEN (Ω×cm2) L.I.

Non-welded 1050 Al alloy & IF steel 2.025 × 10-5 2.027 × 10-4 0.120 55.370 0.10

Conduction mode 1.368 × 10-5 7.345 × 10-5 0.349 47.580 0.05

Partial penetration keyhole mode 1.193 × 10-5 1.084 × 10-4 0.085 78.040 0.09

Full penetration keyhole mode 1.635 × 10-5 5.628 × 10-4 0.444 78.930 0.03

Fig. 4 | PPC results. Samples were immersed for
2 hours in 0.6 MNaCl a overall curve and b intersect
area of the anodic and cathodic branch.
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theweld’s corrosion resistance.Theestimationof IcorrwasbasedonTafel lines
interception36. Additionally, the corrosion potential (Ecorr) values for all
samples were nearly identical, differing by less than 0.08 V, emphasising the
welding area only influenced the kinetics of the corrosion. It is important to
note that the passive film breakdown potential was not observed in the PPC
because it coincided with the corrosion potential16,37.

EIS (Electrochemical Impedance Spectroscopy). Evaluation of the
corrosion mechanisms over time was conducted using EIS, illustrated in
Nyquist and Bode plots (Fig. 5). The assessment of corrosion processes at
specific time constants was performed using the equivalent circuit
method. Particularly, distinct corrosion mechanisms were observed
through EIS results across all samples as time progressed (Fig. 5). Con-
sequently, four distinct equivalent circuits were proposed based on the
EIS results to represent the corrosion mechanisms (Fig. 6).

The initial equivalent circuit (Fig. 6a) was constructed based on five-
time constants. The first-time constant appeared as a flat line at the highest
frequency (105 Hz) in the Bode plots of impedance modulus (Zmod) con-
cerning frequency (F). This indicated that this element is a resistance (R1)

38.
The second time constant was observed as a loop at low real impedance
(Zreal) in theNyquist plots, a curvedpattern inZmod vsF, and apeak in phase
angle (θ) concerning F at a high-frequency range (104–105 Hz) in Bode
plots38. This second time constantwas comprised of a parallel resistance (R2)
and a constant phase element (CPE2 and n2) in series with the first time
constant.

The third- and fourth-time constants were depicted using the same
element as the preceding first circuit element, involving R3, CPE3, n3
(third-time constant), and R4, CPE4, n4 (fourth-time constant). These
elements were connected in series with R1, while the constant phase ele-
ments were linked in series with the preceding resistances (R2 with CPE3
and R3with CPE4). Both time constants appeared as flattened loops at the
midpoint Zreal and as rounded peaks at the intermediate frequency range
(10−1–104Hz) inNyquist andBode (θ vs F) plots, respectively. In the other
Bode plot (Zmod vs F), an inclined curve with two slopes from 10−1 Hz to
104 Hz was observed, indicating a significant overlap between the time
constants. Notably, certain EIS plots display a flat or dual peak, signifying
reduced overlap38,39.

The final time constantwas indicated by a negative loop in theNyquist
plot andnegative slopes inbothBodeplots at the low-frequency range (10−2-
10−1 Hz), representing a composite of a resistance (R5) in series with an
inductor (L5) signifying the adsorption-desorption process39. These ele-
ments were in series with R1 and in parallel with the other elements of the
time constant. Notably, this particular equivalent circuit has been observed
in previous literature40.

The second equivalent circuit (Fig. 6b) closely resembled the previous
one, except for the absence of the second time constant. Additionally, a new
time constant of adsorption-desorption (L6 and R6) was introduced, linked
in series with R1 and in parallel with the other elements. This new time
constant, signifying the adsorption-desorption process, manifested as a
pronounced negative loop41. This equivalent circuit has been utilised in
other research studies40.

The third equivalent circuit (Fig. 6c) retained the same resistances and
constant phase elements as the previous equivalent circuit, excluding the
adsorption-desorption time constants (L5, L6, R5, and R6). Another time
constant, namely Warburg impedance, was added in series with R4 to

represent the diffusion process23,38,41,42. This equivalent circuit has been
applied in various other studies17,23,43.

Thefinal equivalent circuit (Fig. 6d)mirrored the preceding equivalent
circuit, but with the addition of the second time constant in a similar
position as in the initial equivalent circuit. This equivalent circuit has been
identified in existing literature40.

The corrosion mechanisms, represented through equivalent circuits,
were observed in the samples based on immersion time and type (Fig. 5),
detailed in Table 3. Variation in the equivalent circuits over immersion time
for the same sample indicated the evolution of the sample’s corrosion
mechanisms over time.

The Bode and Nyquist plot equivalent circuits exhibited a favourable
agreement with the experimental data (Fig. 7), confirmedby acceptable chi-
square values (X2) ranging from 10-3 to 10-2, validating the suitability of the
data simulated with equivalent circuits. R1maintained values aroundΩcm2

for all samples and immersion times, representing the dissolution
resistance44. Other equivalent circuit elements varied over time, displaying
diverse behaviours based on the sample, as outlined in Table 4.

For the non-welded region, the second time constant indicated a
reduction in resistance over time, signifying a decline in corrosion
resistance23.CPE2 fluctuated over time, reducing for 24 hours of immersion
or less, increasing from 24 hours to 72 hours, and then reducing between
72 hours and 96 hours, implying a thickness fluctuation of the corrosion
evolution45. Similarly, n2 revealed fluctuations over time, indicating surface
damage and repair during testing, influenced by the surface condition, with
lower values corresponding to higher roughness or damage43,46. The third
time constant displayed a decreasing resistance (R3) over time, except at
96 hours, where R3 increased. Conversely, CPE3 showed an opposite trend
to R3, suggesting that resistance increments were due to process thickening,
while reductions were related to process thinning45. Similarly, n3 fluctuated
over time similarly to the previous time constant. R4 (fourth time constant)
increased after 24 hours of immersion, remaining constant for longer
immersion times. CPE4 decreased over time, indicating a thickness and
corrosion resistance increase23,45. Notably, n4 remained constant around 1,
over time. Warburg impedance maintained a consistent value around 10-3

Ss-0.5cm-2 for all immersion times, indicating that diffusion processes
remained constant over time40. Overall, this data suggests that the corrosion
resistance of the samples decreases with immersion time from 24 hours to
72 hours, however, slightly higher at 2 hours and 96 hours.

For the conduction mode weld, CPE2 and n2 (second time-constant)
remained stable over time, while R2 decreased, suggesting a reduction in
corrosion resistance without changes in thickness and surface status45. R3
fluctuatedover time,whileCPE3decreased (third time-constant), indicating
an increase in process thickness over time without a clear resistance
increment23. n4 oscillated between 0.7 and 0.8 with immersion time. The
fourth time-constant exhibited fluctuating CPE4, increasing R4 over time,
whilen4 remained approximately 1, indicating corrosion resistance rise over
time for this process. Warburg impedance maintained a constant value
around 2 ×10-6 Ss-0.5cm-2, implying constant diffusion processes over the
immersion time43. Thesefindings suggest an increase in corrosion resistance
in the sample over time.

For the partial penetration keyhole mode weld, CPE2 increased over
time, while n2 decreased (second time constant), indicating thinning and
damage to the second time constant process with time43,47. R2, however,
remained constant over time.R3decreasedover time,whilen3 increased and
CPE3 remained within the range of 10-5 Ss-0.5cm-2 (third time constant),
signifying a decrease in corrosion resistance43 with constant thickness23 and
surface flattening over time43. The element values for the fourth- and fifth-
time constants remained constant over time, with Warburg impedance
similar to that of the other samples. These findings collectively suggest a
general decrease in corrosion resistance but stay tobehigher thanotherweld
samples.

For the full penetration keyhole mode weld, the second time constant
demonstrated a decrease in R2 and CPE2 over time, while n2 remained
constant, this indicates a reduction in corrosion resistance during the

Table 2 | PPC characteristics of the samples

Sample Icorr (A/cm2) Idiff (A/cm2) Ecorr (V)

Non-welded 1050 Al alloy & IF steel 8.032 × 10−6 1.250 × 10−5 −0.671

Conduction mode 1.026 × 10−5 1.545 × 10−5 −0.723

Partial penetration keyhole mode 1.028 × 10−6 – −0.744

Full penetration keyhole mode 6.023 × 10−6 6.103 × 10−6 −0.709
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process43 with an increase in thickness47. Similar trends were observed for
the elements of the third time constant. The corrosion resistance for the
fourth time constant increased over time, evidenced by the reduction in
CPE4 and increase in R4

48. n4 also fluctuated over time, indicating a cyclic

process of surface damage and recovery over time. The diffusion process
remained constant over time, signified by the invariable Warburg
impedance47.R5 remained constant over time, while L5 decreased (fifth time
constant), implying a reduction in the frequencies of the adsorption-

Fig. 5 | Bode and Nyquist plots (EIS Data). For a non-welded 1050 Al alloy/ IF steel areal, b conduction mode weld, c keyhole mode (partial penetration) weld, d keyhole
mode (full penetration) weld, immersed for 2, 24, 48, 72, and 96 hours. Figure e represents the comparative results of all four samples for the 96-hour immersion test.
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desorption process23. This data collectively suggests an increase in corrosion
resistance over time.

Across all samples and immersion times, the resistance R4 was the
primary factor influencing corrosion resistance, with the highest values
offering the best protection. Partial penetration keyhole welding exhibited
the highest R4, followed by full penetration keyhole, conduction mode
welding, and finally the non-welded 1050 Al alloy and IF steel (which had
similar R4 values).

This order reflects the type, shape, and distribution of IMCs. The
absence of a continuous θ-Fe4Al13 layer significantly enhances the R4 of the
partial penetration sample due to the reduced cathodic effect of this IMCon
theAl26.Althoughpresent, the smaller and less numerousθ-Fe4Al13 IMCs in
the full penetration weld also reduce the cathodic effect21,34 A similar effect
occurs with FeAl3 in the HAZ. Finally, the increased η-Fe2Al5 in this weld
configuration may further mitigate the cathodic action of the IF steel,
contributing to its higher R4 compared to conduction mode welding25.
Overall, the presence of IMCs strongly influences the resistance values
obtained from EIS.

The complexity of the equivalent circuit arises from themulti-material
nature of the corrosion system, comprising two materials in non-welded
samples (1050 Al-alloy and IF steel) and three in welded samples (with the
addition of the IMCs in weld). Each material exhibits its own distinct cor-
rosion processes, and interactions between these materials can further
influence the overall electrochemical behaviour. These individual and
interactive corrosion processes, which contribute to the complexity of the
equivalent circuit model, are detailed in the discussion.

Analysis of microstructures in corroded samples
Figures 8 and 9 display a comprehensive SEM and EDS analysis of the
samples post-PPC test exposure. Figure 8 presents a cross-section (side

view) analysis of thenon-welded regionandwelds to facilitate the evaluation
of pitting, depth, and the type of corrosion. These microstructural findings
suggested that thepresence of IMCs in theweld intensify the susceptibility of
the Al to GC, aligning with the electrochemical results. Varied degrees of
micro-galvanic corrosion are observed at different interfaces of the weld
(HAZs atAl- and steel-side,weld-gap), within theweld, and thenon-welded
region.

Figure 12 presents a typical scenario of polygonal corrosion observed
on the Al-side, excluding the weld region. However, when Fe becomes
nobler (more cathodic) than Al, pitting corrosion developed on the Al
surface. The corrosion products on the steel-side are primarily Fe and O
(e.g., Fe2O3), while the Al surface is mainly composed of Al and O oxides
(e.g., Al (OH)3, Al2O3). Within the Al matrix, pitting corrosion initiates
around Fe3Al IMC due to their cathodic nature49–52. In essence, the IMCs
form a galvanic couple with the Al matrix, acting as the cathode and
accelerating the oxidation and dissolution of Al in the surrounding area.
Over time, this process leads to the detachment of IMCs from theAlmatrix,
resulting in the observed pitting53,54. Notably, β-AlFe has minimal influence
on pitting corrosion because its electrochemical potential is similar to that of
theAlmatrix.As a rule,GC is proportional to the difference in the corrosion
potentials of the involved materials32,55.

Around the weld gap, the corrosion product mainly consists of Al, Fe,
and O. This mixed corrosion product includes Fe2O3·nH2O/ FeO (OH)/
Fe(OH)3/FeCl3, and Al2O3/Al(OH)3/AlCl3. Cathodic and anodic reactions
explain in Eqs. (4)–(7)56–59:

Anodic : Fe ! Feþ2 þ 2e� ð4Þ

Anodic : Al ! Alþ3 þ 3e� ð5Þ

Cathodic : 2H2Oþ O2 þ 4e� ! 4OH� ð6Þ

Cathodic : 2H2Oþ 2e� ! 2OH� þH2 ð7Þ

Corrosion product formation reactions explain in Eqs. (8)–(13)56–59:

4FeðOHÞ2 þ O2 ! 2Fe2O3 þ 4H2O ð8Þ

Fe2O3:nH2O $ 2FeO OHð Þ þ n� 1ð ÞH2O $ 2FeðOHÞ3
þ n� 2ð ÞH2O

ð9Þ

FeðOHÞ3 þ 3Cl� $ FeCl3 þ 3ðOH�Þ ð10Þ

2AlðOHÞ3 $ Al2O3 þ 3H2O ð11Þ

Alþ 2H2Oþ 2OH� $ AlðOHÞ�4 þ 3H2 ð12Þ

AlðOHÞ3 þ 3Cl� $ AlCl3 þ 3OH� ð13Þ

The SEM analysis using EDS findings of the weld microstructure
indicates that micro-GC primarily occurs around the coarse cathodic IMCs

Fig. 6 | The equivalent circuits. Schematics equivalent circuits (a–d) proposed using
EIS results to represent the corrosion mechanisms of the samples.

Table 3 | Equivalent circuits of the samples according to immersion time

Immersion time (h) Sample

Non-welded 1050 & IF steel Conduction mode Keyhole mode (partial penetration) Keyhole mode (full penetration)

2 First Third Fourth Second

24 Fourth Fourth Fourth First

48 Fourth Fourth Third Fourth

72 Fourth Fourth Third Fourth

96 Fourth Third Third Third
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like η-Fe2Al5 and θ-Fe4Al13 present at the Al interface. In contrast, during
keyhole mode welding, the η-Fe2Al5 and θ-Fe4Al13 IMC layer is dis-
continuous along the Al/weld interface, with coarse IMCs primarily con-
centrated near the gap between the sheets. This region exhibits large pitting.
In the case of the full penetration mode weld, the IMCs are distributed
throughout the weld without a continuous layer, resulting in improved
corrosion resistance and the occurrence of individual pitting in specific
locations. The large area fraction of the cathodic element (η-Fe2Al5 and θ-
Fe4Al13) encourageGC

56.Moreover, thewelds exhibit significant variations in
chemical composition within each weld and across the three different welds.
Additionally, these welds display defects such as solidification and cold-
cracking,which further contribute to localised corrosion5. Regions at theweld
pool bottom, where IMCs are coarser, exhibit deeper pitting compared to
areas of finer IMCs. Additionally, weld cracks, common at the weld pool

bottom or near the gap, can further accelerate localized corrosion by serving
as pitting initiation sites5. This is attributed to the cracks providing a pathway
for corrosive agents to reach theunderlyingmetal.Additionally,withinwelds,
GC was observed, leading to the dissolution of the matrix around the IMCs.

Numerouspits arevisible in theHAZsonboth theAl-andsteel- sides.The
sizeof thepits isnotably largerontheAl-sideof theHAZ,suggesting that theAl-
sideHAZexhibits theweakest pitting corrosion resistance among all threeweld
samples. The pitting was concentrated around the eutectic FeAl3 region within
the primary Al grains. On the steel-side of the coarse-grained HAZ, the
initiation of pitting corrosion is primarily attributed to the altered ferritic
microstructure, the accumulation of dislocations, and the presence of residual
stresses, all of which serve as nucleation sites for pitting corrosion. θ-Fe4Al13
accelerates IF steel corrosion due to its significantly higher electrochemical
potential25.

Fig. 7 | Comparison (equivalent circuit and experimental results) of Bode andNyquist plots.Utilising equivalent circuit and experimental results for a non-welded 1050
Al alloy/IF steel area, b conduction mode weld, c keyhole mode (partial penetration) weld, and d keyhole mode (full penetration) weld.
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Discussion
The corrosion attributes of dissimilar metal welds are notably affected by
different microstructural characteristics, encompassing the type, size, and dis-
tribution of IMCs, chemical segregation, HAZ, and any existing defects. The
findingsmentioned in the results indicate anasymmetric response in corrosion
resistance at different interfaces of the weld microstructure, suggesting the
presence of distinct corrosion mechanisms over time, as discussed below.

Based on the findings from electrochemical tests and microstructural
analysis, it was observed that localised corrosion around the coarse needle-
shaped directionally grown η-Fe2Al5 and θ-Fe4Al13 IMC is more pro-
nounced, particularly when it forms a continuous layer in the Al-side
(conduction mode). The potential difference between the IMC (cathodic)

andAl (anodic) leads toGCand the developedextensive, continuous pitting
along the Al/weld interface49–52 η-Fe2Al5 mitigates the harmful cathodic
effect of IF steel on the Al matrix, thereby enhancing corrosion
resistance25,60. This stands in contrast to the surfaceof theweld or the various
distributions in the keyhole (partial and full penetration)modewelds. IMCs
with cathodic effects promotes the breakdown of the passive film of the Al,
producing a passive breakingfilm equal to corrosion potential61. This is only
observed in thePPCanodic branch. Thus, the absences of thefluctuations in
the cathodic branch for full penetration keyhole mode welding, indicates
that this weld reduces the anodic effect of the IMCs in the matrix.

Both the conduction and full penetration welds displayed a corrosion
mechanism primarily governed by diffusion, as indicated by the similar

Fig. 8 | Microstructural images after PPC analysis.
Schematic diagram of weld with region a of analysis
(1 –non-welded area, 2 –Al/weld interface, 3 –HAZ
Al-side, 4 –HAZ steel-side, 5 – within weld, 6 – gap
between the sheets), b non-welded area,
c conduction mode weld, d keyhole mode (partial
penetration) weld, and e keyhole mode (full pene-
tration) weld. High-magnification microstructures
(2–6) are included with each weld.

https://doi.org/10.1038/s41529-024-00517-y Article

npj Materials Degradation |           (2024) 8:105 10

www.nature.com/npjmatdeg


values of Icorr estimatedusingAEN(Table 1) andPPC(Table 2). Specifically,
AEN analyses are associatedwith reduction reactions62. The low fractions of
cathodic areas (IMCs and Fe) restricted oxygen access to these zones,
resulting in a diffusion-controlled corrosion61. However, the partial pene-
tration keyhole mode weld was an exception due to the mitigation of Fe
cathode effects on theAlmatrix (η-Fe2Al5 effect on IF steel) and the absence
of a continuous IMC layer. This led to a mixed control mechanism and a
dissimilarity in Icorr compared to the IR.M.S.. These features were also
responsible for its lowest Icorr. Subsequently, the full penetration keyhole
mode weld demonstrated the next lowest Icorr due to the presence of a
sufficient course η-Fe2Al5 and θ-Fe4Al13 IMCs. Icorr of the conductionmode
weldingwas comparable to that of the non-welded region because of the low
penetration that does not permit Fe cathodic effect mitigation. It is
important to note that Icorr was inversely proportional to R4 (Table 2),
validating the results due to their relation63.

In the case of the interface between the weld and HAZ, the weld’s
higher potential acts as the cathode, while the HAZ area’s lower potential
acts as the anode. Pitting initiation on the Al-side HAZ originates from
FeAl3, an IMC formed through solid-state diffusion during the welding
process. The pitting within the steel HAZ is primarily ascribed to changes
in grain size, the presence of defects, dislocations, residual stresses5, and η-
Fe2Al5 cathodic effect

25. The count of pits is greater within this area, and
they are comparatively shallower when compared to those on the Al-side
of the HAZ. This indicates the formation of the metastable pitting (acti-
vation-passivation cycling) on the steel-sideHAZ. This was appreciated as
the fluctuations over the time of the voltage (OCP) and current density
(ZRA) (Fig. 3). The fluctuations on the PPC cathodic branch (Fig. 4) were
also caused by thesemetastable pitting. Significant pitting was observed in
the non-welded region of the Al sheet. These observations distinctly
suggest the formation of a galvanic cell between the steel and Al sheets,
with the Al experiencing anodic attack and the steel being shielded
through cathodic polarisation5. The presence of this galvanic cell is further
supported by the high chemical activity of the anodic branch (PPC,
Fig. 4)5.

In the non-welded region, two corrosion mechanisms were observed:
one at 2 hours and another at 24 hours ormore of immersion (Fig. 10). The

2-hour mechanism involved processes such as passive film of the 1050 Al
(second-time constant/ CPEf, nf, and Rf), oxidation products of the IF steel
(third time constant/ CPEoxi, noxi, and Roxi), adsorption-desorption process
of the steel (fifth time constant/ RadIFsteel and LadIFstee), and bared materials
(fourth time constant/CPEdl, ndl, and Rct). The passive film is a typical
element on Al (alloys)64. The SEM images revealed the presence of an
oxidised layeron the steel (Fig. 8b). The electrochemical interactionbetween
Al and steel influenced the formation and behaviour of the passive film,
while the deposition of oxidation products from Al contributed to the
oxidation processes occurring on the steel surface34. The adsorption-
desorption process, stemming from the chemical reaction between hydro-
xide ions (OH-) and Fe, as shown in Eqs. (14) to (16), diminished in activity
after 24 hours20,39:

FeþH2O ! FeOHad þ e� þHþ ð14Þ

Fig. 9 | SEM-EDS analysis of weld after PPC test. Showing a conduction mode, b keyhole mode (partial penetration), and c keyhole mode (full penetration).

Fig. 10 | Evolution of corrosion mechanisms over time for non-weld area. Evo-
lution over time of the non-welded 1050 Al alloy and IF steel region in 0.6 M NaCl:
At 2 hours, the corrosion mechanism included the passive film of the Al, the Fe
oxidised layer, the adsorption-desorption process, and exposed material. The
adsorption-desorption process was replaced by the diffusion process after 24 hours.
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FeOHad ! FeOHþ
ad þ e� ð15Þ

FeOHþ
ad þ Hþ ! Feþ2 þ H2O ð16Þ

Theadsorption-desorptionprocesswas replacedby adiffusionprocess.This
process was observed to create cracks in the steels oxidised layer (Fig. 8b).
Diffusion processes occurred due to pitting on the Al and the presence of
cracks on the steels surface during longer immersion times23, with the Fe’s
cathodic effect promoting the formation of pits65. The main disparity in the
corrosionmechanisms at≥24 hourswas an increase in corrosion resistance,
attributed to the accumulation and thickening of the oxidised product layer
on the surfaces34.

The corrosion system’s complexity arises from the two materials’
distinct chemical reactions with the environment. Al forms a compact
passive film upon oxidation, while IF steel develops a heterogeneous oxi-
dised layer prone to defects like porosity and cracks. This inherent dis-
similarity in electrochemical behaviour between the Al passive film and the
steel oxidised layer manifests in the EIS results. Notably, the adsorption-
desorption process, driven by hydroxide-iron reactions, is exclusive to steel
in neutral environments and absent in Al. Beyond individual material
contributions, interactions such as galvanic corrosion and the generation of
chemical products that react with other material further influence EIS
outputs, reflecting the complex relationship of corrosion processes within
the system.

The corrosion mechanism of the conduction mode weld during EIS
testing evolved over time, revealing two distinct phases (Fig. 11). Initially, at
2 hours of immersion, the mechanism primarily involved the formation of
oxidation products on both the Al passive film and IF steel surfaces, along
with exposure of bare substrate material, and diffusion processes. The
cathodic effect of IMCs within the weld, combined with the cathodic
influence of the IF steel, significantly reduced the protective capacity of the
Al passive film, leading to extensive pitting around the weld/Al interface
(Fig. 8c)52,65–69. The reduced size of cathodic zones due to theweldingprocess
limited the ability of the oxygen and water for reduction reaction, thereby
promoting diffusion processes. The welding process generates cathodic
IMCs andmodified electrochemical activities of IF steel. These phenomena
lead to the reduction of the cathodic area. The absence of adsorption-
desorption processes on the IF steel surface is likely due to microstructural
and chemical changes caused by welding, which reduced the steel’s affinity
for hydroxide ions.

Between 24 and 72 hours, the corrosion mechanisms mirrored those
observed in non-welded regions at the same immersion times. This is due to
the corrosion and detachment of IMCs in saltwater, leading to a decrease in
their cathodic effect on the Al matrix. This allowed for the formation of a

passive film on the Al surface, although pitting was still observed in the Al-
side HAZ due to the remaining cathodic influence of the IF steel34,40.

At 96 hours, the corrosion mechanism resembled that of the initial
2-hourperiod,with thepassivefilm compromised.The affinity ofAl2O3 and
Al(OH)3 for Cl

- ions, coupled with the ongoing cathodic effect of the steel,
contributed to the dissolution of the passive film and the exposure of new
cathodic IMCs22,70. This led to further damage and impairment of the Al
passive film.

The partial penetration keyhole mode weld exhibited a corrosion
mechanism that evolved over time, characterised by two equivalent circuits
(see Fig. 12). The initial corrosion mechanism observed within 24 hours of
immersion, characterised by the formation of an Al passive film, an IF steel
oxidised layer, IMC diffusion, and exposed bare substrate, resembled the
mechanism found in the conduction mode weld between 24 and 72 hours.
The lack of a continuous layer and the small size of IMCs promoted the
formation of a passive film on the Al, reducing the material’s chemical
activity to form pitting at the Al/weld interface (Fig. 8d). The diffusion
processes (first 2 hours of immersion) were affected by the discontinuous
distribution and small size of IMCs, while at 24 hours, pitting also con-
tributed to diffusion impedance40. This pitting was visible in the Al HAZ
(Fig. 8d). By 48 hours of immersion, the corrosionmechanisms observed in
the keyhole samples mirrored those found in the conduction mode weld at
96 hours, primarily consisting of an IF steel oxidised layer, diffusion pro-
cesses, and exposed barematerial. Similar to the conductionwelded sample,
the degradation of the Al passive film’s protective capacity was driven by its
affinity for chloride ions, the cathodic effect of the IF steel, and the exposure
of new cathodic IMCs.

The corrosion mechanism evolution in the full penetration keyhole
mode weld exhibited more changes compared to other samples, consisting
of four corrosion mechanisms (Fig. 13). The initial corrosion mechanism
(2 hours of immersion) included oxidation products of the IF steel, bared
materials, Fe, and IMCs adsorption-desorption processes (sixth time con-
stant/ RadIMC and LIMC). The higher welding penetration resulted in an
increasednumber of Fe-bearing IMCs (without continuous layer) capable of
undergoing adsorption-desorption processes. The intensity of corrosion
process outputs inEISdirectly correlateswith the concentrationand severity
of these processes within the system. Process concentration is proportional
to the areas where the process occurs. Therefore, the increase in the number
and size of Fe-bearing IMCs made the IMC adsorption-desorption process
visible in EISmeasurements. The presence of IMCs hindered the formation
of a protective passive film on the Al portion65, and the increase in the size
and concentration of the IMCs further exacerbated this hindrance. Over
time (24 hours), the effectiveness of the adsorption-desorption process
reduceddue to IMCoxidation, reducing the cathodic effect of IMCs34,40, thus

Fig. 11 | Evolution of corrosion mechanisms over time in the conduction
mode weld. In 0.6 M NaCl: Initially, at 2 hours, the corrosion mechanism included
the oxidised layer, the diffusion process, and exposed material. Between 24 and

72 hours, the passive film process was added to the corrosion mechanism. At
96 hours, the mechanism remained similar to that at 2 hours.
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allowing the formation of the Al passive film and the elimination in EIS of
the IMCs adsorption-desorption process. Therefore, the corrosion
mechanismobserved at 24 hours in thekeyhole samplesmirrored that of the
non-welded regionat 2 hours, primarily comprising anAlpassivefilm, an IF
steel oxidized layer, an iron adsorption-desorption process, and exposed
bare material. Similar to the partial penetration keyhole mode weld, the
corrosion mechanisms of this sample evolved through the generation of
diffusion processes (pitting and crack formation) and the absence of the
adsorption-desorption process (oxidation of Fe) during longer immersion
periods (48–72 hours) (corrosionprocesses;Al passivefilm, IF steel oxidised
layer, pitting and crack diffusion and, bare materials). At 96 hours, the
corrosionmechanismmirrored that of thewelded samples (IF steel oxidised
layer, crack and pitting diffusion and, bared materials). The corrosion and
detaching of the IMCswere observed in Fig. 8e as oxidised areas with cracks
and pitting.

The differing evolution of corrosion mechanisms among the samples
was influenced by both the welding penetration depth and the type and
distribution of IMCs generated during welding.

In conclusion, this study highlights the varying corrosion behaviours
observed across different interfaces of the dissimilar weld. The Al/weld
interface exhibited significant susceptibility to GC due to the continuous
layer of η-Fe2Al5 and θ-Fe4Al13 IMCs, which acted as cathodic sites, leading
to the dissolution of the surrounding Al matrix (anodic). Deep pitting was
prominent in theAl-sideheat-affected zone (HAZ), initiated byFeAl3,while

the steel-side HAZ displayed shallow pitting primarily due to micro-
structural changes. Additionally, defects such as cracks around the gap
between the sheets andwithin theweldwere also prone to corrosion.Within
the weld, changes in composition and the formation of cathodic IMCs
contributed to GC. The weld size and IMC distribution significantly
influenced GC in dissimilar metal welding. Most samples exhibited corro-
sion controlled by diffusion in the cathodic branch and high activity in the
anodic branch, with the partial penetration keyholemodewelding being the
only exception, displaying mixed control for both branches. Corrosion
mechanisms evolved over time due to changes in weld microstructure.
However, after 96 hours, all welded samples showed similar corrosion
mechanisms, with corrosion resistance improving over time due to the
accumulation of oxidation products on the surface.

Methods
LBWwasperformedon the IF steel (Fe) (1mm) to the 1050 aluminium (Al)
alloy (3mm), in an overlap configuration with the steel on top. In the
current study, lean alloys were selected rather than multicomponent alloys,
which allows a clear insight of the welding phenomena and IMC formation.
This insight holds relevance for commercial alloys like mild steel (MS),
Dual-phase (DP) steel, and 5xxx and 6xxx series wrought Al alloys
employed in automotive applications. Coupons of 120mm in length and
38mm inwidthwere used for the LBWprocess. Bothmaterials did not have
any coating (i.e., not galvanised) and were cleaned of any contaminations

Fig. 13 | Evolution of corrosion mechanisms over time of the full penetration
keyhole mode weld. In 0.6 MNaCl: The corrosion mechanism for 2 hours involved
the oxidised layer, exposed material, intermetallic compounds (IMCs), and the Fe
adsorption-desorption process. The IMCs adsorption-desorption process was

replaced by the passive film process at 24 hours. The diffusion process then replaced
the adsorption-desorption process in the corrosionmechanism at 48–72 hours. The
passive film disappeared from the corrosion mechanism at 96 hours.

Fig. 12 | Evolution of corrosion mechanisms over time of the keyhole mode
(partial penetration) weld. In 0.6 M NaCl: The corrosion mechanism for 24 hours
or less comprised of the passive film, oxidised layer, diffusion process, and exposed

material. The passive film was absent from the corrosion mechanism after 48 hours
of immersion.
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using acetone prior to welding, chemical compositions of the materials can
be found in Table 5. An adjustable ring-mode (ARM) laser was used for the
process, which consisted of two 5000W lasers (core and ring), Fig. 14 shows
the setup for the LBW process. To achieve the different welding modes,
three power combinations were used which are listed in Table 6. The
welding speed, focal offset and ring power of the ARM laser were kept
consistent between the ‘three’ weld types. More detailed studies about the
effect of processing parameters on the weld microstructure can be found in
previous research by the authors11,15. The lap shear test (load vs extension)
results are presented in Fig. 15, according to the ISO 4136:2022 standard71,
conducted on an Instron 30 kN tensile testing machine.

Electrochemical analyses were conducted in the non-welded region
and in the three welds (conduction, partially penetrated, and fully pene-
trated keyholemode). Each test was repeated at least three times per sample
to confirm the results. The analyses were performed using a potentio/gal-
vanostat device (Interface1010E) and were managed through the Gamry
framework software. The data analyses were performedwithGamry Echem
analysis software. The testingwasdoneusing three electrode cells, being 3M

KCl silver/silver chloride (3MAg/AgCl) as reference electrode with double
junction (EDT direct ion limited), a platinum wire with a diameter of
0.7mm (Cooksonglod Heimerle+Meule Group) as the counter electrode
while the samples were the working electrodes.

The laser-welded joints, and the non-welded plates were used as
samples. It is important to note that the non-welded samples consisted of a
1050 Al-alloy and IF steel. To prepare for electrochemical testing, cross-
sections were taken from the centre of the laser-welded samples. This
ensured accurate results by avoiding irregularities often present at the
beginning and end of a weld. The cross-sections were 5mm thick and
mounted in epoxy resin (VersoCit, Struer) to prevent crevice corrosion.
After mounting, the samples (both welded and non-welded) were ground
with P80 grit SiC paper to remove excess resin from the test and electrical
contact areas. To achieve a smooth surface for testing, they were then
polished with P400 and P1200 SiC paper, followed by 3 μm polycrystalline
diamond paste. After the polishing process, the samples were kept for
48 hours to allow the formationof the native passivefilmon the sample. The
samples were firstly cleaned with a commercial detergent and fresh water,
then soaked with distilledwater, lastly, theywere sprayed with iso-propanol
and subsequently dried. A well-defined exposed area was created on each
sample using a punch to generate a hole in electrically insulating tape. To
prevent crevice corrosion, the edges of the hole were then sealed with epoxy
resin (Araldite). The exposed area on all samples was approximately 4mm
(height) × 2mm (width), closely matching the dimensions of the weld zone
(Fig. 16).

For each sample, the exposed area included a similar length of each
metallic alloy, reflecting the thickness of the individual sheets (1mm for IF
steel and 3mm for 1050 Al-alloy). This ensured consistency in the exposed
areas of IF steel and Al across all samples. The immersion depth of the Pt
counter electrode wire was set to the maximum length that wouldn’t cause
polarisation of the samples, thus maintaining their non-corroded potential.

The aggressive environment of the electrochemical assessments was a
0.6M (35 g/mL) sodium chloride (supplied by Merck-Sigma-Aldrich)
solution, naturally aerated, at room temperature. The volume of the
aggressive environment was ≈ 60mL. The electrochemical tests were non-
perturbative (asymmetric electrochemical noise), perturbative with direct
current (potentiodynamic polarisation curve), and alternating current
(electrochemical impedance spectroscopy).

Asymmetric electrochemical noise (AEN) was formed of two non-
perturbative electrochemical testing; open circuit potential (OCP) and zero
resistance ammeter (ZRA) that were conducted at the same time. AENwas
comprised of the reference, counter, and working electrodes62. OCP and
ZRA were measured for 2 hours with a 0.05 s acquisition time. This tech-
nique was employed to evaluate the corrosion evolution at the short term
and define the type of corrosion.

Potentiodynamic polarisation curves (PPC) were conducted with the
following specific conditions. The initial potential was set at the potential at
open circuit -0.3 V, and the voltage scan rate was 0.167 mVs-1. The current
density was limited to 1 mAcm-2, and the final potential was defined at 2 V

Fig. 14 | Welding photo and weld geometry. The setup for creating coupons using
the a LBW set-up and b a schematic diagram showing a representative weld cross-
section.

Table 6 | Details of the LBW parameters used in this study

Parameter Units Welding mode

Conduction Partial penetration keyhole Full penetration keyhole

Ring laser power W 5000 (Maximum)

Core laser power 1000 1500 2500

Speed m/min 4

Wavelength nm 1070 ± 10

Focal offset mm 16

Focusing length mm 300mm (core and ring)

Collimating length mm 150 150 150

Spot diameter at focus µm 200 (core) and 580 (ring)

Table 5 | Chemical compositions (in wt. %) measured via
optical emission spectroscopy (OES) and base material
ultimate tensile strength (UTS) of the IF steel and 1050 Al alloy

IF steel Fe C Mn Al Si S UTS (N/mm2)

Bal. 0.05 0.165 0.05 0.03 0.01 210

1050 Al alloy Al Si Fe Cu Mg Ti UTS (N/mm2)

Bal. 0.08 0.47 0.006 0.001 0.025 110

https://doi.org/10.1038/s41529-024-00517-y Article

npj Materials Degradation |           (2024) 8:105 14

www.nature.com/npjmatdeg


versus the reference electrode potential. Thepotential at the open circuitwas
set after two hours of immersion in 0.6MNaCl. The control reaction of the
anodic and cathodic branch, corrosion current density, and potential were
analysed with PPC.

Electrochemical impedance spectroscopy (EIS) was conducted at
10mV root mean square (RMS) of potential amplitude with a frequency
range from 10-2Hz to 105Hz and 10 points per frequency decade. EIS tests
were made at several immersion times in 0.6MNaCl (at 2 hours, 24 hours,
48 hours, 72 hours, and 96 hours) to assess the corrosion mechanism evo-
lution over the time of the samples. The equivalent circuit of the EIS data
were obtained through Gamry Echem analysis software to evaluate the
corrosion mechanism evolution over time.

Each type of electrochemical test was repeated a minimum of three
times for each sample to ensure the reproducibility of the results.

The microstructure analysis of the welds was conducted both before
and after the corrosion tests. For the corrosion test samples, they were
carefully cut perpendicular to theweld and ground up to a P1200 SiC paper.
Following the corrosion test, the samples were mounted in a conductive

resin and further ground to eliminate any excessive corrosion products,
thereby revealing the microstructural features. A Keyence VHX7000 light
microscope was used for acquiring macro-scale images of the micro-
structure for the preliminary studies. For all high-resolution imaging and
chemical mapping an FEI Versa scanning electron microscope (SEM)
which was equipped with energy dispersive x-ray spectroscopy (EDS) was
used. SEM micrographs were acquired using a secondary electron (SE)
detector, for the purpose of distinguishing topographical microstructural
features. An accelerating voltage of 20 kV and a current of 16 nA was used.
For EDS chemicalmapping a count rate of approximately 300,000 and pixel
dwell time of 250ms was used.

Data availability
Data will be made available on request.
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