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Friction surfacing (FS) is a solid-state coating technology for metallic materials, where the deposition
of a consumable material on a substrate is enabled via friction and plastic deformation. The deposited
layer material commonly presents a significantly refined microstructure, where corrosion could be

an issue due to this grain refinement within the layer deposited, possibly creating micro galvanic
pairs. The present work investigates the corrosion behavior of the FS deposited material as well

as stud base material and substrate using cyclic polarization tests and open circuit potential (OCP)
monitoring. Comparing the FS deposited material and the respective consumable stud base material
(both AA5083), the grain size is correlated with the results from the corrosion tests, where the
deposited material shows more equiaxed and refined grains in comparison to the stud base material.
The cyclic potentiostatic polarization tests showed that the stud base material is more resistant to
pitting nucleation presenting smaller pits and a lower amount of pits compared to deposited material
and substrate. As a complement to OCP test, the stud base material is also more stable on a chloride
solution compared to the substrate and the deposited material.
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Friction surfacing (FS) is a technique for solid state layer deposition of a metallic consumable stud material
onto a substrate below the materials’ melting temperature’. For the deposition via FS, the consumable stud
material is positioned above the substrate and it experiences a defined rotational speed and axial force. The stud
is pressed onto the substrate and due to frictional heat at the materials’ interface, the stud’s tip starts to deform
and plasticize®. A relative translational movement between the plasticized stud and the substrate material at a
defined travel speed enables the deposition of a layer of the consumable stud material onto the substrate. Using
the FS technique, single layers can be used to locally add material to a structure. Additionally, FS also shows
potential for repair applications, which was for instance presented by Damodaram et al.?, who showed the
successful filling of cracks via FS layer deposition. The process is not limited to single layers as process variants of
multi-track friction surfacing (MTFS) and multi-layer friction surfacing (MLEFS) allow the deposition of multiple
layers adjacent to and on top of each other, respectively. Therefore, the FS deposition technique shows strong
potential for solid state additive manufacturing as well*”. In comparison to many other additive processes, such
as additive friction stir deposition® or even fusion-based processes, e.g. selective laser melting, FS does not require
a special-purpose machine and can be performed on conventional milling machines’ or friction stir welding
systems. In terms of the resulting microstructure, the deposited layer material typically shows a significantly
refined microstructure enabled by dynamic recrystallization (DRX)®°. As shown in previous studies by the
authors on AA5083, multi-layer structures built via MLFS similarly present a homogeneous microstructure'
and isotropic mechanical properties'!.
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The available studies on corrosion properties of FS deposited aluminum structures are scarce. However, it is
crucial to gain knowledge on the corrosion behavior of FS deposited structures in order to assess the feasibility
of this approach for instance for specific repair applications. Yu et al.!? performed potentiodynamic polarization
and electrochemical impedance spectroscopy for FS of AA6061 deposited over a low carbon steel substrate. The
results showed that the refined microstructure of the deposit and randomly distributed intermetallic compounds
led to an improved corrosion resistance in comparison to the base material. Farajollahi et al.”® investigated the
effect of post-weld heat treatment on the polarization curve of FS deposited AA2024 material. The authors
reported a decrease of corrosion current after artificially ageing the deposited material. Similar observations
were stated by Pirhayati et al.'* for FS deposited AA6061. The specific literature available on the corrosion
behavior of FS deposited material is not very extensive, but related materials’ processing approaches, which
are also based on friction and plastic deformation, like friction stir welding (FSW), show a larger amount of
research studies with regard to corrosion'®. Typically, a FSW joint presents heterogeneous material properties,
for instance significant differences in terms of microstructure from stirred zone to base material, resulting in
different corrosion behavior'®. The phenomena in the stirred zone are even more complex when dissimilar
materials are welded.

Independent of materials’ processing approach, it has been reported in the literature that the relationship
between corrosion and microstructure is complex and strongly dependent on the alloy and the environment.
Ralston et al.'” investigated the effect of grain sizes achieved via different processing routes on the corrosion
behavior of high purity aluminum (99.9%) on the corrosion behavior. For instance, this was shown for equal
channel angular pressing (ECAP)'®, a process based on severe plastic deformation, enabling ultra-fine-grained
microstrutures. The ECAP process resulted in redistribution and refinement of the second phase particles
within the structure, which is assumed to be one reason for the improved resistance to corrosion as a higher
amount of small particles causes a reduction of pitting corrosion for pure Al after ECAP*. Another example of
a process for materials’ processing involving severe plastic deformation is high pressure torsion (HPT). Ultra
fine-grained microstructures of aluminum achieved via HPT were also reported to present an increased corrosion
resistance?®?!. Solid state joining procedures such as FS cause extreme plastic deformation, similar to the example
processes of ECAP or HPT. In general, studies for pure Al showed that the corrosion rate tends to decrease
for smaller grain sizes; however, the authors'” state that more complex alloys lead to additional (chemical)
phenomena that affect the corrosion behavior. The type of intermetallic particles in aluminum alloys play a crucial
role in passivity breakdown and pit morphology®*. Different second-phase particles can be found in different
aluminum alloys, where the intermetallics’ behavior is mainly affected by the potential difference between the
particle and the matrix in solution®.

The present study aims for a further understanding of the corrosion behavior of FS deposited material. The FS
approach is capable to locally deposit material, where a material of higher corrosion resistance could be chosen
in order to protect another alloy. For that purpose, a non-precipitation-hardenable Al-Mg alloy was selected
to be deposited onto a high-strength Al-Cu substrate. The MLFES structure generated was used for analyses
via potentiodynamic polarization and open circuit potential. The corrosion behavior is directly compared to
the consumable stud base material and the results are discussed with perspective to the processing route and
microstructural characteristic of the materials. Furthermore, the results are discussed in the view of the findings
reported for other processing routes, for instance FSW.

Materials and methods

Materials & experimental setup

MLES layer deposition was performed using a friction welding system (RAS, Henry Loitz Robotik, Germany).
The machine has a working space of 1.5 m x 0.5 m x 0.5 m (x, y, z) and allows maximum axial forces of 60 kN,
maximum torque of 200 Nm and maximum rotational speed of 6000 rpm. All depositions were performed
force-controlled and at room temperature. The time between subsequent depositions was long enough to allow
the structure to cool down to room temperature. The linear deposition path of 175 mm was programmed
via computer numerical control (CNC). The consumable stud material was an AA5083-H112 alloy (20 mm
diameter, 125 mm length). The substrate material was an AA2024-T3 alloy (300 mm length, 150 mm width,
8 mm thickness). The chemical composition of the materials is shown in Table 1, respectively. A stack of five
layers was built using constant process parameters of 9 kN axial force, 1500 rpm rotational speed and 6 mm/s
travel speed, based on the results by Shen et al.'’.

The five-layer MLFS stack deposited at the aforementioned constant process parameters presents a stack
height of 6.1 mm and a width of 19.3 mm. The layers show the FS process-characteristic rough surface with some
unbonded material on both sides?. The stack was partially milled to a height of 5.5 mm and a width of 12.4 mm
in order to remove the unbonded material and to achieve a homogeneous surface suitable for the corrosion
testing procedures, which are presented in detail in the following. The deposited structure is presented in Fig. 1.

element [wt%] Al Cr Cu Fe Mg |Mn |Si Ti Zn
AA2024 Balance |<0.10 |3.8 <0.50 |12 |03 <0.50 |<0.15 |<0.25
AA5083 Balance |<0.25 |<0.10 |<0.40 |45 |0.6 - - -

Table 1. Chemical composition of AA5083 and AA2024 (wt%)>.
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deposition direction

Figure 1. Top view of five-layer multi-layer friction surfacing (MLFS) stack (AA5083) deposited on an AA2024
substrate at constant process parameters of 9 kN axial force, 1500 rpm rotational speed and 6 mm/s travel speed.
The pre-programmed deposition path had a length of 175 mm. The second half of the stack was machined in
order to remove unbonded parts and the process-characteristic rough surface.

Methods

Sample preparation

For the corrosion testing, the samples (dimension of 12 mm x 5 mm taken from AA2024 substrate material and
AA5083 deposited material) were cold mounted in epoxy resin, where the sides were insulated to avoid crevice
corrosion. Fig. 2 shows the schematics of the sample extraction, where corrosion samples were extracted from
the machined part of the structure, leaving a gap of 10 mm between unmachined and machined part. For the
microstructural investigation, a cross-section was taken from the unmachined part of the structure. Additional
samples were taken from consumable stud base material (AA5083-H112) for comparison. The samples for cor-
rosion tests and microstructural investigation were ground with 80 to 1200 grit SiC paper and polished with
4 pm and 1 pm diamond paste. The samples were cleaned in an ultrasonic bath. Afterwards they were cleaned
with isopropyl alcohol and dried with nitrogen.

The microstructure analysis in terms of grain size was performed via optical microscopy and electron
backscatter diffraction (EBSD) according to standard test methods®. The samples were anodized, applying
20 V for 80 seconds in a Barker’s (solution of HBF,) etching solution. A scanning electron microscope (SEM),
equipped with a energy dispersive X-ray spectroscopy (EDS) and backscattered electrons (BSE), was used to
determine the chemical composition and to find possible phases in the the substrate material, the MLFS deposited
material and the stud base material, respectively.

Cyclic potentiostatic polarization and open circuit potential (OCP)

Electro-chemical tests allow to evaluate the corrosion of the substrate material (AA2024-T3), deposited material
(AA5083) and stud material (AA5083-H112). The electro-chemical tests were performed using a 5 mmol/L NaCl
aerated solution at room temperature®”?8. All tests were performed in the submerged sample and using the top
surface, which is typically exposed to the environment.

For the cyclic potentiostatic polarization test, a three electrode cell and an Autolab 302N potentiostat were
used (On the equipment used (Autolab 302N potentiostat), the cycle polarization test was made after the OCP
test, which was measured for 600 s. Due to this programming, the surface of the sample might have changed,
which has certain influence on the potentiodynamic behavior for material; however this is constant for all
materials tested on this work). The counter electrode (CE) was a Pt gauze and an Ag/AgCl (3 mol/L KCI) was

AAS5083
deposited material AA2024 substrate

Figure 2. Schematic of multi-layer friction surfacing (MLEFS) stack, where one part of the structure was
machined. The samples were extracted as follows: #1 (AA5083 FS deposted material) and #2 (AA2024 substrate)
for open circuit potential, #3 (AA5083 FS deposted material) and #4 (AA2024 substrate) for cyclic potentiostatic
polarization test as well as #5 for microstructure analysis.
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used as reference electrode (RE)¥. The open circuit potential (OCP) was measured for 600 s before the polariza-
tion test. For the substrate and consumable stud base material, the specimens were polarized from -900 mV to
0 mV vs. reference electrode (RE). For the MLFS deposited layer material, the polarization ended at -200 mV
and return to -900 mV. After the test, micrographs, obtained using a Leica DM2700 microscope, were analyzed
to determine the size of pits in um? and radius in pm, where the image analysis (a length of 490 pixels accords
to 250 um) was conducted via MATLAB. The same analysis was performed before the polarization test, where
no pits were found for all samples investigated. Black particles with a diameter below 2 um were excluded from
analysis to eliminate any potential presence due to dispersoid particles, precipitates, or other phases within the
materials used on this work.

The OCP tests of the substrate material, the deposited material and the consumable stud base material were
measured for 24 h. The tests were conducted separately for each sample with a fresh solution, where an Ag/AgCl
(3 mol/L KCI) was used as the RE**3°,

Results and discussion

Microscopic analysis

Figure 3 shows the etched micrographs of the AA2024 substrate material, AA5083 deposited material and
AA5083 consumable stud base material. The substrate material presents a grain size of 63 + 11 pm in the
longitudinal direction and 31 £ 3 pm in the transversal. The stud base material shows an average grain size
of 38 + 7 yum in the longitudinal direction and 32 + 5 um in the transversal direction. The deposited material
presents almost equiaxed grains with 3.28 + 1.83 um. For similar process parameters and materials, Shen et al.’’
reported average grain size values between 4.0 pm and 4.7 um, which is in good agreement with Kallien et al.*!
as well as the results of this study. The grain size within a MLFS stack is relatively homogeneous for every layer'’.
Slight alterations in grain size are linked to the complex material flow during FS layer deposition, leading to local
fluctuations in plastic strain and temperature conditions™.

Jariyaboon et al.** showed the microstructure of AA2024, which has a composition of precipitation of cooper
and the dispersoid particle commonly formed during the homogenisation of the material during the T3 heat
treatment. According to Brahami et al.**, this dispersoids on AA2024 have a size between 0.1 and 1 pm, where
the distribution can be very heterogeneous. It is possible to see these particles in the AA2024 sample of this study,

Etched samples EBSD
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Figure 3. Micrographs, (a.1,b.1,c.1) etched (Barker’s solution of HBF,) and (a.2,b.2,¢.2) from electron
backscatter diffraction (EBSD), for the microstrutctual analysis of (a) AA5083 MLEFS deposited material, (b)
AA2024 substrate material and (c¢) AA5083 stud base material.
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see Fig. 3b, which is in accordance with the literature. EDS was performed in order to locally analyze the chemical
composition of the deposited material and substrate. The BSE micrographs confirm the results from EDS, where
it was possible to identify particles in the substrate material, presenting 21.3 at.% of copper and 36.3 at.% of
aluminium, which could be associated with the Al,CuMg S-phase®***. This confirms the precipitation of copper-
rich intermetallics in the substrate and is in accordance with literature®>*®. However, the BSE investigation,
Fig. 4a, shows the precipitates on the substrate material and phases present on the MLFS deposited material.
Otherwise, the Fig. 4b confirms the presence of 8 phase (Al3Mg3) on the grain boundaries and all over the grains
for the MLFS deposited material.

Cyclic polarization test

Figure 5 shows the behavior of the potentiodynamic polarizations for the materials studied. It is possible to
notice a difference of approximately 100 mV in the corrosion potential comparing the stud base material to the
deposited material, which showed the same chemical composition. The pitting potential of these two materials
is very similar, —0.527 V for the stud base material and —0.492 V for the deposited material, as shown in Table 2.
A higher return hysteresis is observed for the MLES deposited material in comparison to the stud base material,
as well as a repassivation potential value farther from the pitting potential. The differences observed can be
related with the difference in grain size; however, both materials, i.e. deposit and respective consumable stud
base material, present a passive behavior.

mag 40000x

Figure 4. Backscattered electrons (BSE) micrographs of AA5083 deposited onto AA2024 substrate material (a).
The white box indicates where BSE was performed with higher magnification (b). Additionally, arrows point to
particles present in the FS deposited material.
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Figure 5. Polarization curves for AA2024 substrate material, AA5083 deposited material and AA5083 stud base
material. Ag/AgCl (3 mol/L KCl) was used as reference electrode (RE) and Pt as counter electrode (CE). Current
density was measured in A/cm?.
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Samples Ecor (V) | Epit (V) Erep (V)
Substrate material —0.426 - -

Deposited material | —0.724 —0.492 £ 0.0081 | —0.604 + 0.0064
Stud base material —0.819 —0.527 £0.038 | —0.577 £ 0.0097

Table 2. Potentials for samples from polarization test in solution of 5 mmol/L NaCl.

The consumable stud base material and MLFS deposited material did not present a difference in chemical
composition for EDS analysis, but the materials are microstructurally distinct®’, Fig. 3. As mentioned in the
introduction, previous works have shown that grain size can play an important role for the material’s corrosion
resistance, for instance presented for ECAP'® or HPT?**!, which are processes causing severe plastic deformation
like friction-based solid state materials processing techniques. The FS deposited material has a significantly
refined microstructure, Fig. 3b. In this case, the higher density of grain boundaries can lead to the segregation
of impurities that act as repassivation obstacles. According to Krishnamurthy et al.”’, the AA5083 alloy has more
susceptibility to intergranular corrosion (IGC) because of precipitation of 8 phase (Al3Mg>). A fine grained
microstructure has higher ratio of grain boundaries and more pronounced corrosion occurs in comparison to
the same material with larger grains. The difference between the pitting and corrosion potential indicates the
susceptibility to localized corrosion, considering that it marks the free energy required for the nucleation of
stable pits. It is observed that the stud base material presents a greater difference between corrosion potential and
pitting potential, showing its greater resistance to localized corrosion. A similar observation has been reported
by Fahimpour et al.*®, who showed a poorer corrosion resistance for friction stir welded AA6061 with respect
to the base metal. The authors stated that this is an effect caused by the finer grain sizes within the nugget zone.

The AA2024 substrate material, on the other hand, does not show a passive behavior. Therefore, it is inferred
that the pitting potential is in the same range as the corrosion potential of the alloy, and stable pits develop
from the moment of immersion. Additionally, no repassivation was observed for this material®. This behavior
is expected for the AA2024 alloy due to the precipitation of intermetallic phases, especially the theta phase*.

Figure 6 shows the distribution of pits by number and diameter. It is possible to observe a slight difference
between substrate and deposited material. The total number of pits per 250 um? was 1880 + 50 on the AA2024
substrate material and 1209 + 18 on the AA5083 deposited material. This difference might be related to the
precipitates present in the substrate material, where corrosion is more propitious to start around copper-rich
intermetallics*>*2,

For the AA5083 stud base material, a much smaller amount of pits was observed (470 + 22), corroborating
with electrochemical tests. Larger pits are more frequently discovered on the AA2024 substrate material as well
as the AA5083 deposited material. Nonetheless, there is a noticeable inclination towards more small pits rather
than larger ones, showing that for the materials investigated, nucleation predominates over existing pit expansion.

Open circuit potential
With respect to the 24 h OCP monitoring shown in Fig. 7, it is possible to observe a rapid initial increase for
the substrate material, which can be associated with the passive layer®. This layer creates a protection for the
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Figure 6. Distribution of pits by number and diameter, for AA2024 substrate material, AA5083 deposited
material and AA5083 stud base material after cyclic polarization test.
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Figure 7. Open circuit potential transient for AA5083 deposited material, AA5083 stud base material,
AA5083-0 sheet material and AA2024 substrate material in NaCl 5mmol/L aerated. The additional data for
AA5083-0 sheet material was taken from Duda et al.**.

first 30 min of the test, followed by a slight decrease with oscillating behavior*, varying around a steady value
throughout the entire immersion. The study performed by Duda et al.** investigated AA5083-O sheet material
in same solution, showing a breakage behaviour in the OCP test. At the beginning of the test, the AA5083-O
sheet material shows pronounced breakage of passive layer, where, in contrast, the FS deposited AA5083 material
is more stable. After approx. 16 h, both materials, the AA5083-O sheet and the FS deposited AA5083 material,
have an almost stable value of potential, where FS deposited material shows a slightly lower potential compared
to AA5083-0 sheet material. This behavior is related to the fact that the AA5083 materials are susceptible to
chloride attack*.. In the case of the consumable stud base material, the oscillating behavior is not observed, cor-
roborating the results of the polarization tests that showed less pits, indicating a greater resistance to localized
corrosion for the AA5083 stud base material compared to AA5083-0O sheet and AA5083 FS deposited material.

Overall, the different AA5083 materials discussed in this study, i.e. MLES deposited and machined,
AA5083-H112 rod and AA5083-0O sheet, underwent significantly different processing routes. Apart from the
microstructural characteristic, residual stresses can significantly influence the corrosion behavior of a material
as well. For instance, the investigation of Zhang et al.*® presented that the machining process can induce large
tensile residual stresses, leading to micro-cracking. The study by Takakuwa and Soyama*’ stated that compressive
residual stresses facilitate the passive film formation independent of the surface condition. The enhanced
generation and maintenance of the passive film is the reason for improved corrosion resistance*’. Due to the
thermo-mechanical processing, the FS process leads to tensile residual stresses in the deposited layer but induces
compressive residual stresses in the remaining sample*®. However, due to the multi-layer nature of the process,
the development and distribution of residual stresses are more complex within the deposited structure. It should
be emphasized that no stress relieving heat treatments have been employed. Furthermore, since the residual
stresses were not quantified within this study, this aspect needs further investigation in order to be able to judge
the influence of residual stresses on the corrosion behavior for MLFS structures, which is beyond the scope of
the present study.

Summary and conclusion

The presented work investigated the corrosion behavior for a dissimilar aluminum multi layer friction surfacing
stack. The analyses were performed for the AA2024 substrate material, the MLFS AA5083 deposited material
as well as for the respective AA5083 consumable stud base material. The obtained results were discussed with
regard to the materials’ microstructure and composition. The main observations can be summarized as follows:

e The AA5083 stud and deposited material differ in terms of grain size, where the deposited material presents
a significantly refined microstructure with an average grain size of 3.28 + 1.83 um. The fine-grained micro-
structure presents more grain boundaries, which are more susceptible for corrosion in 5 mmol/L NaCl aerated
solution at room temperature.

e The AA5083 deposited material shows a  phase (Al3Mg5) on the grain boundaries and all over the grains,
which can result in more pronounced corrosion in comparison to the respective AA5083 stud base material.

e During the cyclic potentiostatic polarization tests, it was shown that the fine-grained MLFS deposited mate-
rial is more susceptible to nucleation of pits and also showed bigger pits in comparison to the respective
consumable stud base material.
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The pit distribution allowed the assessment in terms of material behavior on electrochemical tests, where
the AA5083 stud base material was found to be more resistant to corrosion than AA5083 deposited material
and AA2024 substrate material.

OCP showed that the AA5083 stud base material is more stable compared to the AA5083 deposited mate-
rial, AA5083-O sheet material as well as AA2024 substrate material. For that reason, the consumable stud
base material is more noble and resistant to corrosion in the 5 mmol/L NaCl compared to MLES deposited
material.

The AA2024 substrate material has more and larger pits in comparison with AA5083 when exposed to solu-
tion of NaCl. The substrate material has a more severe corrosion compared to deposited material and stud
material, which is mainly related to the alloy composition.

The FS process can be very useful for coating and repair; however, for the materials and corrosion testing
environment investigated in this study, the deposited material is less noble than the respective stud base mate-
rial. However, during OCP monitoring, the AA5083 deposited material showed a similar behavior compared
to AA5083-0 sheet material.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on
reasonable request.

Received: 6 December 2023; Accepted: 23 April 2024
Published online: 30 April 2024

References

1

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Gandra, J. et al. Friction surfacing—A review. J. Mater. Process. Technol. 214, 1062-1093. https://doi.org/10.1016/j.jmatprotec.

2013.12.008 (2014).

Belei, C., Fitseva, V., dos Santos, J., Alcantara, N. & Hanke, S. TiC particle reinforced Ti-6Al-4V friction surfacing coatings. Surf.
Coat. Technol. 329, 163-173. https://doi.org/10.1016/j.surfcoat.2017.09.050 (2017).

Damodaram, R., Rai, P, Daniel, C. J., Bauri, R. & Yadav, D. Friction surfacing: A tool for surface crack repair. Surf. Coat. Technol.
422, 127482. https://doi.org/10.1016/j.surfcoat.2021.127482 (2021).

. Dilip, J.]. S. et al. Use of friction surfacing for additive manufacturing. Mater. Manuf. Process. 28, 189-194. https://doi.org/10.1080/

10426914.2012.677912 (2013).

. Soujon, M., Kallien, Z., Roos, A., Zeller-Plumhoff, B. & Klusemann, B. Fundamental study of multi-track friction surfacing deposits

for dissimilar aluminum alloys with application to additive manufacturing. Mater. Des. 219, 110786. https://doi.org/10.1016/j.
matdes.2022.110786 (2022).

. Hang, Z. Y. et al. Non-beam-based metal additive manufacturing enabled by additive friction stir deposition. Scr. Mater. 153,

122-130. https://doi.org/10.1016/j.scriptamat.2018.03.025 (2018).

. Deshpande, A. et al. Recycling metal cutting chips into a consolidated deposition with friction surfacing. Manuf. Lett. 35, 743-749.

https://doi.org/10.1016/j.mfglet.2023.08.093 (2023).

. Suhuddin, U, Mironov, S., Krohn, H., Beyer, M. & Dos Santos, J. E. Microstructural evolution during friction surfacing of dissimilar

aluminum alloys. Metall. Mater. Trans. A 43, 5224-5231. https://doi.org/10.1007/s11661-012-1345-8 (2012).

. Reddy, G. M, Prasad, K. S., Rao, K. S. & Mohandas, T. Friction surfacing of titanium alloy with aluminium metal matrix composite.

Surf. Eng. 27, 92-98. https://doi.org/10.1179/174329409X451128 (2011).

Shen, J., Hanke, S., Roos, A., Dos Santos, J. E & Klusemann, B. Fundamental study on additive manufacturing of aluminium alloys
by friction surfacing layer deposition. In 22nd International Conference on Material Forming (ESAFORM 2019)https://doi.org/10.
1063/1.5112691 (2019).

Rath, L., Kallien, Z., Roos, A., Santos, J. F. & Klusemann, B. Anisotropy and mechanical properties of dissimilar Al additive
manufactured structures generated by multi-layer friction surfacing. Int. J. Adv. Manuf. Technol. 117, 371. https://doi.org/10.1007/
$00170-022-10685-3 (2023).

Yu, M. et al. Texture evolution and corrosion behavior of the AA6061 coating deposited by friction surfacing. J. Mater. Process.
Technol. 291, 117005. https://doi.org/10.1016/j.jmatprotec.2020.117005 (2020).

Farajollahi, R., Jamshidi Aval, H., Jamaati, R., Hajovska, Z. & Nagy, S. Effects of pre- and post-friction surfacing heat treatment on
microstructure and corrosion behavior of nickel-aluminide reinforced Al-Cu-Mg alloy. J. Alloys Compds. 906, 164211. https://
doi.org/10.1016/j.jallcom.2022.164211 (2022).

Pirhayati, P, Jamshidi Aval, H. & Loureiro, A. Characterization of microstructure, corrosion, and tribological properties of a
multilayered friction surfaced Al-Mg-Si-Ag alloy. Arch. Civ. Mech. Eng. 22, 225. https://doi.org/10.1007/s43452-022-00497-3
(2022).

Zamrudi, F. H. & Setiawan, A. R. Effect of friction stir welding parameters on corrosion behaviour of aluminium alloys: An
overview. Corros. Eng. Sci. Technol. 57, 696-707. https://doi.org/10.1080/1478422X.2022.2116185 (2022).

Niu, P-L., Li, W.-Y,, Chen, Y.-H., Liu, Q.-P. & Chen, D.-L. Base material location dependence of corrosion response in friction-
stir-welded dissimilar 2024-to-5083 aluminum alloy joints. Trans. Nonferrous Met. Soc. China 32, 2164-2176. https://doi.org/10.
1016/51003-6326(22)65938-7 (2022).

Ralston, K., Fabijanic, D. & Birbilis, N. Effect of grain size on corrosion of high purity aluminium. Electrochim. Acta 56, 1729-1736.
https://doi.org/10.1016/j.electacta.2010.09.023 (2011).

Abd El Aal, M. I. & Sadawy, M. Influence of ECAP as grain refinement technique on microstructure evolution, mechanical
properties and corrosion behavior of pure aluminum. Trans. Nonferrous Met. Soc. China 25, 3865-3876. https://doi.org/10.1016/
$1003-6326(15)64034-1 (2015).

Song, D., Ma, A, Jiang, J., Lin, P. & Shi, J. Improving corrosion resistance of pure Al through ECAP. Corros. Eng. Sci. Technol. 46,
505-512. https://doi.org/10.1179/147842209X12559428167562 (2011).

Nakano, H. et al. Effects of high-pressure torsion on the pitting corrosion resistance of aluminum-iron alloys. Mater. Trans. 54,
1642-1649. https://doi.org/10.2320/matertrans. MH201301 (2013).

Wang, X., Nie, M., Wang, C. T., Wang, S. C. & Gao, N. Microhardness and corrosion properties of hypoeutectic Al-7Si alloy
processed by high-pressure torsion. Mater. Des. 83, 193-202. https://doi.org/10.1016/j.matdes.2015.06.018 (2015).

Ezuber, H., El-Houd, A. & El-Shawesh, F. A study on the corrosion behavior of aluminum alloys in seawater. Mater. Des. 29,
801-805. https://doi.org/10.1016/j.matdes.2007.01.021 (2008) (advances in production and processingof aluminium).

Scientific Reports |

(2024) 14:9882 | https://doi.org/10.1038/s41598-024-60431-w nature portfolio


https://doi.org/10.1016/j.jmatprotec.2013.12.008
https://doi.org/10.1016/j.jmatprotec.2013.12.008
https://doi.org/10.1016/j.surfcoat.2017.09.050
https://doi.org/10.1016/j.surfcoat.2021.127482
https://doi.org/10.1080/10426914.2012.677912
https://doi.org/10.1080/10426914.2012.677912
https://doi.org/10.1016/j.matdes.2022.110786
https://doi.org/10.1016/j.matdes.2022.110786
https://doi.org/10.1016/j.scriptamat.2018.03.025
https://doi.org/10.1016/j.mfglet.2023.08.093
https://doi.org/10.1007/s11661-012-1345-8
https://doi.org/10.1179/174329409X451128
https://doi.org/10.1063/1.5112691
https://doi.org/10.1063/1.5112691
https://doi.org/10.1007/s00170-022-10685-3
https://doi.org/10.1007/s00170-022-10685-3
https://doi.org/10.1016/j.jmatprotec.2020.117005
https://doi.org/10.1016/j.jallcom.2022.164211
https://doi.org/10.1016/j.jallcom.2022.164211
https://doi.org/10.1007/s43452-022-00497-3
https://doi.org/10.1080/1478422X.2022.2116185
https://doi.org/10.1016/S1003-6326(22)65938-7
https://doi.org/10.1016/S1003-6326(22)65938-7
https://doi.org/10.1016/j.electacta.2010.09.023
https://doi.org/10.1016/S1003-6326(15)64034-1
https://doi.org/10.1016/S1003-6326(15)64034-1
https://doi.org/10.1179/147842209X12559428167562
https://doi.org/10.2320/matertrans.MH201301
https://doi.org/10.1016/j.matdes.2015.06.018
https://doi.org/10.1016/j.matdes.2007.01.021

www.nature.com/scientificreports/

23.
24.
25.
26.
27.
28.
29.
30.
. Kallien, Z., Hoffmann, M., Roos, A. & Klusemann, B. Correlation of microstructure and local mechanical properties along build
32.
33.
34.
35.
36.
37.
38.
39.

40.

41.
42.
43.

44.

45.
46.
47.

48.

Szklarska-Smialowska, Z. Pitting corrosion of aluminum. Corros. Sci. 41, 1743-1767. https://doi.org/10.1016/S0010-938X(99)
00012-8 (1999).

Silvério, S. et al. Deposition of AA5083-H112 over AA2024-T3 by friction surfacing. Soldagem Inspecio 23, 225-234. https://doi.
org/10.1590/0104-9224/S12302.09 (2018).

Vitanov, V. I. & Voutchkov, I. I. Process parameters selection for friction surfacing applications using intelligent decision support.
J. Mater. Process. Technol. 159, 27-32. https://doi.org/10.1016/j.jmatprotec.2003.11.006 (2005).

Committee, J. Standard Test Methods for Determining Average Grain Size (2021).

Segaetsho, M. O. M., Msomi, V. & Moni, V. Corrosion behaviour of friction stir welded dissimilar joints produced from AA5083
and other alloys of aluminium: A critical review. Mater. Today Proc. 56, 1696-1701. https://doi.org/10.1016/j.matpr.2021.10.333
(2022).

Rodrigues, J. Funcionalizagdo de ligas Mg-Zn-Zr por anodizagio assistida por plasma para aplica¢do biomédica (2021).

Smith, T. J. & Stevenson, K. J. 4—Reference electrodes. In Handbook of Electrochemistry (Zoski, C. G. ed.). 73-110 https://doi.org/
10.1016/B978-044451958-0.50005-7 (Elsevier, 2007).

Inzelt, G., Lewenstam, A. & Scholz, E. Handbook of Reference Electrodes. Vol. 541 (Springer, 2013).

direction for multi-layer friction surfacing of aluminum alloys. JOM 75, 4212-4222. https://doi.org/10.1007/s11837-023-06046-4
(2023).

Jariyaboon, M. et al. The effect of welding parameters on the corrosion behaviour of friction stir welded AA2024-T351. Corros.
Sci. 49, 877-909. https://doi.org/10.1016/j.corsci.2006.05.038 (2007).

Brahami, A. F. & Jamel Bouchouicha, B. Exfoliation corrosion impact on microstructure, mechanical properties, and fatigue crack
growth of aeronautical aluminum alloy. J. Fail. Anal. Prevent. 49, 877-909. https://doi.org/10.1007/s11668-020-00815-y (2020).
Buchbheit, R., Montes, L., Martinez, M., Michael, J. & Hlava, P. The electrochemical characteristics of bulk-synthesized Al2CuMg.
J. Electrochem. Soc. 146, 4424. https://doi.org/10.1149/1.1392654 (1999).

Zhang, X., Ly, Y,, Tan, S., Dong, Z. & Zhou, X. Microstructure and corrosion behaviour of wire arc additive manufactured aa2024
alloy thin wall structure. Corros. Sci. 186, 109453. https://doi.org/10.1016/j.corsci.2021.109453 (2021).

Merisalu, M. et al. Effective corrosion protection of aluminum alloy AA2024-T3 with novel thin nanostructured oxide coating.
Surf. Coat. Technol. 411, 126993. https://doi.org/10.1016/j.surfcoat.2021.126993 (2021).

Krishnamurthy, S. C. et al. Controlled precipitation in a new Al-Mg-Sc alloy for enhanced corrosion behavior while maintaining
the mechanical performance. Mater. Character. 200, 112886. https://doi.org/10.1016/j.matchar.2023.112886 (2023).

Fahimpour, V., Sadrnezhaad, S. & Karimzadeh, F. Corrosion behavior of aluminum 6061 alloy joined by friction stir welding and
gas tungsten arc welding methods. Mater. Des. 39, 329-333. https://doi.org/10.1016/j.matdes.2012.02.043 (2012).

Coelho, L., Hacha, M., Paint, Y. & Olivier, M.-G. Highlighting the effect of the aluminium alloy self-corrosion on the AA2024-T3/
Ti6Al4V galvanic coupling in NaCl media. Surf. Interfaces 16, 15-21. https://doi.org/10.1016/j.surfin.2019.04.004 (2019).
Campestrini, P., van Westing, E., van Rooijen, H. W. & de Wit, J. Relation between microstructural aspects of AA2024 and its
corrosion behaviour investigated using AFM scanning potential technique. Corros. Sci. 42, 1853-1861. https://doi.org/10.1016/
$0010-938X(00)00002-0 (2000).

Moreto, J., Marino, C., Bose Filho, W,, Rocha, L. & Fernandes, J. SVET, SKP and EIS study of the corrosion behaviour of high
strength Al and Al-Li alloys used in aircraft fabrication. Corros. Sci. 84, 30-41. https://doi.org/10.1016/j.corsci.2014.03.001 (2014).
Palumbo de Abreu, C. Caracterizagio da reatividade das ligas aluminio AA2024-T3 e AA7475-T651 soldadas por fricgao (FSW)
(2016).

El-Dahshan, M., Shams El Din, A. & Haggag, H. Galvanic corrosion in the systems titanium/316 | stainless steel/al brass in Arabian
gulf water. Desalination 142, 161-169. https://doi.org/10.1016/S0011-9164(01)00435-0 (2002).

Tomcsanyi, L., Varga, K., Bartik, L., Horanyi, H. & Maleczki, E. Electrochemical study of the pitting corrosion of aluminium and its
alloys-II. Study of the interaction of chloride ions with a passive film on aluminium and initiation of pitting corrosion. Electrochim.
Acta 34, 855-859. https://doi.org/10.1016/0013-4686(89)87119-1 (1989).

Duda, E. A. et al. An investigation on galvanic corrosion in friction stir-welded AA 5083 aluminum alloy. Tecnol. Metalur. Mater.
Miner.https://doi.org/10.4322/2176-1523.20222751 (2022).

Zhang, W, Fang, K., Hu, Y. & Wang, S. Effect of machining-induced surface residual stress on initiation of stress corrosion cracking
in 316 austenitic stainless steel. Corros. Sci. 108, 173-184. https://doi.org/10.1016/j.corsci.2016.03.008 (2016).

Takakuwa, O. & Soyama, H. Effect of residual stress on the corrosion behavior of austenitic stainless steel. Adv. Chem. Eng. Sci. 5,
62-71. https://doi.org/10.4236/aces.2015.51007 (2014).

Dovzhenko, G. et al. Residual stresses and fatigue crack growth in friction surfacing coated Ti-6Al1-4V sheets. J. Mater. Process.
Technol. 262, 104-110. https://doi.org/10.1016/j.jmatprotec.2018.06.029 (2018).

Author contribuitions

Eduardo Antunes Duda: Methodology, Investigation, Data curation, writing-original draft, writing-review &
editing. Zina Kallien: Conceptualization, Methodoly, Investigation, writing-original draft, writing-review &
editing. Sabrina da Silva Soares: Investigation, Data curation. Tarique Hernandez Schneider: Resources, Inves-
tigation, writing-review. Henrique Ribeiro Piaggio Cardoso: Data curation. Guilherme Vieira Braga Lemos:
Resources, Writing review & editing. Tiago Falcade: Writing review & editing, Supervision. Afonso Reguly:
Resources, review, Supervision Benjamin Klusemann: Conceptualization, Resources, Wrinting review & edit-
ing; Supervision.

Funding
Open Access funding enabled and organized by Projekt DEAL. Financial support from DAAD via funds of the
Federal Ministry of Education and Research (BMBF) under project number 57598245 is gratefully acknowledged.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.A.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:9882 | https://doi.org/10.1038/s41598-024-60431-w nature portfolio


https://doi.org/10.1016/S0010-938X(99)00012-8
https://doi.org/10.1016/S0010-938X(99)00012-8
https://doi.org/10.1590/0104-9224/SI2302.09
https://doi.org/10.1590/0104-9224/SI2302.09
https://doi.org/10.1016/j.jmatprotec.2003.11.006
https://doi.org/10.1016/j.matpr.2021.10.333
https://doi.org/10.1016/B978-044451958-0.50005-7
https://doi.org/10.1016/B978-044451958-0.50005-7
https://doi.org/10.1007/s11837-023-06046-4
https://doi.org/10.1016/j.corsci.2006.05.038
https://doi.org/10.1007/s11668-020-00815-y
https://doi.org/10.1149/1.1392654
https://doi.org/10.1016/j.corsci.2021.109453
https://doi.org/10.1016/j.surfcoat.2021.126993
https://doi.org/10.1016/j.matchar.2023.112886
https://doi.org/10.1016/j.matdes.2012.02.043
https://doi.org/10.1016/j.surfin.2019.04.004
https://doi.org/10.1016/S0010-938X(00)00002-0
https://doi.org/10.1016/S0010-938X(00)00002-0
https://doi.org/10.1016/j.corsci.2014.03.001
https://doi.org/10.1016/S0011-9164(01)00435-0
https://doi.org/10.1016/0013-4686(89)87119-1
https://doi.org/10.4322/2176-1523.20222751
https://doi.org/10.1016/j.corsci.2016.03.008
https://doi.org/10.4236/aces.2015.51007
https://doi.org/10.1016/j.jmatprotec.2018.06.029
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:9882 | https://doi.org/10.1038/s41598-024-60431-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Corrosion behavior of multi-layer friction surfaced structure from dissimilar aluminum alloys
	Materials and methods
	Materials & experimental setup
	Methods
	Sample preparation
	Cyclic potentiostatic polarization and open circuit potential (OCP)


	Results and discussion
	Microscopic analysis
	Cyclic polarization test
	Open circuit potential

	Summary and conclusion
	References


