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The demand for corrosion-resistant and mechanically reliable metallic components in marine,
chemical processing, and energy conversion industries has encouraged the integration of additive
manufacturing into industrial production. Wire Arc Additive Manufacturing enables the fabrication

of medium- to large-scale complex metallic structures at low cost; however, the high thermal input
and layer-by-layer deposition commonly lead to elemental segregation, porosity, and nonuniform
microstructures that degrade corrosion performance. This study investigates the influence of a post-
deposition aluminizing treatment on the surface characteristics and corrosion behavior of stainless
steel ER307 and nickel-based superalloy Inconel 625 produced by Wire Arc Directed Energy Deposition.
Microstructural evolution, phase transformation, hardness distribution, and corrosion behaviorin a
3.5% sodium chloride environment were examined through microscopy, X-ray diffraction, hardness
testing, and electrochemical analysis. The aluminizing process generated localized surface porosity
and limited non-uniformity aluminide coatings of approximately 40-50 pum thickness, reduced surface
roughness, and markedly improved surface hardness. Electrochemical assessments demonstrated
substantial enhancements in corrosion resistance, including a 2.3-fold improvement for stainless steel
and a 13.9-fold improvement for Inconel 625. These findings reveal that post-deposition aluminizing
effectively mitigates intrinsic surface defects and microchemical heterogeneity, enabling significantly
improved durability in chloride-containing environments. This work provides a straightforward and
scalable strategy for enhancing the corrosion resistance of wire-arc-manufactured metallic structures
and promotes their application in aggressive service conditions.
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Additive manufacturing (AM) has redefined modern industrial fabrication by enabling the layer-wise
construction of complex components directly from digital models. Its unprecedented ability to minimize
material waste, reduce production time, and fabricate intricate geometries has positioned it at the forefront of
advanced manufacturing technologies>. AM encompasses a wide range of techniques based on the controlled
addition, fusion, or solidification of materials through energy sources such as plasma arcs, lasers, or electron
beams. Compared to traditional manufacturing approaches, AM is increasingly replacing conventional
production routes, particularly in fabricating geometrically complex parts, due to advantages such as reduced

1Department of Metallurgy and Materials Engineering, Iskenderun Technical University, Faculty of Engineering
and Natural Sciences, Iskenderun, Hatay, Turkey. 2Department of Metallurgy and Materials Engineering, Istanbul
Gedik University, Faculty of Engineering, Istanbul, Turkey. 3Istanbul Vesuvius Refrakter A.S., FOSECO Foundry
Division, Kocaeli, Turkey. “Department of Mechanical Engineering, Mersin University, Mersin, Turkey. Department
of Mechanical Engineering, Istanbul Gedik University, Faculty of Engineering, Istanbul, Turkey. ®Department of
Mechanical Engineering, Iskenderun Technical University, Faculty of Engineering and Natural Sciences, Iskenderun,
Hatay, Turkey. ’Energy Systems Engineering, Engineering Faculty, Adana Alparslan Tirkes Science and Technology
University, Adana 46278, Turkey. 8University College London, London, UK. °Faculty of Engineering and Sustainable
Development, University of Gavle, Gavle 801 76, Sweden. *email: joao.santos.gomes@hig.se

Scientific Reports|  (2025) 15:43268 | https://doi.org/10.1038/s41598-025-30389-4 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-30389-4&domain=pdf&date_stamp=2025-12-6

www.nature.com/scientificreports/

material consumption, shortened processing time, and direct one-to-one translation of Computer-Aided Design
(CAD) models into physical components. As reported by the end of 2020, the global AM market was valued at
nearly 21 billion USD**. Beyond fusion-based additive manufacturing processes such as selective laser melting,
electron beam melting, and wire arc directed-energy deposition, several non-melting approaches have gained
attention in recent years. Binder jetting enables near-net-shape fabrication through powder consolidation
without melting, making it suitable for low-thermal-distortion processing of metal and ceramic components.
Filament-based deposition techniques, including fused filament fabrication, allow cost-effective polymer or
composite part production, although typically with lower mechanical performance than fusion-based systems.
More recently, cold-spray-based additive manufacturing has emerged as a promising pathway for producing
oxidation-free, fully dense metallic structures at relatively low temperatures. Despite these advances, wire-arc-
based deposition remains advantageous owing to its superior deposition rates, scalability, and cost efficiency
when fabricating large metallic components, motivating its wider exploration in demanding industrial sectors.

Metal additive manufacturing (MAM) processes are mainly categorized into two major types: Powder Bed
Fusion (PBF) and Direct Energy Deposition (DED). In PBF techniques, high-energy lasers or electron beams
are employed to selectively melt metal powders. In contrast, DED techniques are subdivided into powder-fed
and wire-fed systems®~, in which concentrated thermal energy—generated by lasers, plasma arcs, or electron
beams—is used to melt and deposit material simultaneously throughout the manufacturing process*~’. Wire
Arc Additive Manufacturing (WAAM), also known as Wire Arc-DED (WA-DED), represents a wire-fed variant
of the DED method in which arc welding is integrated with metallic wire feedstock to deposit components
layer-by-layer. WAAM is distinguished by its relatively low equipment cost, compatibility with common wire
diameters, high deposition rates, and suitability for large-scale fabrication. Nevertheless, the process presents
several challenges, including high heat input, dimensional inaccuracies, and relatively rough surface textures.
These limitations often result in inferior mechanical strength and corrosion resistance in WAAM-fabricated
components compared to those produced using alternative AM techniques or conventional processing routes®1C.

Recent research has actively explored ways to improve the microstructure!"'2, mechanical performance!>!4,
wear characteristics'®>"!7, and oxidation resistance!®2° of WAAM-processed components. For instance, Inconel
625 alloys produced via WAAM were subjected to annealing treatments at 980 °C for durations of 0.5, 1, and
2 h, followed by water quenching. These treatments affected secondary phase formation, although the grain
morphology remained unchanged. The result was a modest increase in ultimate tensile strength - up to 5%
- without altering the yield strength compared to untreated samples'>!. Although Inconel 625 is typically
considered a single-phase y-Ni solid-solution strengthened alloy, several secondary phases may precipitate
during prolonged exposure at intermediate temperatures. The orthorhombic §-phase (Ni;Nb) and the
tetragonal y” (NisNb) phase commonly precipitate between 650 and 900 °C, promoting matrix strengthening
while reducing ductility. In addition, Nb-rich Laves phases and MC-type carbides may form at interdendritic
regions, particularly under non-equilibrium solidification. These secondary phases profoundly affect service
performance: while y” and § precipitates enhance creep strength, the brittle Laves phase can degrade hot-
workability and corrosion resistance by promoting micro-galvanic heterogeneity within the matrix. Therefore,
controlling the formation and distribution of such precipitates is essential in tailoring microstructural stability
and mechanical behavior in additively manufactured Inconel 625.

The improvements reported in previous studies can be attributed to several underlying mechanisms.
Thermochemical treatments such as aluminizing promote inward diffusion of Al and outward diffusion of
Ni, leading to the formation of stable intermetallic layers (NiAl, Ni,Al;) that increase surface hardness and
suppress localized corrosion; such coatings also reduce elemental segregation at interdendritic regions, thereby
mitigating the micro-galvanic activity known to accelerate corrosion in WAAM-processed Inconel 625.
Furthermore, elevated-temperature exposure promotes stress relaxation and partial homogenization of solute
clusters, enhancing mechanical stability, which collectively explains the improved tribological and corrosion
performance observed in aluminized WAAM components. Consistent with these findings, Safarzade et al.?!
applied a two-step heat treatment to Arc-DED fabricated Inconel 625—consisting of a 6-hour homogenization at
1100 °C followed by water quenching, and subsequent ageing at 700 °C for 24 h—resulting in increased hardness,
yield strength, and ultimate tensile strength, accompanied by reduced elongation. Similarly, Gunen et al.'®!1”
investigated boronizing treatments at 980-1000 °C for one hour on WAAM-fabricated Inconel 625 and ER307
stainless steel, reporting substantial improvements in high-temperature wear resistance due to enhancements in
microstructure and hardness. In another study, Farfan-Cabrera et al.>> implemented thermochemical boronizing
to improve the tribological properties of WAAM-repaired low-carbon steel, achieving significant increases in
hardness and wear resistance while maintaining uniform surface quality. Parallel to these observations, Gurol et
al.’? and Bolukbasi'® applied aluminizing at 700 °C for three hours to WAAM-fabricated Inconel 625 and ER307
stainless steel, demonstrating notable reductions in residual stress, moderate hardness gains, and improved
oxidation resistance under elevated-temperature conditions.

The novelty of this study lies in the systematic evaluation of aluminizing as a post-processing route for Wire
Arc Additive Manufacturing (WAAM)-fabricated Inconel 625 and ER307 stainless-steel structures, with an
emphasis on the relationship between microstructural evolution and corrosion behavior. Unlike previous works
that primarily focus on coating development, this study provides an integrated assessment of phase formation,
layer-to-layer microstructural gradients, and corrosion performance in chloride-containing environments.
Therefore, the present study investigates the effect of an aluminizing treatment performed at 700 °C for 4 h on
WAAM-produced ER307 stainless steel and Inconel 625. The study primarily aims to assess how this surface
modification influences the corrosion resistance of the alloys in a 3.5% sodium chloride (NaCl) solution.
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Sample Ni Cr Mo |[Nb |Mn |Si |[Cu |C Fe
Inconel 625 | 64.86 | 21.15 | 8.67 | 1.15 | - Balance
ER307 8.95 | 17.05 | 0.03 6.18 | 0.56 | 0.31 | 0.05 | Balance

Table 1. The chemical compositions of the wires utilized in the WAAM process.

Sample Yield | Ultimate tensile | Elongation | Charpy impact toughness (J at 20 °C)
ER307 432 646 35 105
Inconel 625 | 540 800 38 -

Table 2. The mechanical properties of the wires utilized in the WAAM process.

Sample Current (A) | Volt (V) | Speed (mm/sn) | Shielding gas Gas flow rate (L/min)
Inconel 625 | 150 15.8 500 97.5%Ar +2.5% CO, | 15
ER307 120 14.7 500 97.5%Ar +2.5% CO, | 15

Table 2. Process parameters employed in the WA-DED production.

Experimental methods

Fabrication of WAAM components

In this study, wall structures composed of 307 stainless steel and Inconel 625 were fabricated via the Arc-DED
process. The fabrication utilised ER307 solid wire conforming to AWS A5.9 and ERNiCrMo-3 (Inconel 625)
solid wire conforming to AWS A5.14, both with a diameter of 1.2 mm, as feedstock materials. The chemical
compositions of the wires, determined by X-ray fluorescence (XRF) analysis, are presented in Table 1. The
mechanical properties of the all-weld metal, as specified in the supplier’s certificates, are summarized in Table 2.

The deposition of both ER307 stainless steel and Inconel 625 wall structures was performed using a Gas
Metal Arc Welding (GMAW) power source integrated with the robotic Wire Arc Additive Manufacturing
setup. As described in previous research!®~1%23, the fabrication process was carried out using the GeKa-Tec
WB 500 L equipment, which features a water-cooled welding torch mounted on a six-axis OTC Daihen D-V8L
robotic system. The WAAM process parameters used during sample production are listed in Table 2. The process
parameters were selected based on the deposition results obtained through trial-and-error optimization in our
previous study'®!®. In summary, the deposition directions of successive layers were alternated, with the initial
layer deposited in a clockwise orientation. It is well-documented in the literature that the interlayer cooling time
critically influences the thermal history and temperature distribution of thin-walled structures manufactured
via WAAM. Accordingly, a dwell time of 120 s was introduced following the deposition of each layer to facilitate
adequate heat dissipation into the surrounding environment. During the fabrication of the ER307 wall (30
layers), the process parameters were set to an arc voltage of 14.7 V, an arc current of 120 A, and a travel speed of
50 cm/min. For the Inconel 625 wall (30 layers), the parameters included an arc current of 150 A, an arc voltage
of 15.8 V, and a travel speed of 50 cm/min. In both cases, a shielding gas mixture consisting of 97.5% argon and
2.5% carbon dioxide was employed at a flow rate of 15 L/min.

Metallic components measuring 350 x 75 x 12 mm were produced from both materials by WAAM. Figure 1
presents the WAAM setup (a), a general view of the ER307 wall, and an overall view of the Inconel 625 wall.

Due to the high as-built surface roughness, which was approximately 80+ 5 pm and unsuitable for coating
applications, the parts were sectioned into 50x50x 5 mm specimens. These were then subjected to precision
milling and surface grinding to reduce the surface roughness below R_ < 5 um. Based on our previous work'®"?,
the powder mixture for aluminizing was prepared using 25% pure aluminium powder as the Al source, 5%
ammonium chloride (NH4Cl) as a halide activator, and 70% aluminium oxide (Al,O,). The aluminizing
treatment was performed by placing the specimens in tightly sealed cylindrical crucibles and heating them in
a furnace at 700 °C for 4 h. This treatment was designed to achieve a thicker coating layer compared to earlier
studies'®1°.

Following the aluminizing process, the aluminized samples with initial dimensions of 50 x50 x 5 mm were
sectioned into 20 x 20 x 5 mm pieces for SEM, X-ray diffraction, and corrosion testing. The specimens underwent
vertical sectioning to facilitate subsequent analysis. Conventional mechanical grinding and polishing procedures
were meticulously applied to attain a clear and well-defined cross-sectional appearance. Notably, the etching
process was deemed unnecessary, as the aluminide coatings displayed remarkable visibility under an optical
microscope. Subsequent in-depth investigations of the microstructures within the samples were conducted
utilizing a scanning electron microscope (SEM). In conjunction with SEM, Energy Dispersive Spectroscopy
(EDS) analyses were performed to obtain a comprehensive understanding of the morphology, microstructure,
and chemical composition of the specimens. These detailed examinations were carried out utilizing a Circular
Backscatter (CBS) detector, employing an accelerating voltage of 10 kV and a spot size of 12 mm to enhance
imaging precision.
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Fig. 1. WAAM setup (a), (b) a general view of the ER307 wall, and (c) an overall view of the Inconel 625 wall.

To verify the existing phases present in the samples, X-ray diffraction (XRD) analyses were performed using
a computer-controlled Rigaku SmartLab diffractometer. The analysis employed Cu K radiation (A=1.54 A),
with a 20 range set from 30° to 90°. The diffractometer was configured with a step size of 0.02° and a scan speed
of 2.0° per minute to ensure high-resolution data collection. The XRD results obtained were meticulously cross-
referenced for phase identification using PDXL software, facilitating accurate phase analysis. Microhardness
assessments were executed on the cross-sectional areas of both the as-built and aluminized Wire Arc Additive
Manufacturing (WAAM) specimens. These tests were conducted leveraging a Future-Tech micro-hardness
testing device, which was equipped with a Vickers pyramid indenter. The microhardness measurements adhered
to the ASTM standards (document number E384), employing a loading force of 100 g with a dwell time of 15 s
to ensure precision in hardness evaluation. Furthermore, surface roughness (Ra) was quantitatively assessed
using a Wave System Hommelwerke T8000 2D profilometer. The evaluation was conducted with a scan length of
4.8 mm while maintaining a scanning speed of 2 mm/s, ensuring accurate and reliable surface characterization.

For electrochemical testing, corrosion specimens were extracted from the central region of the WAAM-
fabricated blocks; each sample was cut from the middle of the 50 x 50 x 5 mm sections to obtain pieces with final
dimensions of 20x20x5 mm. The corrosion characteristics of both as-deposited and aluminized specimens
were evaluated through electrochemical corrosion testing conducted in a 3.5 wt% by sodium chloride (NaCl)
solution, following the ASTM G106 standard. This assessment primarily employed two techniques: open circuit
potential (OCP) measurements and Tafel extrapolation analysis. OCP values were meticulously recorded over
3600 s to ascertain the corrosion potential of each specimen. Subsequently, Tafel extrapolation was executed
within a potential window of —250 mV to +250 mV relative to the OCP, utilizing a scan rate of 0.166 mV/s. This
methodological approach facilitated the determination of the corrosion current density and the corresponding
corrosion rates, as delineated in prior research?*. The exposed surface area during the corrosion assessments was
precisely measured at 0.786 cm®. Within the experimental setup, a silver/silver chloride (Ag/AgCl) electrode
served as the reference electrode, with the specimen functioning as the working electrode (cathode) and a
platinum wire acting as the counter electrode (anode). Corrosion tests were performed in triplicate, and for
the OCP and Tafel curves, the graph of the sample with the data closest to the mean value for each sample
is presented. Following the electrochemical evaluations, the corroded surfaces were subjected to a thorough
examination by SEM and EDS to elucidate the specific corrosion mechanisms that occurred. Rp was calculated
from the anodic and cathodic Tafel slopes (Ba and Pc) and the corrosion current density (Icorr) obtained from
Tafel extrapolation, using the Stern-Geary relationship?>:

Bax B

Re = 5303 % Icorr(Ba + B)

(1)

and the corrosion rate (CR) was calculated using the corrosion current density (Icorr) extracted from Tafel
extrapolation according to Faraday’s law?S:

_ K XxIcoor x EW

CR P

2

Where CR: Corrosion rate (mm/year), K : Constant (3.27 x 10~ mm-g/uA-cm-year), [corr, : Corrosion current
density (A/cm?), EW : Equivalent weight (g/equivalent), p : Density (g/cm?).

Results and discussion

Microstructural aspects

X-ray diffraction (XRD) analyses (Fig. 2) revealed that y face-centered cubic (FCC) phase peaks appeared at
43.66° 50.65°, and 74.52° in both as-built Inconel 625 and stainless-steel specimens, with the dominant peak
differing between alloys: Inconel exhibited its primary peak at the (200) plane (50.65°), whereas stainless steel
showed its strongest diffraction intensity at the (110) plane (43.66°). Following aluminizing, WA AM-fabricated
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Fig. 2. XRD patterns of WAAM samples (a) as-built and (b) aluminized.

Fig. 3. The optical microstructure of the central region of the ER307 stainless steel sample fabricated by WA-
DED at different magnifications: (a) macro view, (b) 100x and (c) 200x.

Inconel 625 exhibited NiAl as the predominant coating phase at 44.82°, accompanied by minor phases such as
Ni,Als, CrAl, and MoAls, whereas aluminized WAAM stainless steel displayed FeAl as the dominant phase
at 42.68°, along with smaller fractions of NiAl, Cr,Al, and FeAls; these observations align well with previously
reported WAAM-based our studies'®!?. Although overlapping diffraction peaks hindered precise quantitative
phase estimation, relative intensity interpretation suggested that NiAl and Ni,Al; constitute the principal
aluminide phases, while Cr,Al- and Fe-rich phases were present in smaller amounts. The coexistence of multiple
aluminide phases may introduce lattice mismatch at phase boundaries, potentially leading to microstructural
stress concentrations. Nevertheless, the absence of continuous cracking indicated that the aluminide layer
remained mechanically stable. SEM observations revealed localized porosity within the coating, likely arising
from aluminum vaporization and diffusion pathways during thermochemical exposure. While such porosity
may initially facilitate electrolyte ingress and influence corrosion response, the subsequent formation of a stable
alumina-based passive film is expected to mitigate long-term degradation.

Figures 3 and 4 illustrate the microstructures of the as-deposited ER307 stainless steel and Inconel 625
specimens, respectively.

As observed in Fig. 3a and b, the microstructure of the as-built sample displays a typical dendritic
morphology, a characteristic frequently encountered in stainless steels joined through arc or laser beam welding
techniques®’~32. This dendritic structure appears uniformly distributed along the build direction, extending from
the bottom to the top of the sample. No macroscopic defects were observed along the build direction during
visual inspection, and the selected regions are representative of the bottom, middle, and top portions of the
deposited walls, indicating adequate metallurgical bonding throughout the structure. In the micrographs, the
light-toned regions correspond to the austenitic phase, while the darker zones indicate the presence of §-ferrite.

At the upper part of the deposited layer, a refined columnar grain structure dominates, where needle-like
§-ferrites are oriented perpendicularly within an austenitic (y) matrix. This microstructural configuration is
attributed to the high cooling rates prevalent in the remelted areas, which initiate solidification within the bulk
volume®*. Conversely, in the lower sections of the interface, the presence of §-ferrite is notably reduced, with
globular, skeletal, and lath-like formations appearing due to relatively slower cooling rates in these regions
compared to the upper interface.
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Fig. 4. Microstructures of the as-deposited Inconel 625: (a) macro view (b) bottom, (¢) middle and (d) the top
areas of the building direction.

Figure 4 depicts the microstructure of the as-deposited Inconel 625 specimen. Unlike the additively
manufactured stainless steel specimen, the microstructure of the Inconel 625 sample is not uniform along the
build direction (from bottom to top). The lower section primarily exhibits a fine cellular pattern, a result of
the strong cooling effect from the substrate. In contrast, the middle and upper sections show a characteristic
columnar dendritic grain structure, with elongated and cellular patterns. As suggested by Yangfan et al.>, the
microstructural variations observed in different regions of the as-built specimens are attributed to varying
cooling rates and heat dissipation during the layer deposition process. Despite these variations, the overall
dendritic grain structure remains consistent throughout the entire as-deposited specimen.

Considering Figs. 3 and 4, there are differences in microstructural morphology resulting from layer-by-layer
deposition along the build direction during the WAAM process. The bottom region exhibited finer cellular
dendrites due to higher thermal dissipation into the substrate, whereas the intermediate region showed a
transition toward coarser columnar dendrites formed under reduced thermal gradients. Additionally, partially
remelted zones were identified near interlayer boundaries, reflecting reheating during subsequent deposition
passes. Localized segregation of Nb- and Mo-rich constituents at interdendritic regions was observed,
consistent with repeated thermal cycling. In ER307 stainless steel, the presence of chromium-depleted zones
adjacent to §-ferrite was noted, which is known to increase susceptibility to corrosion in chloride-containing
environments®®. These findings corroborate the strong thermal influence inherent to WAAM fabrication and
indicate nonuniform microstructural development along the build height.

Analysis of aluminide layers

The cross-sectional SEM images and corresponding EDS point analyses of the samples that underwent
aluminizing at 700 °C for four hours are presented in Figs. 5 and 6. As shown in Fig. 5, the WAAM-fabricated
ER307 stainless steel samples coated via aluminizing exhibit a single-layer aluminide coating, approximately
50+2.6 um in thickness, with a surface that displays a noticeably rough morphology. In comparison with the
coating structure reported in the earlier work by', this layer demonstrates a higher degree of porosity. This
difference is likely attributed to the use of an aluminizing powder mixture containing a lower concentration
of aluminum, as explained further below. According to the EDS analysis, the aluminium content at Ptl and
Pt2 points within the coating layer was found to be around 41%, whereas the Pt3 point closer to the substrate
exhibited 14% Al. These values suggest that the Pt3 area corresponds to the indistinct transition zone observed
in the SEM image, with an estimated thickness of approximately 2-3 um. As widely noted in the literature,
this transition or diffusion zone plays a crucial role in thermochemical coatings by ensuring strong adhesion
between the coating and the substrate!®1.

The aluminizing treatment not only altered the surface chemical composition but also led to a substantial
enhancement in microhardness, increasing the value of the WAAM-fabricated stainless steel from 305+ 15
HVO0.1 to 1301 £27 HV0.1. Moreover, the average surface roughness (R ), initially reduced to 4.77 um through
grinding before coating, further declined to 2.57 um following aluminizing. The R, value, which was less than
20 pm before the treatment, decreased to below 5 pum after coating (Table 3). This indicates that aluminium
particles effectively filled the grinding-induced surface pores, resulting in a significantly smoother finish.

The cross-sectional SEM image of the aluminized Inconel 625 Ni-based alloy, as illustrated in Fig. 6, reveals
the formation of a two-layered coating. This dual structure comprises an outer aluminide coating layer with a
thickness of approximately 41+2.2 um, along with a transition zone measuring around 4-5 um between the
coating and the underlying substrate. This configuration contrasts with the single-layer coating observed on the
aluminized ER307 stainless steel sample. When compared to the coating thickness reported in earlier studies'®!,
it becomes apparent that the layer thickness has increased, likely as a result of the extended aluminizing duration.
However, this prolonged treatment also appears to have introduced some degree of porosity on the coating
surface.

The emergence of porosity may be attributed to the composition of the powder mixture used for aluminizing,
which contained 25% aluminum instead of 30%. Additionally, the reduction in vapour concentration due to the
lengthened aluminizing time could have led to aluminum diffusion from the coating into the substrate, further
contributing to the porosity. EDS analysis confirmed that the aluminum concentration at Ptl - positioned at
the coating surface - was 45% by weight, while this value gradually declined to 38.79% toward the interior
regions. Conversely, the nickel content demonstrated an increasing trend from the coating surface inward. This
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Fig. 5. SEM micrograph and EDS point analysis conducted in the cross-section of aluminized ER307 stainless.

compositional gradient supports the interpretation that aluminum diffused from the surface into the substrate,
particularly as aluminum vapour concentration diminished in the reaction environment over time.

Unlike the previous study'®, where the aluminum distribution across the coating layer was inconsistent, the
current sample demonstrates a more gradual decrease in aluminum content. Despite this diffusion effect, the
aluminized Inconel 625 surface still exhibited enhanced hardness. Specifically, surface hardness increased to
1310+32 HVO.1, attributed to the presence of nickel aluminide phases, while the hardness of the asbuilt Inconel
625 was 225+ 10 HVO0.1. Concerning surface roughness, measurements indicated that the average Ra value,
initially lowered to 4.95 um through grinding before aluminizing, further decreased to 2.38 um after the coating
process. Similarly, the R, value was reduced from 20 um to less than 5 um, mirroring the results observed for the
WAAM-fabricated ER307 stainless steel sample (Table 3). The significant decrease in Ra and Rz values of both
WAAM ER307 and WAAM Inconel 625 after aluminizing is thought to be a result of partial recrystallization
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Fig. 6. SEM image and EDS point results of aluminized WAAM Inconel 625 alloy.

resulting from thermally activated surface diffusion at 700 °C. This suggests a complementary mechanism for

the observed decrease in Ra and Rz.

Results of electrochemical corrosion tests

Electrochemical corrosion tests were performed on both as-built and aluminized specimens fabricated via the
WAAM method by immersing them in a 3.5% sodium chloride (NaCl) solution. The primary objective of these
tests was to assess the corrosion resistance of the samples by monitoring the open circuit potential (OCP) and
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Sample Hardness (HV,) ) | Ra (um) | Rz (um) | Coating thickness (um)
Asbuilt ER307 305+15 4.77 <20 -

Asbuilt ER625 225+15 4.95 <20 -

Aluminized ER307 | 1301+27 2.57 <5 50%2.6

Aluminized ER625 | 1310+32 2.38 <5 41+2.2

Table 3. Microhardness, surface roughness, and coating thickness values of the specimens.
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Fig. 7. OCP results of WAAM-samples in 3.5% NaCl solution.

interpreting the potential profiles obtained through Tafel extrapolation, which reflects the anodic and cathodic
electrochemical reactions occurring in the test environment. The OCP curves corresponding to the as-built and
aluminized specimens immersed in the 3.5% NaCl solution are presented in Fig. 7.

A detailed evaluation of Fig. 7 reveals that the open circuit potential (OCP) values for the as-deposited ER307
stainless steel and Inconel 625 samples fall within the range of —0.48 to —0.60 V. In contrast, the aluminized
samples display significantly more noble behavior, with OCP values ranging between —0.10 and —0.20 V. In
these coated specimens, the OCP exhibited a gradual decline during the initial 500 s of immersion, ultimately
reaching a stable state. However, while the as-built ER307 stainless steel sample achieved a quasi-steady potential
around 1500 s, the as-built Inconel 625 alloy failed to stabilize even after prolonged exposure, indicating its
comparatively inferior electrochemical stability under the tested conditions.

This observation suggests a higher degree of elemental segregation in the WAAM-fabricated Inconel 625
alloy relative to the ER307 sample, likely stemming from its richer alloying element content and the elevated
thermal input inherent to the WAAM process. Such segregation phenomena have been widely reported in the
literature and are known to compromise corrosion resistance®®” The susceptibility of Inconel 625 to corrosion
under open-circuit conditions can therefore be attributed to these microstructural inhomogeneities. It has also
been emphasized in previous studies that post-deposition heat treatments can alleviate these adverse effects by
promoting elemental homogenization and microstructural refinement®*#%. Furthermore, the OCP behavior
of the aluminized specimens underscores the efficacy of the aluminide layer in mitigating the corrosive attack.
Acting as a chemically stable and physically barrier, this coating impedes the penetration of chloride ions from
the NaCl solution, thereby reducing direct interaction with the underlying substrate and enhancing corrosion
resistance.

An inspection of the Tafel polarization curves presented in Fig. 8 reveals a notable shift in electrochemical
parameters following aluminizing. The coated samples demonstrate a displacement of corrosion potential (E_ )
towards more positive values, accompanied by a reduction in corrosion current density (I_ ), as evidenced by
their logarithmic current values trending towards more negative regions. These shifts indicate a broadening
of the passive region and reduced corrosion kinetics. Collectively, these findings affirm that the aluminizing
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Fig. 8. Tafel extrapolation results of WAAM-samples in 3.5% NaCl solution.

Sample E_. (mV) |I_ (nA) | Corrosion rate (mpy) RP (kQ)
As-built Inconel 625 -564+21 | 1680+64 |9.79+0.72 22.53+1.72
As-built ER307 SS -557+14 | 4117 0.24+0.15 172.0+8.5
Aluminized Inconel 625 | —189+12 | 120+8 0.70£0.08 431.5+£25.40
Aluminized ER307 -118+6 32+2 0.19+0.02 398.7+15.72

Table 4. Summary of corrosion data obtained from OCP and Tafel curves.

process significantly enhances the corrosion performance of both ER307 stainless steel and Inconel 625 alloys
produced via Arc-DED.

The observed improvements in corrosion resistance can be attributed to the expansion of the passive region
and the shift in corrosion potential toward more noble (positive) values in the aluminide-coated specimens®’.
Specifically, these coatings not only enhanced electrochemical stability but also resulted in a noticeable reduction
in corrosion kinetics. This is evidenced by the leftward shift of the logarithmic polarization curves along the
x-axis, indicating lower corrosion current densities. For instance, the aluminized ER307 stainless steel sample
exhibited both a more positive corrosion potential and a significantly lower I value when compared to its
uncoated counterpart. Together, these findings demonstrate that among the evaluated samples, the aluminized
ER307 stainless steel specimen possesses the most favourable corrosion resistance characteristics.

For a more comprehensive understanding of the corrosion behavior, quantitative electrochemical parameters
- namely the corrosion potential (E_ ), corrosion current density (I_ ), corrosion rate (expressed in mils per
year, mpy), and polarization resistance (R )—obtained from the OCP and Tafel plots are presented in Table 4.

An evaluation of Table 4 shows that the as-deposited Inconel 625 exhibited the lowest corrosion potential
(Ecorr) and polarization resistance (Rp), resulting in the highest corrosion rate of 9.79 mpy, which is attributed
to elemental segregation inherent to the WAAM process. Following aluminizing, the corrosion rate of Inconel
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625 decreased markedly to 0.70 mpy, corresponding to an approximately 14-fold improvement, consistent with
the significant increase in Rp from 22.53 £1.72 kQ) to 431.5 +25.40 kQ). This improvement was further supported
by the reduction in corrosion current density (Icorr) from 1680+ 64 nA to 120+8 nA, indicating comparable
inhibition of electrochemical activity. These trends confirm that aluminizing effectively suppresses anodic
dissolution and enhances passive film stability. In comparison, the as-built ER307 stainless steel sample showed
an initial corrosion rate of 0.24 mpy, which slightly decreased to 0.19 mpy after aluminizing, indicating that its
corrosion performance was already superior in the as-deposited state.

The improved corrosion resistance of the aluminized specimens (Table 4) can be primarily attributed
to the formation of a chemically stable aluminide layer that restricts chloride penetration and suppresses
localized dissolution, in contrast to the as-built condition where elemental segregation and inter-dendritic
inhomogeneity promote anodic activity. In line with the observations of Maurya et al., the suppression of micro-
galvanic sites and mitigation of segregation-driven susceptibility around Ni- and Mo-rich regions reduce pit
initiation and propagation, thereby enhancing electrochemical stability in chloride-containing environments.
This improvement can be directly correlated with the microstructural evolution induced by thermochemical
diffusion, wherein the formation of NiAl and Ni,Al; intermetallic phases on WAAM-fabricated Inconel 625,
together with FeAl-based aluminides on ER307 stainless steel, promotes the development of a reveal localized
surface porosity and limited non-uniformity aluminide layer and chemically stable diffusion zone that minimizes
energetically favorable anodic dissolution sites. This barrier effect not only restricts chloride ingress and reduces
defect-assisted transport pathways—leading to more noble Ecorr values—but also contributes to lower Icorr
values through homogenization of Ni-, Mo-, and Nb-rich segregated regions, which otherwise facilitate micro-
galvanic activity, and through the establishment of a continuous Al-enriched passive layer that limits electron-
exchange kinetics. Moreover, the enhanced Rp values of the aluminized specimens indicate increased resistance
to charge transfer, consistent with the presence of stable aluminide phases and reduced porosity. These outcomes
highlight clear distinctions in corrosion performance between as-built and aluminized samples, emphasizing
the influence of process-related factors such as heat input, interlayer segregation, and surface defects inherent
to the WAAM technique, while underscoring the role of coating compactness, phase composition, and Al
concentration gradients in governing corrosion behavior; coatings with higher NiAl/Ni,Al; fractions exhibit
superior performance due to their thermodynamic stability and slow dissolution rates in chloride environments.

As depicted in Fig. 9, the dominant corrosion mechanism observed in the as-built ER307 stainless steel
specimen is uniform corrosion across a major portion of the surface. In the regions affected by corrosion (Pt2),
oxygen content was measured at approximately 11.03%, whereas it remained significantly lower - ranging from 0
to 0.68% - in darker, less corroded areas (Pt1 and Pt3). The localized presence of sodium and chloride residues in
Pt2 further confirms active corrosion in those regions, as these elements were distinctly identified on the surface.

Analogous to the behavior observed in the as-built WAAM-fabricated ER307 sample, Fig. 10 indicates
that homogeneous corrosion remains the dominant mechanism across a substantial portion of the Inconel
625 surface. However, in certain localized regions - particularly beneath Pt3 - microcracks are evident. These
microstructural defects may have played a significant role in the reduced corrosion resistance of the sample,
as they provide pathways for corrosive agents to infiltrate into subsurface regions, as corroborated by the data
presented in Table 4. The corrosion performance of WAAM-produced components is inevitably compromised
by the presence of surface porosities formed during fabrication, as well as the structural heterogeneity introduced
by elemental segregation and cracking along the build cross-section.

Such defects facilitate the ingress of the corrosive medium into the interior, enabling corrosion reactions
to progress along the path created by interconnected pores and cracks*!. Moreover, comparative EDS analysis
reveals a notable disparity in the oxygen content on the corroded surface of Inconel 625 relative to ER307,
suggesting differential corrosion dynamics between the two alloys.

Due to insufficient image clarity at a magnification of 2500X in the corroded regions of the aluminized
WAAM ER307 specimen, SEM imaging was instead conducted at a higher magnification of 10000X. As
illustrated in Fig. 11, the surface displays a structure composed of uniformly distributed, particle-like formations
indicative of pitting corrosion. EDS surface analysis revealed aluminum concentrations ranging from 39% to
53% and oxygen levels between 7.81% and 11.71%, confirming that the corrosion was predominantly localized
on the aluminide coating layer.

Similarly, the post-corrosion surface morphology of the aluminized WAAM Inconel 625 sample closely
mirrors that of the aluminized ER307 alloy. Figure 12 illustrates a surface characterized by quasi-homogeneous
particulate features interspersed with occasional pores (Pt3). The presence of aluminum (13.55%-48.26%)
and oxygen (7.81%-11.71%) in EDS analyses further supports that the corrosion process occurred within the
aluminide layer. These findings affirm that the aluminide coating remained adherent and continued to exist on
the surface even after exposure to corrosive conditions.

Conclusions

In this study, ER307 stainless steel and Inconel 625 superalloy wall structures fabricated via Wire Arc Directed
Energy Deposition (WA-DED) were subjected to an aluminizing treatment at 700 °C for four hours. The
investigation focused on evaluating the effects of the resulting aluminide coatings on the surface properties and
corrosion resistance of the WAAM-fabricated components. The principal findings derived from this research
can be summarized as follows:

o Microstructural gradients were detected along the build height of the as-built WAAM samples. This transition
from fine cellular structures at the bottom to coarser columnar dendrites toward the top is attributable to
changes in thermal conditions during the WAAM deposition process.
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Fig. 9. SEM image and EDS analysis results on the surface of as-built WAAM ER307 specimen subjected to
electrochemical corrosion test in 3.5% NaCl solution.

o The WAAM-fabricated Inconel 625 alloy exhibited lower polarization resistance (Rp) and higher corrosion
current density (I ) values compared to the ER307 stainless steel counterpart. This difference is primarily
attributed to the more pronounced elemental segregation present within the microstructure of Inconel 625.
While homogeneous corrosion was the dominant degradation mechanism in the as-built ER307 stainless
steel, the Inconel 625 alloy displayed both homogeneous and crevice corrosion characteristics.

« Following the aluminizing process, continuous coating layers ranging from 40 to 50 pm in thickness were suc-
cessfully formed across the sample surfaces. However, localized porosity was observed within the aluminide
coatings. This phenomenon is believed to be associated with the relatively low aluminum content used in the
powder mixture, combined with the extended duration of the aluminizing treatment.

o The chemically stable aluminide coatings formed on the surfaces served as effective barriers against the in-
gress of corrosive media. Moreover, the aluminizing process contributed to a refinement of the surface mi-
crostructure, particularly for the Inconel 625 samples, by reducing surface porosity and associated defects
introduced during WAAM processing.

« The enhanced electrochemical stability of the aluminized samples, as evidenced by their performance in OCP
and Tafel polarization analyses compared to untreated as-built counterparts, suggests that these coated ma-
terials are more suitable for long-term service in corrosive environments. These results clearly demonstrate
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Fig. 10. SEM image and EDS analysis conducted on the surface of as-built WAAM ER307 specimen subjected
to electrochemical corrosion test in 3.5% NaCl solution.

that the inherent limitation of poor corrosion resistance in WAAM-fabricated components can be effectively
mitigated through aluminizing - a relatively simple and cost-efficient surface treatment method.
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Fig. 11. SEM image and EDS analysis conducted on the surface of the aluminized WAAM ER307 sample after
undergoing electrochemical corrosion testing in a 3.5% NaCl solution.
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Fig. 12. SEM image and EDS analysis conductyed on the surface of the aluminized Inconel 625 sample

following exposure to electrochemical corrosion testing in a 3.5% NaCl solution.

Data availability

No datasets were generated or analysed during the current study.

Received: 10 August 2025; Accepted: 24 November 2025

Published online: 06 December 2025

References

1. Omiyale, B. O., Ogedengbe, L. I., Olugbade, T. O. & Farayibi, P. K. Corrosion performance of wire arc additive manufacturing of
stainless steel: A brief critical assessment. 3D Printing and Additive Manufacturing 11(2). (2024). https://doi.org/10.1089/3dp.202

2.0253

2. Jin, W. et al. Wire Arc additive manufacturing of stainless steels: A review. Appl. Sci. 10 (5), 1563. https://doi.org/10.3390/app1005

1563 (2020).

Scientific Reports |

(2025) 15:43268 | https://doi.org/10.1038/s41598-025-30389-4

nature portfolio


https://doi.org/10.1089/3dp.2022.0253
https://doi.org/10.1089/3dp.2022.0253
https://doi.org/10.3390/app10051563
https://doi.org/10.3390/app10051563
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Ko, G, Kim, W, Kwon, K. & Lee, T. K. The corrosion of stainless steel made by additive manufacturing: A review. Metals 11 (3),

516. https://doi.org/10.3390/met11030516 (2021).

. Haghdadi, N., Laleh, M., Moyle, M. & Primig, S. Additive manufacturing of steels: A review of achievements and challenges.

Journal of Materials Science 2021;56:64-107. (2021). https://doi.org/10.1007/s10853-020-05109-0

. Guler, S., Serindag, H. T. & Cam, G. Wire Arc additive manufacturing (WAAM): recent developments and prospects. Eng. Mach.

63 (706), 82-116. https://doi.org/10.46399/muhendismakina.1085716 (2022).

. Cam, G. Prospects of producing aluminum parts by wire Arc additive manufacturing (WAAM). Mater. Today Proc. 62 (1), 149-

198. https://doi.org/10.1016/j.matpr.2022.02.137 (2022).

. Gunen, A. & Cam, G. Challenges and opportunities in the production of magnesium parts by directed energy deposition processes.

J. Magnesium Alloys. 12, 1663-1686. https://doi.org/10.1016/j.jma.2024.05.004 (2024).

. Jafari, D., Vaneker, T. H. & Gibson, I. Wire and Arc additive manufacturing: opportunities and challenges to control the quality and

accuracy of manufactured parts. Mater. Design. 202, 109471. https://doi.org/10.1016/j.matdes.2021.109471 (2021).

. Ding, D., Pan, Z., Cuiuri, D. & Li, H. Wire-feed additive manufacturing of metal components: technologies, developments and

future interests. Int. J. Adv. Manuf. Technol. 81, 465-481. https://doi.org/10.1007/s00170-015-7077-3 (2015).

Herawan, S. G. et al. Review on effect of heat input for wire Arc additive manufacturing process. J. Mater. Res. Technol. 11, 2127
2145 https://doi.org/10.1016/j.jmrt.2021.02.002 (2021).

Tawfik, M. M., Nemat-Alla, M. M. & Dewidar, M. M. Enhancing the properties of aluminum alloys fabricated using wire +arc
additive manufacturing technique-A review. J. Mater. Res. Technol. 13, 754-768. https://doi.org/10.1016/j.jmrt.2021.04.076 (2021).
Van, D., Dinda, G. P, Park, J., Mazumder, J. & Lee, S. H. Enhancing hardness of inconel 718 deposits using the aging effects of cold
metal transfer-based additive manufacturing. Mater. Sci. Eng. A. 776, 139005. https://doi.org/10.1016/j.msea.2020.139005 (2020).
Tanvir, A. N. M. et al. Heat treatment effects on inconel 625 components fabricated by wire + arc additive manufacturing (WAAM)-
Part 1: microstructural characterization. Int. J. Adv. Manuf. Technol. 103, 3785-3798. https://doi.org/10.1007/s00170-019-03828-6
(2019).

Tanvir, A. N. M. et al. Heat treatment effects on inconel 625 components fabricated by wire+arc additively manufacturing
(WAAM)-part 2: mechanical properties. Int. . Adv. Manuf. Technol. 110, 1709-1721. https://doi.org/10.1007/s00170-020-05980-w
(2020).

Rooprai, R. S., Bansal, A. & Singh, J. Influence of tic powder content on wear behaviour of inconel 625 clads developed by hybrid-
mode wire Arc additive manufacturing (WAAM) on EN-8 steel. Tribol. Int. 189, 108937. https://doi.org/10.1016/j.triboint.2023.1
08937 (2023).

Gunen, A., Gurol, U., Kocak, M. & Cam, G. A new approach to improve some properties of wire Arc additively manufactured
stainless steel components: simultaneous homogenization and boriding. Surf. Coat. Technol. 460, 129395. https://doi.org/10.1016/
j.surfcoat.2023.129395 (2023).

Gunen, A., Gurol, U, Kocak, M. & Cam, G. Investigation into the influence of boronizing on the wear behavior of additively
manufactured inconel 625 alloy at elevated temperature. Progress Additive Manuf. 8, 1281-1301. https://doi.org/10.1007/s40964-0
23-00398-8 (2023).

Bolukbasi, O. S., Serindag, T., Gurol, U., Gunen, A. & Cam, G. Improving oxidation resistance of wire Arc additive manufactured
inconel 625 Ni-based Superalloy by pack aluminizing. CIRP J. Manuf. Sci. Technol. 46, 89-97. https://doi.org/10.1016/j.cirpj.2023.
07.011 (2023).

Gurol, U. et al. Effect of powder-pack aluminizing on microstructure and oxidation resistance of wire Arc additively manufactured
stainless steels. Surf. Coat. Technol. 468, 129742. https://doi.org/10.1016/j.surfcoat.2023.129742 (2023).

Muthu, S. M. et al. Influence of microstructure on the oxidation characteristics of conventional and wire Arc additive manufactured
alloy 625 at 750 °C. Mater. Lett. 336, 133853. https://doi.org/10.1016/j.matlet.2023.133853 (2023).

Safarzade, A., Sharifitabar, M. & Afarani, M. S. Effects of heat treatment on microstructure and mechanical properties of inconel
625 alloy fabricated by wire Arc additive manufacturing process. Trans. Nonferrous Met. Soc. China. 30 (11), 3016-3030. https://d
0i.0rg/10.1016/S1003-6326(20)65439-5 (2020).

Farfan-Cabrera, L. I. et al. Tribological effects of boriding treatment on a low carbon steel repaired by wire and Arc additive
manufacturing. Surf. Coat. Technol. 465, 129574. https://doi.org/10.1016/j.surfcoat.2023.129574 (2023).

Kocaman, E., Gurol, U., Gunen, A. & Cam, G. Effect of post-deposition heat treatments on high-temperature wear and corrosion
behavior of inconel 625. Mater. Today Commun. 42, 111101. https://doi.org/10.1016/j.mtcomm.2024.111101 (2025).

Gunen, A. Properties and corrosion resistance of borided AISI H11 tool steel. J. Eng. Mater. Technol. 142 (1), 011010. https://doi.o
rg/10.1115/1.4044667 (2020).

Angst, U. & Biichler, M. On the applicability of the Stern-Geary relationship to determine instantaneous corrosion rates in macro-
cell corrosion. Mater. Corros. 66 (10), 1017-1028. https://doi.org/10.1002/maco.201407997 (2015).

Astm, G. Standard practice for calculation of corrosion rates and related information from electrochemical measurements. G102-
89. (2004).

Senol, M. & Cam, G. Investigation into microstructures and properties of AISI 430 ferritic steel butt joints fabricated by GMAW.
Int. ]. Press. Ves Pip. 202, 104926. https://doi.org/10.1016/j.ijpvp.2023.104926 (2023).

Serindag, H. T. & Cam, G. Characterizations of microstructure and properties of dissimilar AISI 316L/9Ni low alloy cryogenic steel
joints fabricated by GTAW. J. Mater. Eng. Perform. 32, 7039-7049. https://doi.org/10.1007/s11665-022-07601-x (2023).

Serindag, H. T. & Cam, G. Multi-pass butt welding of Thick AISI 316L plates by gas tungsten Arc welding: microstructural and
mechanical characterization. Int. J. Press. Ves Pip. 200, 104842. https://doi.org/10.1016/j.ijpvp.2022.104842 (2022).

Ezer, M. & Cam, G. A study on microstructure and mechanical performance of gas metal Arc welded AISI 304L joints. Materialwiss.
Werkstofftech. 53 (9), 1043-1052. https://doi.org/10.1002/mawe.202200050 (2022).

Serindag, H. T. & Cam, G. Microstructure and mechanical properties of gas metal arc welded AISI 430/AISI 304 dissimilar stainless
steels butt joints, Journal of Physics: Conference Series 1777:012047. (2021). https://doi.org/10.1088/1742-6596/1777/1/012047
Cam, G,, Yeni, C., Erim, S., Ventzke, V. & Kocak, M. Investigation into properties of laser welded similar and dissimilar steel joints.
Sci. Technol. Weld. Join. 3 (4), 177-189. https://doi.org/10.1179/stw.1998.3.4.177 (1998).

Rodrigues, T. A. et al. Effect of heat treatments on 316 stainless steel parts fabricated by wire and arc additive manufacturing:
microstructure and synchrotron X-ray diffraction analysis. Add Manuf 2021;48(B):102428. (2021). https://doi.org/10.1016/j.addm
2.2021.102428

Yangfan, W, Xizhang, C. & Chuanchu, S. Microstructure and mechanical properties of inconel 625 fabricated by wire-arc additive
manufacturing. Surf. Coat. Technol. 374, 116-123. https://doi.org/10.1016/j.surfcoat.2019.05.079 (2019).

Jia, J., Hou, L., Luo, H., Zhang, S., Wang, H., Du, H., ... Wei, Y. (2025). Uncovering the influence of Mo and N on the hot-corrosion
resistance of super austenitic stainless steels in a chloride-containing oxidizing environment. Corrosion Science, 255, 113120.http
s://doi.org/10.1016/j.corsci.2025.113120.

Cabrini, M., Lorenzi, S., Testa, C., Brevi, F, Biamino, S., Fino, P, ... Pastore,T. (2019). Microstructure and selective corrosion of
alloy 625 obtained by means of laser powder bed fusion. Materials, 12(11), 1742. https://doi.org/10.3390/mal2111742.
Kreitcberg, A. & Brailovski, V. Effect of Fe and C contents on the microstructure and high-temperature mechanical properties of
IN625 alloy processed by laser powder bed fusion. Materials 15 (19), 6606. https://doi.org/10.3390/mal15196606 (2022).

Wang, Y. et al. Effect of magnetic field on the microstructure and mechanical properties of inconel 625 Superalloy fabricated by
wire Arc additive manufacturing. J. Manuf. Process. 64, 10-19. https://doi.org/10.1016/j.jmapro.2021.01.008 (2021).

Scientific Reports |

(2025) 15:43268 | https://doi.org/10.1038/541598-025-30389-4 nature portfolio


https://doi.org/10.3390/met11030516
https://doi.org/10.1007/s10853-020-05109-0
https://doi.org/10.46399/muhendismakina.1085716
https://doi.org/10.1016/j.matpr.2022.02.137
https://doi.org/10.1016/j.jma.2024.05.004
https://doi.org/10.1016/j.matdes.2021.109471
https://doi.org/10.1007/s00170-015-7077-3
https://doi.org/10.1016/j.jmrt.2021.02.002
https://doi.org/10.1016/j.jmrt.2021.04.076
https://doi.org/10.1016/j.msea.2020.139005
https://doi.org/10.1007/s00170-019-03828-6
https://doi.org/10.1007/s00170-020-05980-w
https://doi.org/10.1016/j.triboint.2023.108937
https://doi.org/10.1016/j.triboint.2023.108937
https://doi.org/10.1016/j.surfcoat.2023.129395
https://doi.org/10.1016/j.surfcoat.2023.129395
https://doi.org/10.1007/s40964-023-00398-8
https://doi.org/10.1007/s40964-023-00398-8
https://doi.org/10.1016/j.cirpj.2023.07.011
https://doi.org/10.1016/j.cirpj.2023.07.011
https://doi.org/10.1016/j.surfcoat.2023.129742
https://doi.org/10.1016/j.matlet.2023.133853
https://doi.org/10.1016/S1003-6326(20)65439-5
https://doi.org/10.1016/S1003-6326(20)65439-5
https://doi.org/10.1016/j.surfcoat.2023.129574
https://doi.org/10.1016/j.mtcomm.2024.111101
https://doi.org/10.1115/1.4044667
https://doi.org/10.1115/1.4044667
https://doi.org/10.1002/maco.201407997
https://doi.org/10.1016/j.ijpvp.2023.104926
https://doi.org/10.1007/s11665-022-07601-x
https://doi.org/10.1016/j.ijpvp.2022.104842
https://doi.org/10.1002/mawe.202200050
https://doi.org/10.1088/1742-6596/1777/1/012047
https://doi.org/10.1179/stw.1998.3.4.177
https://doi.org/10.1016/j.addma.2021.102428
https://doi.org/10.1016/j.addma.2021.102428
https://doi.org/10.1016/j.surfcoat.2019.05.079
https://doi.org/10.1016/j.corsci.2025.113120
https://doi.org/10.1016/j.corsci.2025.113120
https://doi.org/10.3390/ma12111742
https://doi.org/10.3390/ma15196606
https://doi.org/10.1016/j.jmapro.2021.01.008
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

39. Zhao, X, Di, X., Zhang, X. & Li, C. Improvement in corrosion resistance of wire Arc additive manufactured inconel 625 alloy
through heat treatment. Mater. Res. Express. 8 (6), 066529. https://doi.org/10.1088/2053-1591/ac0b0b (2021).

40. Peng, J. et al. Influence of al content and pre-oxidation on the aqueous corrosion resistance of binary Fe-Al alloys in sulphuric acid.
Corros. Sci. 149, 123-132. https://doi.org/10.1016/j.corsci.2018.12.040 (2019).

41. Attarzadeh, N., Molaei, M., Babaei, K. & Fattahalhosseini, A. New promising ceramic coatings for corrosion and wear protection
of steels: A review. Surf. Interfaces. 23, 100997. https://doi.org/10.1016/j.surfin.2021.100997 (2021).

Acknowledgements
The ChatGPT was carefully used in order to improve the language of this manuscript grammatically.

Author contributions

Authors’ contribution** Assoc. Prof. Ugur Giirol and Ahmet Alsaadi conducted the WAAM trials, optical mi-
croscopy, and SEM analysis, and contributed to the writing process. Professor Dr. Ali Giinen and Assoc. Prof.
Hasan Yildizhan conducted the aluminizing and corrosion tests and contributed to the writing. Additionally,
Associate Professor Dr. Ahmet Cakan, Professor Dr. Mustafa Kogak, Professor Dr Jodo Gomes and Professor Dr.
Giirel CAM evaluated the results and contributed to the manuscript writing.

Funding
Open access funding provided by University of Gévle. This research was not funded by any institution or organ-
ization.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.G.

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.

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) 2025

Scientific Reports |

(2025) 15:43268 | https://doi.org/10.1038/s41598-025-30389-4 nature portfolio


https://doi.org/10.1088/2053-1591/ac0b0b
https://doi.org/10.1016/j.corsci.2018.12.040
https://doi.org/10.1016/j.surfin.2021.100997
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Effect of post-deposition aluminizing on the corrosion and mechanical behavior of WAAM-fabricated stainless steel and Ni-based superalloy
	﻿Experimental methods
	﻿Fabrication of WAAM components

	﻿Results and discussion
	﻿Microstructural aspects
	﻿Analysis of aluminide layers
	﻿Results of electrochemical corrosion tests

	﻿Conclusions
	﻿References


