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Abstract

Unlike conventional alloys, where carbon content typically promotes carbide compound formation
and reduces localized corrosion resistance, the impact-of carbon in additively manufactured materials
remains largely unexplored due to rapid cooling rates inhibiting carbide formation. This study
addresses the novel question of whether reducing carbon content benefits corrosion performance and
its underlying mechanisms in Ni-Fe-Cr-based alloy 718. Employing high-resolution techniques and
microcapillary electrochemical methods, it was revealed that higher carbon content increases
dislocation density at cell boundaries. This increased dislocation density facilitates the enhanced
ejection of nickel and iron from the protective chromium oxide layer on the surface, leading to the
formation of a defective outer Ni-Fe oxide layer. This compromised layer subsequently diminishes the

alloy's corrosion resistance, particularly under tensile stress conditions.

Keywords: Metal additive manufacturing; Ni-Cr-based alloy; Corrosion; Passivity; semiconducting

behaviour; Stress corrosion cracking; Microstructural analysis

1. Introduction

Additive manufacturing emerges as a promising production method that yields significant reductions
in production time, energy consumption, and cost, especially for components with complex
geometries [1]. Among various additive manufacturing techniques, laser powder bed fusion (L-PBF)
has exhibited its superiority in producing components with mechanical properties comparable to or
surpassing those achieved through conventional methods [2]. The application of L-PBF for processing
Ni-Fe-Cr-based alloy 718 has gained substantial interest in recent years, particularly in industries such

as oil and gas, energy, and nuclear sectors [3,4]. This heightened interest can be attributed to the
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alloy's capability to offer a compelling combination of exceptional mechanical properties and

corrosion resistance, meeting the strict requirements of such industries.

Alloy 718 is well-regarded for its outstanding mechanical properties, primarily owing to the presence
of precipitation-hardening secondary phases, namely y' (Ni3(Al, Ti)) and y" (Ni3Nb) [5]. However,
undesirable phases, including M23C6, M6C, MC carbides, and platelike and blocky 6-Ni3Nb phases
at grain boundaries, inevitably form during solidification and aging heat treatments [6-9]. The
existence of these unwanted phases is known to significantly reduce the corrosion and stress corrosion
cracking resistance (SCC) of conventional alloys under demanding working conditions [10-13].
Research conducted by multiple groups has indicated that the formation of chromium-based carbides
may contribute to decreased corrosion resistance through mechanisms such as reduced availability of
chromium for passive layer formation, localized corrosion sites adjacent to these phases
(sensitization), and the creation of electrochemically coupled environments [14-18]. Consequently,
the reduction of carbon content in the alloy is a common strategy to mitigate carbide formation in
conventionally produced alloys. However, during the L-PBF process, the formation of such phases is
substantially inhibited due to the extremely rapid cooling of the melt pools [19-21]. Instead, the
formation of non-equilibrium phases enriched in specific alloying elements (such as Nb and Mo,
reaching 2-5 times higher levels for L-PBF compared to conventional alloy 718) at subgrain
boundaries in additive manufactured materials has been extensively reported [22—24]. Therefore, a
critical question that arises is whether the reduction of carbon content in the metal feedstock used for
L-PBF process could impact the corrosion and SCC resistance of the material under the extreme
solidification conditions inherent to the L-PBF process. The nominal carbon content of this alloy (for
both bulk and powder for L-PBF processing) adheres to standard specifications, with a maximum

limit of 0.08 wt.%.

Existing literature on the corrosion performance of additively manufactured alloy 718 has
predominantly focused on comparing LPBF with traditional materials and assessing the impact of
various heat treatment regimens on corrosion and SCC susceptibility[25]. In general, the outcomes are
varied and in some cases contradictory. Luo et al. [26] observed the formation of fine v', y", and o
phases after heat treatment, along with the dissolution of enriched subgrain boundaries, resulting in
enhanced corrosion resistance. In contrast, Zhang et al. [27] reported superior corrosion performance
of as-received L-PBF 718 in comparison to the solution heat-treated case, attributing it to the presence
of compressive residual stresses and the absence of & phases in the as-printed state. In a separate
study, Du et al. [28] emphasized an enhancement in corrosion resistance with an increased laves phase
density achieved by altering the build orientation. This improvement was explained in terms of an
increase in the incline angle, coupled with changes in grain boundary structure and density.
Furthermore, in authors prior investigations [29,30] on L-PBF processed alloy 718, the mechanism of

SCC initiation, which involves the formation of a coupled environment between the cellular matrix
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and subgrain boundaries enriched in Nb and Mo, was elucidated implementing novel microcapillary
electrochemical techniques. This leads to selective dissolution of the cellular matrix, combined with
the presence of a high dislocation density adjacent to cell boundaries, resulting in a higher energy
level at such sites and rendering them more susceptible to both mechanical rupture and corrosion

occurrences.

While extensive research has explored the impact of carbon content on the corrosion resistance of
alloys with a native oxide layer, a comprehensive understanding of the passive layer characteristics
and corrosion behaviour in additively manufactured materials in response to minor variation of carbon
content remains lacking. Generally, the reduction in carbon content results in diminished availability
of carbon for carbide formation and a significant sensitization adjacent to secondary carbide phases

[31].

Moreover, limited investigations into the influence of carbon content in additively manufactured cases
by Zhou et al. [32], and Zheng et al. [33] have primarily focused on elucidating the microstructural
and mechanical alterations resulting from variations in carbon content within additive manufacturing
techniques. These studies suggest that increase in carbon content could be associated with improved
mechanical properties as a consequence of dislocation pinning during the movement of dislocations
under tensile loading. However, no link has been made between minor variations in carbon content
and the corrosion performance of additively manufactured materials. Thus, the current investigation
aims to address a critical question: Does reducing carbon content in additively manufactured materials
enhance corrosion performance, even though lower carbon content does not contribute to carbide
reduction (as a consequence of rapid solidification processes involved)? If so, what mechanism

underpins this improved corrosion performance?

This study is dedicated to investigating the behaviour of passive layer and its correlation with
submicron structure of two variants of L-PBF processed Alloy 718, which differ in their carbon
content. Electrochemical techniques were applied in a chloride-containing solution for evaluation of
the corrosion resistance of the specimens and asses the passive layer characteristics. The selection of
such environment is based on its relevance, as chloride contamination is a prevalent issue in critical
industries, including oil and gas, as well as nuclear power plants situated in coastal regions. The
electrochemical investigations were complemented with Scanning Electron Microscopy (SEM),
Scanning Kelvin Probe Force Microscopy (SKPFM), X-ray Diffraction (XRD), X-Ray Photoelectron
Spectroscopy (XPS), Electron Back Scattered Diffraction (EBSD), and High-resolution Transmission
Electron Microscopy (TEM) characterization equipped with Energy Dispersive Spectroscopy (EDS),
to analyse in detail the microstructure of the specimens and the characteristics/composition of their

surfaces/passive oxide layer.
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2. Materials and methods

The selection of carbon content levels for this study is justified in the specifications of existing
standard 718 alloys. Traditionally, there are two variants of alloy 718: the conventional aerospace
variant and the corrosion-resistant variant (AMS-ASTM F3055-14a, and CTP-ISO-NiCr19Nb5Mo3).
While reducing carbon content in conventional materials is beneficial for minimizing carbide
formation, this rationale does not apply to additive manufacturing materials due to the rapid
solidification processes involved, which lead to the formation of non-equilibrium phases.
Additionally, investigating higher carbon content is impractical due to the standard limitations for

alloy 718, as any carbon content beyond the standard range would not be relevant.

2.1. LPBF sample preparation

Gas atomized powder of Alloy 718 was employed, specifically utilizing two variants: alloy 718CTP
(ISO-NiCr19Nb5Mo3) with lower carbon content (0.045 wt.%), and the standard variant (UNS-
NO07718, identified by ASTM F3055—14a), containing 0.08 wt.% carbon, provided by VDM metals
GmbH, Germany. The particle size range of the powder was 10-um to 55 um. Parts fabricated using
the low-carbon-content powder are going to be referred to in the text as 718CTP, and samples
fabricated with the standard carbon content as 718 AMS. The nominal composition of the powder used
for the L-PBF process is reported in Table 1. Specimens measuring 30x10x30 mm were processed
using an EOS M100 laser metal fusion machine equipped with a 200 W fibre laser. Preliminary
experiments were conducted to determine the optimal process parameters for achieving specimens
with maximum density. The selection of the most favourable combination of process parameters,
including layer thickness of 20 pwm, hatch spacing of 70 pm, laser power of 115 W, and a bidirectional
alternating chess scan strategy, along with a laser spot diameter of 30 um, resulted in the highest

density in the current investigation.

Considering that evaporation of certain elements can occur during the L-PBF process, the elemental
composition of the specimens after printing was measured by EDS-SEM. The EDS analysis revealed
minimal compositional variation in nickel, chromium, and molybdenum content for the samples, as

summarised in Table 2.

Samples were prepared from the additively manufactured specimens in as-built state through electro-
discharge machining (EDM) with dimensions of 10x30x0.8 mm, sliced perpendicular to the build
direction. To isolate the influence of the inherent microstructure from potential boundary effects (such
as layers attached to the build platform and the final build layer), the first and last 0.5 mm thickness
along the build direction were excluded from the analysis. To focus solely on the microstructural
impact of the L-PBF process and minimize the influence of the EDM process on surface morphology,
specimens were precisely ground and polished up to 0.1 pm alumina suspension. Subsequently, the

samples underwent a 15-minute ultrasonic wash in a 30% ethanol solution, followed by rinsing with
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pure ethanol. The specimens were left undisturbed for 72 hours to allow for the formation of a native

oxide layer on the surface under identical environmental condition.

Table 1. Nominal composition of the powder used for L-PBF manufacturing. 718AMS refers to the
standard alloy, while 718CTP refers to the low carbon content variant.

Sample/wt. Ni Cr C Mn Si Cu Mo Nb Al Ti Fe
%
718CTP 50-55 | 17-21 | 0.045 | 035 | 0.35 | 0.23 | 2.8-3.3 4.85-52 | 0.40-0.6 | 0.80-1.15 | Bal

718AMS 50-55 | 17-21 0.08 035 | 035 | 03 | 2.8-33 4.75-5.5 | 0.20-0.8 | 0.65-1.15

Table 2. EDS elemental compositional analysis of L-PBF Processed specimens. 718AMS refers to the
standard alloy, while 718CTP refers to the low carbon content variant.

Sample/w
Ni Cr Fe Mn Si Cu Mo Nb Al Ti C
t. %
L-PBF
51.2 18.7 17.38 0.4 0.2 0.2 4.4 6.1 0.7 0.7 0.02
718 CTP
L-PBF
51.3 18.8 17.4 0.3 0.3 0.2 42 6 0.6 0.84 0.06
718 AMS

2.2. Micro and submicron characterization

A thorough microstructural analysis was conducted on the specimens both before and after
undergoing electrochemical polarization experiments. Pore analysis was performed using a Leica
DMRE optical microscope, capturing images at magnifications of 5X, 10X, and 20X, with a total of
30 images obtained for all magnification levels. For microstructural analysis of the as-built specimens,
etching with Kalling's 2 reagent (2 g CuCl2, 40 ml HCI, 8 ml Ethanol) was employed. Subsequently,
subgrain width analysis was performed on the etched surfaces analysed by SEM and TEM. Notably,
the analysis encompassed 20 SEM pictures at a magnification of 10,000X, taken from different zones
on the surface of the specimens (perpendicular to the build direction, where the electrochemical
polarization experiments were conducted), in conjunction with 30 images derived from TEM analysis
of successive samples, with an electron energy of 15 KeV. To ensure statistical significance, a total of
1,500 subgrain measurements were conducted. To characterize the microstructure of the as-built
specimens, FEI QUANTA 250 field emission SEM (FE-SEM) equipped with Oxford instruments
EDS detector was utilized.

TEM analysis was conducted using a JEOL JEM-F200 instrument equipped with EDS detector,
operating at an acceleration voltage of 200 kV. TEM samples were prepared by hand grinding until a
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thickness of up to 40 pm was achieved. Subsequently, electrochemical polishing was carried out using
the STRUERS TENUPOL-3 twin-jet polishing unit, utilizing a solution consisting of 95% acetic acid
and 5% perchloric acid until reaching electron transparency. The electrochemical polishing was

performed at 45 V and at a temperature of -25 degrees Celsius.

2.3. X-ray Diffraction

XRD measurements were conducted for the identification and quantification of phases. The
measurements utilized a Siemens D500 X-ray diffractometer (Siemens, Munich, Germany) equipped
with a Cu Ka radiation tube, operating at 40 kV and 30 mA. The analysis covered a 20 angular range
from 40 to 105°, with a scan step of 0.025° and a counting time of 3 s per step.

2.4.Electron back scattered diffraction analysis

EBSD analysis was performed using a FEI QUANTA 250 FEG-SEM equipped with an AMETEK
EBSD Detector. Specimens were polished with a final polishing step using 40 nm colloidal silica. The
SEM was operated at an accelerating voltage of 20 kV. EBSD data was collected across a
representative area of 400 um x400 um surface with a step size of 1 pm to ensure adequate spatial
resolution. Kernel Average Misorientation (KAM) maps were generated from the EBSD data to
quantify local lattice distortion and dislocation density. To enhance data reliability, EBSD and KAM
analyses were conducted at three distinct locations on each sample. The acquired EBSD data was
processed using OIM Analysis software to generate inverse pole figure (IPF) and KAM maps of the
surface. Statistical analysis of KAM values and grain size distributions was performed to evaluate

microstructural variations between different samples.

2.5. Scanning kelvin probe force microscopy

SKPFM was implemented using a Park Systems XE-100 atomic force microscope. The
measurements utilized rectangular conductive cantilevers (ANSCM-PT from AppNano) coated with
Pt/Ir, exhibiting a nominal resonant frequency ranging from 50 to 70 kHz and a nominal spring
constant between 1 and 5 N/m. A dynamic mode with a single-pass approach was employed for
analysis, allowing the simultaneous acquisition of topography and corresponding potential images.
The acquired potential signal, referred to as the contact potential difference (CPD) between the tip and
the sample, reflected the discrepancy in the work function of the probe and the surface. To accurately
depict the relationship between the Volta-potential values of the investigated surface, the recorded

potential signal was inverted.

SKPFM measurements were sequentially conducted on specimens, and upon completing the analysis
of the last specimen, the initial sample was re-measured. This step ensured that the volta potential of
the probe remained unchanged, ruling out any effects from wear, geometrical alterations of the tip

apex, or contamination [34]. The consistent CPD value obtained in the second scan of the initial
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sample confirmed the stability of the AFM probe and facilitated the direct comparison of CPD values
across different specimens. These CPD values represent the Volta potential difference between the
surface of each sample and the probe. With no variation in the Volta potential of the probe,
discrepancies between the measured CPD values indicate variations in the Volta potential of the

analysed specimens.

2.6. X-ray Photoelectron Spectroscopy

XPS experiments were conducted using an EnviroESCA spectrometer (Specs) equipped with an AlKa
X-ray source (hv = 1486.6 eV). The analyses took place under vacuum conditions, maintained at
approximately 10® mbar. High-resolution spectra were acquired with a pass energy setting of 30 eV,
integrating for 0.2 seconds per step and recording data at 0.1 eV intervals per step. To mitigate
experimental discrepancies caused by charge accumulation, an adjustment in binding energy (BE) was
applied. Specifically, a BE correction of 284.8 ¢V was used to account for the presence of
adventitious carbon [35]. Further analysis included the decomposition of XPS spectra using Keystone
software (Specs) with a Shirley-type background subtraction [36]. Quantification parameters for the

analysis were provided by Specs.

2.7. Electrochemical polarization analysis

The microcapillary test method was employed to catry out electrochemical polarization experiments,
offering a viable alternative to conventional techniques for investigating corrosion at the microscale.
The implementation of this method facilitates the early-stage observation and analysis of localized
corrosion phenomena, including pitting and SCC, due to its high sensitivity to even subtle changes
and its ability to examine small surface areas. Additionally, this method allows for multiple
electrochemical experiments to be conducted on the same test surface, minimizing the potential data
scattering caused by variations in surface morphology. In all experiments, an open circuit potential
(OCP) measurement was conducted for one hour to establish equilibrium between the electrolyte and
the specimen. The OCP values, relative to the standard calomel electrode (SCE), were determined to
be -200 + 10 mV for low-carbon and -210 = 10 mV for high-carbon specimens. The three-electrode
configuration with calomel electrode as reference and platinum wire as the counter electrode was
utilized. A Gamry Interface 1010E potentiostat unit from Gamry Instruments (USA) was utilized for

the electrochemical measurements.

Electrochemical impedance spectroscopy (EIS) was carried out on a circular area with a 3 mm
diameter, covered with strong adhesive tape. The frequency range was set between 0.01 and 10° Hz,
with a DC amplitude based on OCP with respect to SCE values for each specimen and an AC
amplitude of 10 mV.
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Potentiodynamic, Mott-Schottky, galvanostatic (constant current density) and potentiostatic (constant
potential) polarization experiments were performed using the microcapillary technique to
comprehensively understand the alterations in electrochemical behaviour among the specimens. A
solution of 3.5% sodium chloride in deionized and deaerated water (bubbled with pure argon for 20
minutes before experiments) was employed to replicate common chloride ion contamination found in
critical industries, especially those located in coastal regions. The contact surface was circular with a
diameter of 500 pm, and the microcapillary tip was sealed with silicon glue to prevent crevice
corrosion at the interface. Due to the self-isolation nature of the microcapillary method, the solution
remained isolated from the environment, eliminating environmental factors from affecting the

measured data.

Potentiodynamic polarization measurements were performed in the range of -0.5 to 1.5 V with respect
to OCP, measured prior to the experiments, at a scan rate of 1 mV/s. Mott-Schottky polarization
measurements were conducted after polarizing the samples for one hour at a potential corresponding
to the passive region (200 mV vs. SCE for both specimens obtained from potentiodynamic
polarization results) to ensure a uniform passive layer on the surface of both specimens. The potential
range of -0.5 to 1 V, a scan rate of -50 mV.s™, and an AC amplitude of 10 mV at 1 kHz were used to

examine the effect of carbon content variation on the semiconductor behaviour of the materials.

To understand the behaviour of the native oxide layer under tensile loading conditions, for further
characterization of SCC crack initiation, specimens were tensile strained at 0.2% strain corresponding
to the yield stress of the material (0.2% proof stress). To ensure experimental reproducibility, identical
specimens were employed for both polarization experiments and subsequent analyses. Measurements
were consistently conducted at the specimen centre, with each experimental condition replicated at
least on two specimens. Tensile straining was accurately measured using a DT9829 high-precision
mixed sensor USB device (Measurement Computing Corporation, USA) combined with strain gauges
in half Wheatstone bridge configuration. Galvanostatic measurements were conducted with a constant
current density maintained at a level proximate to the breakdown current density determined from
potentiodynamic polarization measurements, lasting for a duration of 3000 seconds. Additionally,
potentiostatic measurements were catried out by maintaining a constant potential, set at a value 10%
lower than the breakdown potential obtained from potentiodynamic polarization measurements, for

each specimen.
3. Results

3.1. Microstructural analysis and phase characterization

Analysis of specimen density using the Archimedes method revealed a density of 99.89% for the
AMS alloy and 99.91% for the CTP alloy, indicating the production of nearly fully dense specimens

for both conditions. Additionally, optical microscope examination of the pore surface area obtained
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from cross sectioning the specimens (depicted in Figure 1a) further confirmed the high density of both
alloys. The observed pores are predominantly spherical, indicative of gas entrapment during the L-

PBF process.

Figure 1. (a) Optical images of the surface indicating overall pore shape (shown by red arrows), (b)
SEM image at low magnification for CTP specimen, (¢) higher magnification images for CTP, and (d)
for AMS alloy.

SEM analysis of the etched surface for both alloys, as illustrated in Figure 1b-d, highlights an
identical microstructure characterized by a submicron cellular-columnar structure separated by non-
equilibrium precipitates at cell boundaries. This specific microstructure and the presence of both
columnar and cellular structure is frequently observed in as-built structure for L-PBF processed
austenitic stainless steels and nickel-based superalloys [28,37-39]. It is well-documented that the cell
boundaries within this microstructure are enriched in certain alloying elements, such as molybdenum

and niobium, in the case of alloy 718 [22-24].

To analyse the influence of variations in carbon content on cell size, a statistical analysis of the cell
size was conducted on both TEM and SEM images. The statistical analysis of the cell size, as
illustrated in Figure 2, reveals nearly identical cell sizes for both cases. This suggests a higher impact

of process parameters (which remain consistent for both alloys) on cell size compared to minor
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variations in chemical composition. It is noteworthy that the solidification rate in L-PBF processed

materials is widely recognized to be influenced by process parameters such as laser power, scan
speed, layer thickness, etc [1,2].

Additional XRD analysis, as illustrated in Figure 3, was conducted on the specimens in the

longitudinal direction. The results revealed a nearly identical XRD pattern for both alloys, indicating

that the carbon content has no significant impact on the XRD patterns.
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Figure 4. TEM analysis of (a) low carbon 718CTP alloy, and (b) higher carbon 718AMS specimens.

Presence of secondary phases (shown by red arrows).

To delve more deeply into the effects caused by variations in carbon content, TEM analysis was
conducted. It is important to note that TEM analysis was carried out on five specimens prepared from
different areas on the sample. For each TEM specimen, 30 images were analysed to ensure the
reliability of the reported pictures. TEM analysis of the specimens, as depicted in Figure 4, reveals a
significant increase in dislocation density for the alloy with higher carbon content. However, the
presence of secondary phases (shown in Figure 4) was nearly identical for both alloys, and no
conclusive remarks regarding the effect of carbon content on the formation of precipitates could be

drawn.
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Figure 5. Line scan TEM-EDS analysis of submicron particles for the CTP alloy (due to similarities in
the shape and EDS results, the line scan and image of AMS alloy is not shown herein).

Further line scan analysis of the particles highlighted the dominant presence of y'-Ni3(AlLTi), and y"-
NisNb with a dimension of less than 30 nm (see Figure 5). However, statistically analysing the TEM
data from various sites and magnifications (from 30 TEM images), it was predominantly observed

that specimens with higher carbon content exhibited a greater dislocation density.
3.2. EBSD analysis

IPF maps provided information on crystallographic orientation distribution, revealing the texture of
the material, while KAM maps quantified local lattice distortion, indicative of dislocation density and
strain. Figure 6 presents EBSD- IPF maps depicting the Face-Centred Cubic (FCC) austenite phase

and the corresponding KAM maps of the specimens. The KAM results are summarised in Table 3.
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Figure 6. EBSD inverse pole figure (IPF) maps and kernel average misorientation (KAM) maps of (a),
(b) L-PBF processed alloy 718 AMS, and (c), (d) CTP alloy.

KAM maps offer insight into the distribution and magnitude of local strain within the microstructure.
The KAM value is a measure of the local misorientation angle, which correlates with the density of
geometrically necessary dislocations (GNDs). These dislocations accommodate plastic deformation
gradients, reflecting the material's local mechanical response to stress. The IPF maps demonstrate a
consistent crystallographic orientation across the specimens. Analysis of the KAM maps reveals that
the high-carbon material exhibits significantly higher average KAM values compared to the low-
carbon CTP samples. It is important to note that EBSD and KAM analyses were conducted at three
distinct sites of equal size on the surface, and the standard deviation after multiple analyses was less
than 0.5%. The observed higher average KAM values in high-carbon material indicated a greater

density of GNDs, suggesting that these materials experience higher internal strain energy.

Table 3. Kernel average misorientation for the L-PBF processed alloy 718.

Angle (degree) | 0-1 1-2 2-3 3-4 4-5
Total | AMS | 0.679 | 0.364 | 0.063 | 0.010 | 0.001
Fraction | CTP | 0.562 | 0.278 | 0.038 | 0.005 | 0.001
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3.3.SKPFM analysis

Figure 7a and b, show representative examples of topography and Volta potential maps of the AMS
specimen's surface. Considering the scale of the topographic image, the observed scratches on the
surface (from the sample polishing) were only less than 3 nm in depth and had no influence on the
surface activity of the material. Owing to similarities with the AMS data, the corresponding
information for the CTP specimen is omitted. The Volta potential maps generated via SKPFM (Figure
7b) illustrate the surface potential in relation to the metal probe, known as the CPD. The measured
CPD values obtained through SKPFM directly reflect the specimen's work function, providing
valuable insights into its surface condition [40]. In instances where a metal or alloy is coated with a
thin native oxide layer, the work function closely correlates with the properties of this oxide film, such
as thickness and passivity, leading to higher CPD values with thicker or more resistive/noble oxide

layers.
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Figure 7. SKPFM analysis of the specimens (a) topography, (b) Volta potential map, and (c)
comparison and distribution of CPD values.

The surface potential distribution of the specimens, as depicted in Figure 7c, showcases a relatively
uniform pattern. This uniformity is attributed to the microstructural refinement achieved through the
rapid solidification process inherent in the manufacturing technique. To explore the impact of carbon
content on the surface CPD condition, a statistical analysis was performed on the data collected from
various regions and resolutions. As shown in Figure 7c, specimens with higher carbon content
consistently exhibited elevated CPD values compared to those with lower carbon content.
Additionally, the symmetrical shape of the potential distribution (Figure 7c) across both cases
confirms a relatively uniform microstructure at the microscale, irrespective of carbon content.
Notably, the calculated nanoscale surface roughness (R,) derived from Atomic Force Microscopy
images ranged from 1 to 1.7 nm, indicating minimal roughness. Thus, it is confidently concluded that
the SKPFM results were predominantly influenced by underlying microstructural features rather than

variations in surface roughness.
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3.4. XPS Analysis

XPS studies revealed the presence of several elements on the surface of the investigated materials as
shown in the survey XPS analysis of Figure 8, consisting of C, O, N, Fe, Ni, Cr, Ti, Nb and Mo. The
carbon and oxygen surface concentrations are the highest among the different elements. The
quantitative analysis is summarized in Table 4. In order to avoid the contribution of contaminants
(e.g., adventitious carbon and adsorbed/chemisorbed oxygen species), the surface metals relative
composition obtained from XPS studies is calculated and results are summarized in Table 5. The
metal content on the surface of AMS raises in the order Ni > Cr > Fe > Nb > Mo > Ti, while for CTP
is Ni > Cr > Nb > Mo > Fe > Ti. When comparing the two samples, it is observed that the surface
composition of AMS exhibits relatively higher concentrations of Fe (8.70 vs. 5.81 at.%), Ni (54.23 vs.
53.82 at.%), and Nb (7.47 vs. 6.97 at.%), slightly lower levels of Cr (22.15 vs. 25.72 at.%), and
similar levels of Ti (1.09 vs. 1.27 at.%), and Mo (6.36 vs. 6.41 at.%).
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Figure 8. Survey XPS spectra and qualitative analysis of the surface elemental composition of the
different samples.

Table 4. Surface elemental composition obtained from XPS studies.

Sample/ | 0 Fe Ni cr Ti Nb Mo N
at. %
AMS | 3906 | 3987 | 135 | 843 | 344 | 017 | 116 099 | 552
CTP | 3206 | 4438 | 11 102 | 487 | 024 | 132 121 | 461

High-resolution XPS investigations reveal the presence of four different carbon species (Figure 9a):
(i) a minor component of carbides peaking at ca. 282.6 eV; (ii) adventitious sp3 carbon at 284.8 eV;
(iii) C-O species at ca. 286.2 eV; and (iv) chemisorbed carbonates cantered at ca. 288.2 eV [41-44].
Three distinct features are observed in the O 1s spectral region of all the samples (Figure 9b). In
particular: (i) at low binding energies (BEs), ca. 529.7 eV, the peak is associated to lattice oxygen
atoms in the metal oxides framework; (ii) at medium BEs, ca. 531.2 eV, the surface-chemisorbed

hydroxyls/carbonates and/or surface metal oxides defects are recognized; and (iii) at high BEs, ca.
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532.9 eV, the observed peak is attributed to adsorbed or chemisorbed oxygen species, such as O2 or

H20 [45-47].

Table 5. Surface metals relative composition obtained from XPS studies.

Sample/ at. % Fe Ni Cr Ti Nb Mo
AMS 8.7 54.23 22.15 1.09 7.47 6.36
CTP 5.81 53.82 25.72 1.27 6.97 6.41
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Figure 9. High resolution XPS analysis and fitting of (a) C 1s, (b) O 1s, (c) Fe 2p, (d) Ti 2p, (e) Ni 2p,
() Cr 2p, (g) Nb and Mo 3d, and (h) Al 2p. Y-axes of the graphs represent Intensity (a.u.)

As expected, in each metal 2p spectral region, peaks are present as couples, resulting from the spin-
orbit splitting phenomenon which gives rise to the formation of the 2p3/2 (low BEs) and 2p1/2 (high
BEs) features. Similarly, in the metals 3d spectral region, peaks are separated in their 3d5/2 (low BEs)
and 3d3/2 (high BEs) features. In the Fe 2p spectral region (Figure 9c¢), two different iron species are
detected, with the 2p3/2 peaking at ca. 706.3 and 710.2 eV, respectively. The former is assigned to
iron in the metallic state, and the latter to Fe(Ill) species [48,49]. The Ni LMM line is also present in
this spectral range. In both samples, iron is mainly present as Fe(0), however, more oxidized iron was
detected in AMS sample compared to CTP specimen (Table 6). The presence of two different nickel
species is observed in the Ni 2p spectral region (Figure 9¢): (i) Ni(0) peaking at ca. 852.2 eV; and (ii)
Ni(Il) in the form of hydroxides centred at ca. 855.6 eV [50,51]. Similarly to Fe, also Ni surface
atoms are mainly present in their metallic form, with AMS more oxidized with respect to CTP (see

Table 6).
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Table 6. Relative intensities (in %) of the different oxidation states of surface metals atoms obtained

from XPS studies.

Sam Fe Ni Cr Ti Nb Mo

ple | Fe(0) | Fe(Il) | Ni(0) | Ni(Il) | Cr(0) | Cr(Ill) | Ti(0) | TidIV) | Nb(0) | Nb(V) | Mo(0) | Mo(ox)
7634 | 23.66 | 79.00 | 21.00 | 26.11x | 73.89 | 34.21 65.79 | 5224 | 47.76 | 51.23 | 48.77+
+1.44 | +1.44 | +0.86 | +0.86 1.57 +1.57 | £2.76 | £2.76 | £1.97 | £1.97 | £1.32 1.32
92.15 | 7.85+ | 8730 | 12.70 | 23.01 | 76.99 | 4038 | 59.62 | 4225 | 57.75 | 46.92 | 53.08+
+2.20 2.20 +0.68 | +0.68 | £0.70 | £0.70 | +2.59 | +2.59 | +1.38 | +£1.38 | £1.22 1.22

AMS

CTP

The Cr 2p spectral region (Figure 9g) reveals the presence of two Cr species: (i) at ca. 573.4 eV, Cr(0)
species were detected; and (ii) at ca. 576.4 eV, surface chromium is present as Cr203 [52,53]. In the
case of chromium, the oxidized species are mainly present (see Table 6), with a similar content
between the two compositions. In the Ti 2p spectral region (Figure 9d), two different titanium species
were detected, with the 2p3/2 peaking at ca. 453.8 and 458.0 eV, respectively. The former is assigned
to titanium atoms in their metallic state, and the latter to Ti(IV) species. Titanium species are mainly
present as TiO2 (see Table 6), and the slightly more oxidized character of the AMS sample is
confirmed also for this element. The presence of two different niobium species is observed in the Nb
3d spectral region (Figure 9g): (i) Nb(0) peaking at ca. 202.4 eV; and (ii) Nb(V) centred at ca. 206.6
eV. The surface concentration of metallic and oxidized niobium species is almost the same (see Table
6), with the AMS sample exhibiting slightly less oxidized Nb. Finally, molybdenum species are
detected as (Figure 9g): (i) Mo(0) at ca. 227.2 eV, and (ii) oxidized Mo species (i.e., IV, V or VI) at
ca. 231.9 eV. Mo shows a similar behaviour with respect to Nb, with similar ratio between the

metallic and oxidized forms. No surface aluminium species are detected in the samples (Figure 9h).

In general, while the overall peak shapes and positions for various elements (specifically for Fe, Cr,
and Ni) in the high-resolution XPS spectra (Figure 9) suggest the presence of identical
oxide/hydroxide species on the surfaces of both alloys, the key difference lies in the relative
intensities of ‘these oxide peaks compared to the signal from the underlying metallic elements,
indicating variations in surface oxide layer thickness. It is essential to emphasize that while alloy 718
comprises several elements, nickel, iron, and chromium are the primary constituents influencing its
corrosion behaviour. High-resolution XPS analysis revealed a substantial difference in oxide state
intensities between nickel and iron, sufficiently large to be considered statistically significant, even
when accounting for experimental error (standard deviation of 1% after repeating the survey XPS
spectra for 3 times) and fitting uncertainties. This pronounced disparity provides strong evidence
supporting the formation of a thicker outer layer enriched in iron and nickel oxides compared to the

underlying chromium-rich oxide scale.

The oxide layer thickness can be calculated from XPS results using the following equation [54,55]:
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Where d is the thickness, N,,/N, the ratio of the volumetric densities of atoms in metal to oxide, A the
inelastic mean free path (IMFP) of the photoelectrons, and I the XPS peak intensity of the element for
the metal (m) and oxide (0). Parameters for the calculation of the oxide layer thickness were obtained
from NIST Electron Effective-Attenuation-Length Database, [56], and [54] which are summarized in
Table 7. It is noteworthy that the presence of nickel, likely in the form of hydroxides, necessitates a
slightly different approach for calculating layer thickness which is well established in the literature
[54].

Table 7. Parameters used for oxide layer thickness calculation.

Composition | A(nm) N(atoms.cm™)
Fe,04 1.926 1.97E+22
Cn,0; 1.950 2.07E+22
Ni(OH), 2.102 2.70E+22
Fe 1.624 8.49E+22
Cr 1.660 8.32E+22
Ni 1.490 9.12E+22

Table 8 summarizes the findings of the thickness of the oxide layers extracted from XPS analysis.
Notably, the thickness of the inner chromium-enriched oxide layer exhibits minimal variation between
the AMS and CTP specimens. Conversely, the outer iron oxide layer displays a marked difference in
thickness. AMS specimens possessed a significantly thicker iron oxide layer compared to their low-

carbon CTP counterparts.

The interplay between native oxide layers and the complex interactions of nickel and iron
oxides/hydroxides during outer layer formation necessitates caution when interpreting the following
calculations and results. These values should be considered estimations based on XPS data and may
deviate from the actual thickness due to the inherent limitations of this approach. Furthermore, it is
essential to emphasize that Equation 1 provides a relative thickness estimation. While the oxide layer
comprises multiple elements, a reasonable approximation of relative thickness can be achieved by
focusing on the element with the most significant contribution to oxide formation. However, the key
observation derived from the analysis of oxidation states was that the high carbon AMS specimen
showed elevated levels of Ni and Fe oxides in the passive oxide layer, whereas the Cr oxides

remained relatively consistent across both alloys.
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Table 8. Calculated oxide layer thickness for each layer obtained from XPS results.

Thickness (nm)
Composition
CTP AMS
Cr203 4.92 4.62
FCQO3 0.52 1.45
Ni(OH), 1.63 3.34

3.5. Electrochemical polarization characterization

In previous investigations conducted by the authors, the microcapillary technique has proven to be a
robust method for comprehensive characterization of corrosion properties, particularly stress-assisted
corrosion behaviour [29,30,57,58]. This method is instrumental in shedding light on the initiation of
surface cracks, a scenario where conventional methods often fall short due to the large surface area in
contact with the solution. Consequently, in past decades, less attention has been devoted to

understanding the initial stages of passive layer breakdown under tensile loading conditions.

To understand the influence of carbon content on the corrosion behaviour of Alloy 718,
potentiodynamic polarization tests were conducted on as-built samples without external strain (Figure
10a). While the corrosion potential exhibited minimal variation, the breakdown potential and, to a
lesser extent, the current density displayed notable differences. The low-carbon alloy showed a higher
breakdown potential and a slightly lower current density within the passive region. Notably, both
alloys exhibited a passive region (current plateau in the anodic branch), indicating the formation of a
passive layer on the surface. Additionally, the low-carbon alloy displayed a lower current density

throughout the passive and active-passive regions compared to the higher-carbon alloy.

To evaluate the semiconducting behaviour of the native oxide layer. Mott-Schottky analysis was
conducted on the specimens (as shown in Figure 10a) within the potential range considered in the
current investigation. Both alloys exhibited two linear segments. The segment with a negative slope
signifies the existence of p-type semiconducting behaviour, while the segment with a positive slope
indicates the presence of n-type semiconducting behaviour within the passive film. The observed p-
type semiconducting behaviour has been attributed in previous studies to chromium oxides in the
inner layer, while the n-type semiconducting behaviour has been explained as a result of iron and
nickel oxides in the outer layer, highlighting a bilayer passive layer forming on the surface of passive
materials (Cr oxide enriched adjacent to metal surface and external Ni-Fe oxide/hydroxide enriched

outer layer) [59-66].
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Figure 10. (a) Potentiodynamic polarization curves together with Mott-Schottky analysis of the AMS
and CTP alloy 718 obtained in 3.5 wt.% deaerated NaCl solution, and (b) electrochemical impedance
spectroscopy (bode and phase angle) curves obtained on the same specimens under the same solution.
The inset of the figure represents the equivalent electrical circuit used to model the electrochemical
impedance response.

The space charge capacitance for both n-type and p-type semiconductors in both alloys is assessed

using the expressions derived from Mott-Schottky theory [67]:

11 1 2

kT
c-ata m(E—Efb—j) 2)

The Helmholtz layer capacitance (Cq) and space charge capacitance (Cgc) play crucial roles. The
donor/acceptor density in the passive film is denoted as Ny, while € represents the dielectric constant
of the oxide (with a specific value of 15.6 for the passive films consisting of chromium oxides
[68,69]). Additionally, &, stands for the vacuum permittivity constant (8.85 x 10—14 F.cm™), e
signifies the electron charge (1.602 x 10—19 C), k is the Boltzmann constant (1.38 x 10-23 JK), T
denotes the absolute temperature, q is the elementary charge, and Ey, represents the flat band potential.
In the context of p-type semiconductors, the 1/C versus E relationship exhibits linearity with a
negative slope inversely proportional to the acceptor density. Conversely, an n-type semiconductor
demonstrates a positive slope inversely proportional to the donor density. The determination of
interfacial capacitance C involves the utilization of system software of the potentiostat (Gamry
Echem?2 Analyst), employing the relation C=(—~Z"2nf)", where Z" denotes the imaginary part of the

impedance and f is the frequency.

Mott-Schottky analysis assumes the space-charge layer capacitance dominates at high frequencies
(e.g., 1 kHz), rendering Helmholtz layer contributions negligible [70]. The 1. CS_CZ vs. E plots then
reflect the depletion region's semiconductivity. Charge carrier densities (N, & Ny) derived from slopes
indicate non-stoichiometry, defects, or overall disorder in the passive film [71]. In p-type, acceptor
species are cation vacancies, while donor species in n-type films are oxygen vacancies or cation

interstitials [71].
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As illustrated in Figure 10a, both the acceptor and donor densities exhibit a slight decrease for the low
carbon alloy compared to its high carbon counterpart (with the slope inversely related to the density of
charge carriers as shown previously). This slight reduction suggests the presence of a more protective
native oxide layer on the surface of the low carbon specimens. However, the data presented in Figure
10a suggest a similar trend for both alloys, indicating a comparable chemical composition of the
native double-layered oxide on each specimen (n-type, and p-type within identical range). Within this
layer, chromium oxide functions as a Schottky barrier, while iron and nickel oxides act as ohmic
contacts within the specified potential range. Additionally, a higher density of charge carriers in the n-
type semiconductor region of the high carbon AMS specimens compared to the CTP case implies a
more disordered outer layer, predominantly composed of iron and nickel oxides. Furthermore, the
Mott-Schottky plot demonstrates an upward shift, indicating a lower capacitive behaviour of the
native oxide layer and, consequently, a higher resistance for the case of low carbon alloy. It should be
noted that the capacitance observed, as previously discussed, is associated with the space charge

capacitance of the layer, which contributes more significantly than the double layer capacitance.

The summary of the obtained charge carrier densities from the analysis of the slope of the Mott-
Schottky curves is presented in Table 9. It is noteworthy that the alteration in the slope of the n-region
is thought to be associated with the applied potential and the status of the formation of nickel and iron
oxides-hydroxides, as well as the passive-transpassive state of the surface interacting with the
solution, a phenomenon also documented by Cheng et al [72].

Table 9. Charge carrier densities obtained from Mott-Schottky Analysis on AMS and CTP alloy 718
with a standard deviation of 3% based on multiple measurements.

AMS

CTP

N,

Nai

Nd2

Nas

N,

Nai

Na

Nas

7.87E+19

6.49E+19

2.71E+21

3.34E+19

7.57TE+19

5.92E+19

1.17E+21

2.63E+19

To examine the characteristics of the passive layer on the surface of both alloys, EIS polarization
measurements were carried out at OCP, with a value of -217 mV for low carbon and -197 mV for high
carbon specimens, relative to SCE. Illustrated in Figure 10b, the Bode plots exhibit dominant
capacitive behaviour at medium to low frequencies, which is mostly related to the passive oxide layer
effect with its associated charge transfer resistance against faradaic reactions. Moreover, from Figure
10b, a single time constant is observed for both alloys, signifying capacitive behaviour correlated with
passive layer characteristics. The electrochemical impedance measured at higher frequencies is
generally associated with the resistance of the electrolyte in contact with the electrode and was nearly

identical for both alloys.
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To gain further insights into the EIS results, an equivalent circuit was fitted (see inset of Figure 10b),
comprising R, as the solution resistance in parallel with R, and constant phase element (CPE) of Q as
indicators of passive layer behaviour. The fitted data, along with the corresponding error, is
summarized in Table 10. As evident, the alloy with lower carbon content exhibited lower capacitance
and higher resistance compared to its high-carbon counterpart. This observation suggests that the
native oxide layer formed on the surface of the high-carbon L-PBF 718 alloy provides less protection
compared to those formed on its low-carbon counterpart. It is important to note that R, and Q
represent the combined effect of the double layer in the close vicinity of the surface and the native
oxide layer present. Given that the resistance and capacitance of the double layer are considerably
lower compared to those of the native oxide layer, it can be asserted that the fitted values are
indicative of the passive layer characteristics.

Table 10. Fitted values for the equivalent electrical circuit for the EIS measurements with a standard
deviation of 5% based on multiple experiments performed.

CTP AMS
Parameter Value + Error Value + Error
R(Q) 1.17E+08 | 8.14E+07 | 1.1I8E+07 | 1.10E+06
R.(Q) 16.6897 0.135 17.1442 0.1391
Q (Fs™™) | 4.24E-06 2.19E-08 5.69E-06 2.93E-08
alpha 0.917 9.43E-04 | 0.9221 9.72E-04

3.6. Stress assisted corrosion behaviour

To elucidate the resistance of the native oxide layer of L-PBF processed alloy 718 with varying
carbon content to stress-assisted localized corrosion attack, potentiostatic and galvanostatic
polarization tests were conducted under stress-loading conditions. The current and potential response
recorded during these experiments are shown in Figure 11. Potentiostatic polarization experiments
were conducted at a potential value 10% lower than the breakdown potential determined from
potentiodynamic polarization measurements for each specimen. As depicted in Figure 11a, the current
density for both alloys approached almost zero during the polarization experiment, indicating the
resistance of the native oxide layer to charge transfer. After almost 1500 seconds, a sudden increase in
current density was observed for both cases. However, the specimen with lower carbon content was
able to offset the charge and reduce the current density to a lower level for the remainder of the
polarization experiment, while the specimen with higher carbon content exhibited a substantial
increase in current density. This observation suggests a possible leakage of current through the native

oxide layer, attributed to local breakdown of the native oxide layer and localized corrosion attack.
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Figure 11. Polarization results for (a) potentiostatic under constant potential, and (b) galvanostatic
under constant current density carried out in 3.5 wt.% NaCl solution for the AMS and CTP alloy 718.

Additionally, galvanostatic polarization measurements were conducted on both specimens at a current
density corresponding to the passive layer breakdown of 2.7E-4 mA.mm™, as determined from
potentiodynamic polarization measurements. This experimental condition takes into account both the
mechanical and corrosion limits of the material simultaneously, providing further insights into the
longevity of the native oxide layer under critical conditions. As shown in Figure 11b, the potential
increases with a similar trend for both cases and stabilizes at around 1000 mVgcg. This gradual
increase in potential over the course of polarization is attributed to the formation of the native oxide
layer acting as a barrier against the free movement of ions. After approximately 2000 seconds, a
sudden discharge occurs for the alloy with higher carbon content, causing a significant drop in
potential to much lower values compared to the low carbon alloy. However, a sudden spike in
potential is also detected for the low carbon alloy at 2600 seconds, returning back to the previous high
value. This observation indicates a localized corrosion attack and discharge occurring on the native

oxide layer, with the possibility of repassivation for the case of the low carbon alloy.

3.7. Surface analysis after polarization

Surface analysis was conducted after galvanostatic polarization experiments to gain deeper insights
into the morphology of surface attacks and the potential initiation of surface passive layer cracking
under corrosion polarization conditions. Figure 12 illustrates the presence of corrosion attacks for
both samples, characterized by selective attack at cell interiors while preserving the integrity of cell

boundaries.
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Figure 12. SEM analysis of the surface after galvanostatic polarization experiment under constant
current density of 6.5E-05 mA.mm for both (a), (b) low carbon CTP alloy, and (c), (d) high carbon
AMS alloy.

Notably, the high carbon alloy exhibited a significantly more severe attack, indicating pronounced
selective corrosion at the cellular level. Furthermore, observable signs of cracks on the passive layer
are present for the alloy with lower carbon content (Figure 12a, b), while the high carbon counterpart
displays a higher number and increased severity of cracks (Figure 12¢, d). In both instances, cracks
are predominantly situated adjacent to cell boundaries, implying a heightened vulnerability of such
sites to the initiation of surface cracks. In previous studies by the authors [29,30,57,58], the
mechanism underlying the initiation of surface cracks was extensively elucidated. It was attributed to
the synergistic effect of the high dislocation density near cell boundaries and the formation of a
coupled environment between the cell interior and the decorated cell boundaries. Interested readers
are encouraged to delve into the comprehensive explanation of these underlying mechanisms in the

authors' earlier investigations.

It is essential to emphasize that the current investigation specifically targets crack initiation at a local
site using the microcapillary test method with a 500 pm diameter under constant tensile straining
conditions. These surface cracks may act as initiation sites for potential propagation under sustained

tensile loading or alternative loading methods. The blunting of the crack tip could occur after a certain
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duration, and it is pertinent to note that crack propagation is beyond the current investigation's scope.
Nevertheless, the most crucial observation stemming from the corrosion surface analysis post-
polarization tests underscores a significantly higher corrosion attack on the native oxide layer of the

high carbon alloy when compared to its low carbon counterpart.

4. Discussion

The electrochemical results indicated that alloy 718 processed via L-PBF with reduced carbon content
exhibits superior corrosion resistance compared to the standard counterpart, both as-built and under
tensile straining, which induces surface corrosion-assisted cracking. To comprehensively reveal the
underlying mechanisms, understanding the interplay between carbon and the microstructure under the

rapid cooling rates inherent in the L-PBF process is crucial.

Ni-Fe-Cr-based alloys feature an austenitic FCC nickel matrix. This structure is renowned for its high
capacity to dissolve alloying elements effectively [73]. Conversely, due to their significantly smaller
size, carbon atoms dissolve interstitially in austenite, occupying spaces between the larger
substitutional atoms within the FCC lattice. While the inherently low room-temperature solubility of
carbon in FCC structures, due to unfavourable lattice packing, typically promotes carbide formation
during solidification [74], the rapid cooling rates associated with the L-PBF process can significantly
enhance carbon entrapment, potentially impacting material properties at the submicron level. Here, a
seemingly minor carbon content change of 0.04% within the FCC nickel matrix could hold significant
consequences at submicron level (since maximum solubility is less than 0.1%) [75]. The insertion of
carbon atoms into interstitial sites creates local strain energy. Due to the size difference, this distorts
the surrounding lattice and alters the FCC structure's parameters [76]. Additionally, these interstitial
carbon atoms impede dislocation movement by acting as energy barriers that hinder shearing through
atomic planes [77,78]. Consequently, as carbon content increases, dislocation density rises, leading to
enhanced resistance to plastic deformation and improved material strength. Furthermore, interstitial
carbon atoms can hinder dislocation motion by pinning them at specific lattice sites [77,79,80]. These
interstitial points impede dislocation propagation, leading to the formation of dislocation tangles or
clusters, further contributing to the increase in dislocation density. EBSD-KAM and TEM analysis, as
shown in Figure 4, Figure 6, and Table 3 confirms this by revealing a greater density of entangled
dislocations in the specimen with higher carbon content. It is important to note that, as suggested by
TEM analysis, the high cooling rates associated with the L-PBF method significantly reduce carbide

particle formation.

It is well recognized that the oxidation of multi-component alloys, such as stainless steels and nickel-
based alloys, involves a complex interplay between thermodynamic stability and atomic diffusion.
Chromium, owing to its high affinity for oxygen and thermodynamically favourable reaction,

preferentially forms a continuous, adherent Cr.Os; layer as a protective barrier against further
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oxidation [55]. Subsequent oxidation of elements like nickel and iron occurs primarily above the
Cr20:s layer, given their slower diffusion rates and less thermodynamically favourable kinetics through
the established Cr-enriched oxide. The formation of a bilayer structure, with an inner Cr20s layer and
an outer layer predominantly composed of nickel and iron oxides/hydroxides, is a consequence of
these differential oxidation kinetics [55,63-65,81,82]. This process is influenced by factors such as

oxygen partial pressure, temperature, and alloy composition [55,81].

Furthermore, the Gibbs free energy (AG) governing oxide formation dictates the stability and
feasibility of oxide generation under standard conditions. Referring to Ellingham diagrams [83,84],
which depict the standard AG of oxide formation across temperatures, reveals a notably negative AG
for chromium(Ill) oxide (Cr20s), approximately -1135 kJ mol™ at 25 °C. This indicates a
thermodynamically favourable environment for chromium oxide formation. Consequently, an inner
layer enriched in chromium oxides forms adjacent to the base metal, a well-documented phenomenon
in Ni-Cr-based alloys and austenitic stainless steels [72,85-87]. This chromium-rich native oxide
layer, critical for corrosion resistance in Ni-Cr-based materials, significantly hinders the oxidation of
elements like nickel and iron. At higher potentials, the point defect model [88,89] suggests the
ejection of nickel and iron from the chromium oxide layer at the metal/passive layer interface. The AG
values for both nickel and iron oxides are approximately -244 and -272 kJ mol™, respectively,

signifying a lower tendency for oxide formation compared to chromium oxides.

Furthermore, Lozano-Perez et al. [90] employed atomistic analysis to elucidate the formation
sequence of oxides in simulated nuclear reactor conditions. Their findings revealed that chromium
oxides form preferentially due to favourable thermodynamics (negative AG) during oxygen diffusion,
displacing nickel and iron. Higher dislocation density further promotes oxidation processes.
Furthermore, Hakiki et al. [64,70] investigated the influence of temperature on the native oxide layer's
semiconducting behaviour in which the diffusion of elements is facilitated significantly. Interestingly,
they observed minimal changes in charge carrier density within the inner chromium oxide layer (p-
type region) with temperature variation. Conversely, the charge carrier density in the outer nickel and
iron oxides (n-type region) displayed a significant increase with rising temperature. This suggests that
chromium oxidation is primarily driven by thermodynamics, whereas the behaviour of iron and nickel

oxides is more sensitive to the material's internal energy state.

This observation aligns with the XPS analysis (Table 6, Table 8, and Figure 10a) showing a consistent
chromium oxide content across samples with varying carbon content. The p-type region slope in
Mott-Schottky analysis (Figure 10a) further supports this notion, as it inversely correlates with dopant
density, indicating minimal influence of carbon content on chromium oxide formation kinetics.
Conversely, Mott-Schottky analysis revealed a clear difference in dopant densities within the n-type

region (linked to nickel and iron oxides) between the two alloys. This aligns with the lower AG values
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for Fe and Ni oxidation compared to chromium, as reported previously [59,60,64,70]. Consequently,
the local energy state plays a more significant role in the oxidation kinetics of iron and nickel, as
confirmed by the enhanced diffusion observed in regions with higher dislocation density [90]. This
accelerated diffusion leads to a higher density of defects within the outer oxide layer, which manifests
as a significant increase in charge carrier density and a steeper slope in the n-type region of the Mott-

Schottky plot.

Thus, it could be stated that an increase in material’s energy state, established here as a higher density
of entangled dislocations due to the presence of interstitial carbon atoms and higher KAM values from
EBSD analysis, facilitates the oxidation of nickel and iron. This occurs by overcoming the passivation
effect of the native chromium oxide layer on the surface. Consequently, a material with a higher
energy state forms a thicker oxide layer composed of other elements (such as nickel and iron in this
investigation) compared to a lower energy material. This enhanced oxidation susceptibility can be
attributed to the presence of fast diffusion paths created by the increased dislocation density, as also

suggested by Lozano-Perez [90].

It is widely acknowledged that the corrosion resistance of passive materials correlates inversely with
the density of charge carriers [59-67,69-71,91], a trend consistent with the findings of the present
study. Therefore, although the specimen with higher carbon content presents a higher amount of iron
and nickel oxides on the surface (and possibly an overall thicker oxide layer), this outer oxide film is
enriched in dopants sites and defects (in agreement with the higher film capacitance calculated from

the EIS and Mott-Schottky analysis), which increases its susceptibility to pitting corrosion attack.

Electrochemical and surface analysis results confirmed significant alterations in the thickness of Fe
and Ni oxides for the investigated alloys. However, other elements like Mo and Nb exhibited minimal
variations and did not mirror the trends observed for Fe and Ni. However, in the current investigation
Ni, Fe, and Cr oxides/hydroxides were primarily studied, reflecting the historical understanding of
their role in forming a bilayer oxide structure: an inner Cr-rich oxide layer and an outer layer enriched
with Ni and Fe oxides/hydroxides. Further investigation is necessary to elucidate the mechanisms of
the influence of carbon content variations on the oxidation behaviour of all elements, including Nb

and Mo.

Regarding the polarization experiments under tensile strain condition, the observed increase in
potential during galvanostatic polarization experiments indicates an enhanced resistance to ion
transport across the passive layer. This phenomenon is consistent with Ohm's law, where a constant
current density necessitates a higher potential difference to overcome increased resistance. For passive
materials, a dynamic equilibrium exists between the formation and dissolution of the protective oxide
film [71,88,89]. While a stable passive layer is characterized by a significantly slower dissolution rate

compared to film formation, anodic polarization can disrupt this balance, promoting dissolution and
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leading to passive layer breakdown. Consequently, an initial potential rise reflects the formation of a
protective passive film, while a subsequent potential drop corresponds to localized breakdown and a
transition to a more active state with facilitated ion transport. Despite these distinct potential regimes,
both stages involve predominantly anodic reactions, with the critical distinction being the integrity of

the passive film.

Previous investigations by the authors [29,30] have established that crack initiation originates from
the selective dissolution of cell matrix, facilitated by galvanic coupling between the matrix and cell
boundary phases. The presence of a high dislocation density adjacent to cell boundaries, as revealed
by microstructural analysis shown in Figure 12, has been associated with crack initiation. This high
dislocation density increases susceptibility to localized corrosion by creating regions with a higher
concentration of point defects. According to the point defect model [88], regions with higher energy
levels exhibit a greater density of point defects, which enhances the kinetics of the corrosion process,
leading to highly localized attacks. Consequently, the passive film is more prone to breakdown in
these areas. Thus, the combination of high energy levels adjacent to cell boundaries and the inherent
mismatch between constituent phases further promotes crack initiation in which higher dislocation

density is directly correlated with observed higher susceptibility to surface cracking.

Another point worth discussing concerns the relation between the SKPFM results and the pitting
corrosion susceptibility of the specimens. In the current investigation, a higher potential was measured
for the AMS alloy, with higher carbon content, compared to the CTP alloy. Nevertheless, despite the
higher potential measured, the AMS alloy presented a higher susceptibility to pitting corrosion attack
than the CTP alloy. When utilizing the SKPFM technique, researchers often associate higher potential
values with higher nobility, and therefore a higher resistance to corrosion. However, a recent work
demonstrated that this correlation is not straightforward [34]. Unusual correlations have been reported
in previous studies between SKPFM data and corrosion susceptibility of different phases in Ni-based
alloys [92] and other materials [93,94]. The susceptibility of a metal to corrosion, although related to
the work function/potential, is also strongly dependent on the nature of the surrounding electrolyte
and the reactions that can take place at the metal-oxide/electrolyte interface. The relatively higher
potential measured on the AMS sample compared to the CTP specimen can be the result of a thicker
oxide layer, as confirmed by the XPS measurements (thicker Fe and Ni oxide outer layer). However,
in light of the findings from this study, it becomes evident that a nobler CPD value does not
necessarily indicate better corrosion performance. Although the thickness, and consequently the
measured Volta potential of the AMS sample, is higher than that of the CTP specimen, this thicker
outer layer (enriched in Fe and Ni oxides) is more defective than the constant Cr oxide-rich layer.

Thus, increasing the susceptibility of the material to pitting corrosion initiation.
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Conclusion

In conclusion, this study delved into the complex mechanisms governing the impact of minor
variations in carbon content on the corrosion behaviour of laser powder bed fusion (L-PBF) processed
Ni-Fe-Cr based alloy 718. Unlike conventional alloys, where the effect of carbon content on corrosion
characteristics is typically attributed to the formation of carbide phases, the current investigation
revealed a different mechanism for additively manufactured materials. In these materials,
characterized by extremely high cooling rates during solidification, higher amounts of carbon are
dissolved in the metal matrix. It was found that lower carbon content resulted in better corrosion

performance. The key findings of this study can be summarized as follows:

e From extensive TEM analysis it could be confirmed that carbon in L-PBF-processed alloy 718
primarily exists as interstitial atoms within the FCC sublattice, rather than forming large carbide
particles due to the extreme thermal cycles and cooling rates inherent to the L-PBF process. These
carbon atoms within the metal matrix caused an increase in dislocation densities, which
consequently stimulated a higher oxidation of iron and nickel on the outer layer of the native
oxide film.

e Although higher amounts of iron and nickel oxides were formed on the surface of the alloy with
higher carbon content, the amount of chromium oxide showed less sensitivity to alterations in
carbon content.

e A relatively thicker iron and nickel outer oxide layer on the higher carbon content alloy was
characterized by an elevated density of donor charge carriers, which increased the susceptibility

of the alloy to pitting corrosion attack.

These findings shed light on the intricate interplay between carbon content, dislocation density, and

corrosion behaviour in L-PBF processed Ni-Cr-Fe-based alloy 718.
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