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Corrosion performance of wire arc additively manufactured
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Nickel–aluminum bronzes (NAB) are vital alloys, known for biofouling resistance, crucial for marine and shipbuilding industries. This
study examined corrosion performance of NAB samples fabricated by wire arc additive manufacturing (WAAM) in as-built and heat-
treated conditions. Microstructural analysis revealed the WAAM-NAB parts primarily consisted of the α-phase (copper) and three
types of κ-phases: κII (spherical Fe3Al), κIII (Ni–Al in lamellar shape) within the interdendritic areas, and iron-rich κIV particles
dispersed throughout the matrix. In contrast, casting-produced NAB showed the formation of a rosette-like κI phase as well.
Corrosion behavior comparisons between the two NAB fabrication methods were also assessed. The microstructural
characterizations revealed a rise in the size of the κIV particles after heat-treated at 350 °C for 2 h (HT1). Heat treatment at 550 °C for
4 h (HT2) resulted in a needle-like κV, coarsening of κII, partial spheroidization of κIII, and reduced κIV precipitation. When heat-
treated to 675 °C for 6 h (HT3), κII and κV were coarsened, κIII was completely spheroidized, and κIV precipitation was significantly
reduced. These microstructural features in HT2 and HT3 conditions steeply decreased their corrosion resistance compared to the
WAAM as-built part. The as-built WAAM sample showed superior corrosion resistance in chloride solution, attributed to fewer
κ-intermetallic phases and a finer microstructure. The κ-phases, irrespective of morphology, act as the cathodic areas versus the
α-dendritic matrix, fostering microgalvanic cell formation. Consequently, precipitation of all cathodic κ-phases draws a higher
galvanic current of the anodic α-phase, meaning a lower corrosion resistance.
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INTRODUCTION
Cu–Al–Ni–Fe alloys containing 6–13 wt.% Al, and up to 7 wt.% Fe
and Ni are known as nickel–aluminum bronze (NAB). The weight
percent of Fe and Ni is about 3–6% in the more common copper
alloys. In addition, Mn is added to these alloys up to ~1.5% to act
as a deoxidant and a strengthening element1. Their high
resistance to corrosion and favorable tribological characteristics,
including high resistance to erosion, wear, and cavitation in
marine environments, make them proper candidates for manu-
facturing valves, turbines, and propellers2,3. NAB alloys could have
a revolutionary role in the maritime sectors by merging two critical
attributes—corrosion resistance and biofouling mitigation. As
ships traverse the expansive oceans and endure the corrosive
effects of saltwater, and as marine organisms seek to find a
foothold on vessel surfaces, NAB alloys have emerged as a good
solution. Therefore, these alloys could shield marine structures
from the clutches of corrosion and act as an unwavering defense
against the relentless attachment of biofouling organisms. The
symbiotic interplay of these qualities enhances the efficiency and
longevity of marine assets via increasing sustainability and
reducing the need for toxic anti-fouling treatments4–6.
The microstructure of NAB alloys has a close relationship with

the solidification rate. The complex phase transformation occurs
during the casting process. Commonly, in as-cast alloys of NAB,
the matrix consists of the solid solution rich in copper (referred to
as the α-phase), along with preserved β-phase and intermetallic
κ-precipitates. The κ-precipitates appear in the interdendritic areas
and the matrix during the cooling and are numbered based on the
order in which they precipitate in the microstructure as the
temperature decreases. Accordingly, the large precipitate with a
rosette morphology is κI, the smaller spheroidic precipitate at the

interdendritic region with dimensions of 5–10 μm is κII, and the
lathe-shaped lamellar intermetallic phase is κIII, and the κIV has
finely distributed with a diameter lower than 1 μm in α- matrix1,7.
The industry’s contemporary needs entail crafting intricate

structures with reduced material waste, porosity levels, production
duration, and expenses. Simultaneously, there’s a push for
heightened deposition rates, energy efficiency, density, and
precision in shape. These requirements have spurred the adoption
of innovative manufacturing techniques, particularly the wire arc
additive manufacturing (WAAM) method8. Within the WAAM
procedure, a wire serves as the input material, undergoing fusion
and placement onto a substrate. Three widely used WAAM
processes are based on plasma arc welding, gas metal arc welding
(GMAW), as well as gas tungsten arc welding. Among these three
WAAM methods, GMAW has the maximum energy efficiency and
is more adaptable than other AM methods known for their swift
deposition rates, low production time, and material utilization9.
GMAW-WAAM has found many applications in the fabrication of

the propeller of Al–Mg alloys9, injection molds of stainless steels10,
and aerospace components from the Ti–6Al–4V alloy11. This
technique is also used in repairing applications to surface
defects12 and joining processes of the aluminum components to
the carbon fiber reinforced polymers13. The fabrication of the
NAB-C95800 using GMAW-WAAM is currently more demanding in
the marine and shipbuilding industries. WAAM effectively reduces
the manufacturing costs of metal components. It achieves this by
minimizing the requirement for extensive stock storage, ease of
powder management, and reducing waste material generation8,14.
The combination of the input process parameters, cooling

strategy, and post-treatments convey a different microstructural
feature developed in a WAAM component compared to its
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counterpart produced using casting techniques. Since there is a
close correlation between the microstructural attributes and the
corrosion response of a metal part within a given environment,
the corrosion behavior of the GMAW-WAAM-NAB component
could be completely different than its as-cast counterpart. It is
well-known κ-phases precipitated in the α-matrix of a NAB alloy
show different preferences to the corrosion attacks in the chloride
media15–18.
Cuplan15 and Al-Hashem16 have found that the κI and κII

remained intact while the α and retained-β phases adjacent to the
lamellar κIII is corroded in a seawater solution. Moreover, the
affinity to oxidation reactions is higher for the α-phase in
comparison Fe–Ni–Al-abundant κI, κII, and κIII phases18. Song
et al.19 investigated the nobility of the κ-phases in two different
media, including acidic and neutral pH chloride solutions. Their
results showed the κ-phases remained safeguarded within a
chloride solution of neutral pH while corroded in an acidic
environment.
Additive manufacturing in general and particularly WAAM have

brought about a transformative shift in the fabrication of metallic
alloys, especially in the context of strategic marine sectors, where
NAB alloys hold a significant importance. Notably, the suscept-
ibility to biofouling and corrosion remains a critical concern in
assessing the practicality of marine alloys. In this context, the
interrelationship between biofouling and corrosion in NAB alloys
carries notable significance in marine environments. Biofouling,
which entails the accumulation of marine organisms on sub-
merged surfaces, directly influences the corrosion tendencies of
NAB alloys20. These microorganisms possess the capacity to
trigger alterations in the alloy’s electrochemical behavior, poten-
tially accelerating corrosion processes21. The combined effects of
corrosion and biofouling encompass the acceleration of localized
attack, galvanic interactions, mechanical damage, and the
formation of stagnation and concentration cells22. Thus, grasping
the intricate interplay between biofouling and corrosion in NAB
alloys is a complex endeavor, contingent upon factors such as the
inherent nature of the marine environments and the eventual
evolution of the alloy’s microstructure. In addition, it is acknowl-
edged that both the fabrication processes and post-heat
treatment procedures hold profound influences over their
ultimate microstructural configuration. Hence, numerous para-
meters, including the presence of microorganisms, the fabrication
process, and post-heat-treatment processes, each play a distinct
role in the corrosion resistance of NAB components within a
marine environment. Given the significance of these factors, this
study primarily aims to investigate the influence of manufacturing
processes and subsequent heat-treatment procedures on the
corrosion behavior of NAB alloy components in a 3.5 wt.% NaCl
solution. This solution simulates the chloride ion concentration
found in seawater but excludes the presence of microorganisms.
Indeed, investigating the effects of manufacturing and post-heat-
treatment processes on the corrosion behavior of NAB compo-
nents provides essential insights. These insights are instrumental
in comprehending the role of microorganisms in the degradation
of NAB alloys when they are exposed to corrosive environments
like the sea or ocean, paving the way for our subsequent research.
Taking these factors into account, the central objective of this

paper is to thoroughly investigate the effects of combining WAAM
with post-heat-treatment procedures on the corrosion perfor-
mance of NAB alloys. In the previous work of our group, the
microstructural features developed in the NAB-C95800 alloy
fabricated by the GMAW-WAAM before and after heat-treatment
processes were investigated14. It was found that the as-printed
and heat-treated NAB parts’ microstructures differ from those of
the as-cast counterparts. Finding the effect of these differences on
the corrosion performance of the as-built and post-processed
WAAM parts is imperative for their applications in the industry to
be an appropriate replacement for their conventional

manufactured counterparts. Hence, this investigation seeks to
ascertain how the corrosion performance of NAB components,
produced using the GMAW-WAAM approach, is influenced by
both the additive manufacturing process and subsequent heat-
treatment procedures.

RESULTS AND DISCUSSION
E-pH equilibria diagram
The Pourbaix diagrams (E (potential)-pH) related to the equili-
brium reactions in the aqueous solution of 0.63 M NaCl and at the
temperature of 25 °C are shown in Fig. 1 for the main alloying
elements in the NAB sample, including Cu, Al, Ni, and Fe.
Accordingly, the oxidation and dissolution reactions in an aqueous
media at different electrochemical potentials and pHs are
predicted thermodynamically using the Pourbaix plots. Thermo-
dynamic calculations at different activities of ions were performed
using the value of the standard chemical free energy data (G°). The
Pourbaix diagrams were constructed using the database compiled
in the HSC-06 software.
The Pourbaix diagrams illustrate the regions of stability for solid

phases that are in equilibrium with each other or soluble species,
and these regions are delineated using solid lines. In addition, the
red dashed lines correspond to the chemical stability area of the
water. The upper stability limit of water is based on the potential
when the water is decomposed to the oxygen and H+ ions in
anodic reaction. Also, the hydrogen evolution on the cathode is
related to the lower stability limit of the water. Furthermore, the
finely spaced vertical lines positioned at pH = 7 within the
Pourbaix diagrams depict the specific pH condition of the test
solution utilized in this research. It is apparent from the E-pH
diagram related to the Cu that the formation of Cu2O and Cu
(OH)2 could occur predominantly at neutral pH following the
anodic dissolution of Al to Al+3 and the formation of hydrated
Al2O3 at the more positive potentials. The stability areas of the Ni
(OH)2 and Fe (OH)2, FeO are also observed at the potential ranges
between −1.2 VAg/AgCl and 1.2 VAg/AgCl at pH of 7. In addition, the
equilibrium potential between Cu/Cu2O is about −0.2 VAg/AgCl
according to the E-pH diagram of pure copper.

Cyclic potentiodynamic polarization (CPP) curves
Cyclic potentiodynamic polarization (CPP) measurements carried
out on the as-built, heat-treated WAAM samples and the as-cast
sample are illustrated in Fig. 2. All samples except the HT3 showed
an active-passive behavior in the test solution. Also, a distinct
difference in corrosion current density (Icorr) is illustrated between
the as-built WAAM specimen (A1) and the rest of the specimens as
shown in Fig. 2. However, the corrosion potential (Ecorr) of the A1

sample is slightly lower than the as-cast and the heat-treated
samples, indicating the as-built NAB sample fabricated by the
WAAM process is less noble than its counterpart cast sample and
the heat-treated specimens.
Moreover, the corrosion density of current indicating the

corrosion rate is almost of the same order of magnitude for the
C1, HT1, HT2, and HT3 samples. It is noted that the A1 shows a
wider pseudopassive area from the passivation potential (Epass)
about −0.233 VAg/AgCl to 1.1 VAg/AgCl than that of the rest of the
samples, and its value of the passive current (Ipass) is notably lesser
compared to both the C1 and the heat-treated WAAM samples.
The electrochemical values (Icorr, Ecorr, Ipass, and Epass) are also
displayed in Fig. 3. The Ecorr considered as the open circuit
potential (OCP) is also about −0.293 VAg/AgCl for A1 and an average
of −0.222 VAg/AgCl for the other samples, which are nearly reaching
the equilibrium potential between Cu/Cu+1 in form of Cu2O
(about −0.2 VAg/AgCl) shown in Fig. 1.
The Tafel slopes of the anodic branches of the CPP curves were

also obtained and were in a range of 59–64mV/decade. The
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observed anodic Tafel slopes, which are ~60mV/decade, might
indicate the involvement of a diffusional process. This suggests
that the dissolution process is governed by the diffusion rate of
CuCl�1

2 species moving from the electrode surface across a
diffusion layer23. The influence of mass transfer on Tafel-like
characteristics was also examined in chloride solutions as well as
solutions containing other halides (X–)24–26. Consequently, when
cuprous halide complexes (CuX�1

2 ), which are stable soluble forms
of copper, are present, the observed Tafel-like behavior is
connected to the controlled potential-dependent concentration
of these cuprous complexes at the outer Helmholtz plane (OHP)
and their subsequent movement through the layer of diffu-
sion27,28. This condition resulted in a mass transport-kinetic
control state in which the correlation between the potential and
current density is expressed as follows for chloride solutions:27

EðVSHEÞ ¼ E
�
CuCl�2 =Cu

þ 0:059Log
I δ

1000F DCuCl�2

� �
� 0:059LogðαCl�Þ2

(1)

Here, E
�
CuCl�2 =Cu

represents the standard equilibrium electrode
potential between Cu and CuCl�1

2 . Meanwhile, DCuCl�2 stands for
the aqueous diffusion coefficient of cuprous chloride, F denotes
Faraday’s constant, αCl� signifies the chloride activity, and δ refers
to the diffusion layer’s thickness at the copper surface. The
passivation area of CPP curves with the reverse part is separately
shown in Fig. 4 for more clarity on the forward and reverse
sections. Accordingly, the forward and reverse sections of the CPP
curves are shown as dashed lines and solid lines in Fig. 4,
respectively. The forward section of the CPP diagrams in Fig. 4

showed the formation of a current peak near 0.07 VAg/AgCl and
0.03 VAg/AgCl (marked with a gray dash lined in Fig. 4) for the A1,
and the rest of the samples (C1, HT1, and HT2), respectively. There
are also limiting current behavior at higher potentials related to
the polarization behavior of the as-cast, HT1 (350 °C)) and HT2
(550 °C) samples.
A comparison between the location of peak current near the

0.03 VAg/AgCl of the CPP curves and that on the copper Pourbaix
diagram (displayed with a green dashed line in Pourbaix
diagrams) implies the possibility of the initiation and expansion
of the CuCl film on the NAB alloys’ surfaces. Accordingly, a mass
transport-kinetics process could control the formation and
dissolution of the films on the alloy’s surface. The dissolution rate
of the surface films formed on NAB alloy exposed to the NaCl
solution could be dependent on the rate of dissolution of CuCl
film. In this regard, the CuCl dissolution depends on the diffusion
of the CuCl�1

2 from the electrode surface through a diffusion layer.
Moreover, a current peak close to −0.233 VAg/AgCl is detected from
the forward section of the CPP diagram related to the A1 sample
succeeded by a segment of diminished current across a limited
potential span. This could be related to the dissolution of the Al
element in the A1 sample followed by the formation of Al2O3,
which is consistent with the region of the stability Al3+ ions and
the formation of Al2O3 at the higher potentials from the Al
Pourbaix diagram shown in Fig. 1. In addition, as the potential is
made more anodic, the simultaneous dissolution of both Al and
Cu, and other alloying components such as Ni and Fe, occur,
resulting in the creation of complex films of the Al2O3, Cu2O/Cu
(OH)2, FeO (OH), Ni(OH)2/Ni(OH)3 on the NAB alloys. A small bump

Fig. 1 Pourbaix diagrams of main alloying elements in NAB alloy. Pourbaix diagrams of Cu, Al, Ni, and Fe in the presence of 0.63 M Cl−,
equivalent to 3.5 Wt.% NaCl solution.
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of current was also observed from the anodic section for the A1

sample at about 0.677 VAg/AgCl. The Pourbaix diagram of Cu
implies this bump could be related to the formation of CuO, which
is converted to the Cu (OH)2 after hydration. In other words, it
could be concluded that the Cu2O is formed at the anodic
potentials and oxidized to CuO at higher potentials29. Subse-
quently, the CuO is hydrated to form Cu (OH)2 on the surface of
the alloy.
On the other hand, the CPP tests were conducted to assess the

vulnerability of WAAM as-built and heat-treated NAB samples to
pitting corrosion in comparison with their counterpart as-cast
specimen. In these plots, the area enclosed by the hysteresis loop
that forms signifies the degree of localized degradation experienced
by the material. Moreover, if the density of current during backward
scan surpasses that of the forward scan, it indicates a vulnerability to
localized attacks, which could manifest as pit formation. Further-
more, the emergence of a negative hysteresis loop, where the
current density during the reverse scan is lower than that during the
forward scan, is indicative of the material’s exceptional capacity to
resist localized attacks30. The observations of the forward and
reverse sections of the CPP curves related to the C1 (as-cast sample),
and WAAM heat-treated samples, namely HT1 and HT2, reveal a
similarity in the electrochemical responses exhibited by these
specimens. The C1, HT1, and HT2 samples show a wide passive-
pseudopassive area from approximately 0.03 VAg/AgCl to 0.55 VAg/AgCl.

Notably, they lack a distinct pitting potential range, and a negative
hysteresis during the reverse scan suggests a substantial ability to
resist localized attacks in these particular samples. However, the HT3
sample shows an active behavior relating to the formation of the
oxide/hydroxide films before the polarization test. In other words,
the point at which pitting begins aligns with the corrosion potential,
resulting from the intersection of the cathodic branch with the
transpassive zone of the anodic branch. At this juncture, the value of
the potential related to pitting equates to the potential of corrosion,
indicating higher susceptibility to localized attacks for the HT3
sample.
Finally, the WAAM as-built sample (A1) shows a passive-like stage

extending from approximately −0.233 VAg/AgCl to −0.15 VAg/AgCl.
Unlike the as-cast and the heat-treated samples, an increase in
current follows to reach a passive-like area of about 0.667 VAg/AgCl
to 1.1 VAg/AgCl with a relatively high current density suggesting the
pseudopassivation. Hence, the rationale behind pseudopassivation
stems from the creation of a surface layer that exhibits solubility in
the external regions. Moreover, the negative hysteresis loop in the
reverse scan is observed for the A1, but it turns positive,
intersecting the forward anodic scan at potentials slightly lower
than the peak potential observed in the forward section. Therefore,
the sample surface remains in the noble state, an indication that
the repair of the pseudopassive films occurred easily in the
potential just a few decades lower than the peak of the potential in

Fig. 2 Cyclic potentiodynamic polarization curves of the exam-
ined NAB samples exposed to a solution with a concentration of
3.5 wt.% NaCl at room temperature. a As-built WAAM and as-cast
NAB samples, and b the WAAM samples after three different heat
treatments (HT1, HT2, and HT3).

Fig. 3 Electrochemical values for the NAB samples. a Current
parameters, and b potential parameters.
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the forward scan. The pseudopassivation of the NAB samples also
agrees with the formation of a complex structure of oxide/
hydroxide from Al, Cu, Fe, Ni, and the presence of a CuCl film
predicted from the Pourbaix diagrams. Accordingly, the formation
of CuCl within the external layers of the surface films controls the
rate of dissolution of the pseudopassive films established on the
NAB samples’ surface.

Microstructure observations and EIS measurements
Microstructural images of the as-cast (C1), the WAAM as-built
sample (A1), and the heat-treated WAAM samples (HT1, HT2, and
HT3), are presented in Figs. 5a, d and 6a, d, g. Furthermore, the
Nyquist and Bode plots of the specimens at OCP in the test
solution are displayed in Figs. 5b, c, e, f and 6b, c, e, f, h, i. The SEM
image of the C1 sample depicted in Fig. 5a shows the evolution of
the different intermetallic κ-phases precipitated in the interden-
dritic areas or the matrix of relatively coarse α-phase dendrites. It
was detected from the present authors’ earlier work that the κI
rosette-shaped particles with a size of about 5–10 μm, κII with a
globular morphology in the size of about 1–5 μm, and the κIII
phase in lamellar shape are formed in the interdendritic regions,
while the fine particles of the κIV formed within the α-phase
matrix14. Moreover, author’s previous study on the microstructure
of the NAB alloy showed that the microstructural features
developed on the WAAM as-built specimen (A1) are distinctly
finer than those of its counterpart casting sample (C1)14.

A section of a STEM-HAADF image of the A1 sample with an
inset of elemental map of Fe is presented in Fig. 5d to clarify the
differences in the size of the α-dendrites as well as the
intermetallic κ-particles in comparison with those formed in the
as-cast sample. In contrast to the C1 sample, the rosette-shaped
particles of κI were not revealed in the interdendritic regions of
the A1 sample. In addition, TEM observations of the A1 sample in
our previous study showed the κII and κIII phases are rich in
alloying elements of Fe–Al as Fe3Al and Ni–Al as Ni–Al,
respectively, like those formed in the as-cast sample. Also, the
TEM high magnification images defined the presence of fine
nanometers of κIV intermetallic phase (5–10 nm) dispersed
throughout the α-matrix. Also, the elemental maps taken from
the TEM images showed the κIV precipitates are rich in Fe and Al
like the κII phase.
Figure 6a, d, g displays the STEM images of the WAAM samples

after three different heat-treatment processes. As seen from
Fig. 6a, subsequent to subjecting the WAAM-NAB sample to a heat
treatment of 350 °C for soaking of 2 h, only marginal modifications
were observed in its microstructure. In other words, the
microstructure features developed in the HT1 sample are like
those formed in the as-built sample (A1). As this heat treatment
did not result in any notable alterations in the microstructure, HT1
can be safely employed on WAAM-NAB for stress-relieving
purpose. The minor difference between the A1 and HT1 samples
is related to the size of the κIV precipitates albeit without any
discernible alteration in the volume proportion. The size of the κIV
in the WAAM-NAB condition is varied in the range of 5–10 nm,
whereas some coarsening occurred in HT1 and the size is
~10 nm14. In contrast to HT1, the samples after HT2 and HT3
treatments performed at 550 °C—4 h and 675 °C—6 h showed an
increase in the grain size from about 10 μm detected for the as-
built and HT1 to about 17 and 20 μm for HT2 and HT3, respectively.
Also, the TEM examinations of HT2 and HT3 samples shown in
Fig. 6d, g reveal the presence of fine needle-like particles
throughout the α-dendrites denoted as κV (Ni–Al based). However,
the slender κV -precipitates within the α-dendrites of HT3 exhibit a
larger grain size (and significantly reduced precipitation) than
those of the HT2 sample. The elemental maps taken from the κV
precipitates using STEM-HAADF revealed concentrated regions of
Ni and Al, with some instances of substitutive Fe (~13 wt%). In
addition, a lower number of κIV precipitates and observable
coarsening of spherical κII precipitates were detected in both HT2
and HT3 when compared to the A1 and HT1 samples. Accordingly,
the κII was also coarser in the HT2 sample as compared to those
precipitated in the HT3 sample, and the κIII morphology was to
some extent converted from the lamellar to globular while a
nearly complete transition from lamellar κIII to globular particles
occurred after the heat-treatment process at 675 °C for a soaking
time of 6 h (HT3). It is also noticeable that the HT3 treatment
resulted in less precipitation of κV particles, and more reduction of
the κIV evolution compared to the HT2 treatment.
Figures 5b, c, e, f and 6b, c, e, f, h, i show the Nyquist and Bode

diagrams of all experimented NAB samples. The Nyquist plots of
all samples are characterized by capacitive semicircles with two
time constants at high-medium frequencies corresponding to the
charge transfer reactions. Although a low-frequency tail related to
a Warburg impedance is detected from the Nyquist curves for C1,
A1, HT1, and HT2 samples, the Nyquist plot of HT3 sample retains
its characteristic semicircular capacitive shape within the range of
frequency. A comparison between the Nyquist plots shown in
Figs. 5 and 6 revealed that the diameter of the capacitive
semicircle of the WAAM as-built sample (A1) is significantly higher
than the rest of samples, indicating the higher resistance to
electrochemical dissolution and the greater stability of the surface
films31. In addition, the differences in the diameter of the semi-
arcs of the as-cast, HT1, HT2, and HT3 Nyquist plots appear to be
low, indicating a slight difference in their electrochemical behavior

Fig. 4 A section of cyclic potentiodynamic polarization curves,
including the passive area and the reverse section. a The A1 and
C1 samples, and b for the HT1, HT2, and HT3 specimens.

A. Shahriari et al.

5

Published in partnership with CSCP and USTB npj Materials Degradation (2023)    85 



Fig. 5 Microstructural images and the EIS measurements of NAB samples. a–c Related to C1, and d–f related to A1 samples, a SEM
micrograph of C1, b Nyquist plot and c Bode plots for C1 sample, d STEM-HAADF micrographs of A1 with the inset of EDS elemental maps from
Ni, Fe, Al, e Nyquist plot and f Bode plots for A1 sample. EIS results are taken at OCP in a solution containing 3.5 wt.% NaCl.
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in the chloride solution. However, among as-cast and heat-treated
samples, the highest value of the impedance modulus calculated
at the lowest frequency from the Bode plots (Log ׀Z׀ vs Log
(frequency) (Figs. 5 and 6) is related to the HT1 sample. Also, a
linear correlation between the Log ׀Z׀ and Log (frequency) is
observed in Bode modulus plots (Figs. 5c, f and 6c, f, i) over a wide
range of frequency for all samples indicating the presence of semi-
capacitance behavior in a wide range of the frequency.
The Bode phase plots of the as-cast and heat-treated samples

correspond to a solitary, broad peak considered as a merging of
two distinct time constants related to the passive-like films and
capacitances of the double-layer. Accordingly, the separation of
two time constants seems to occur from the Bode phase plot
related to the A1 sample. The A1’s Bode phase plot shows a peak
at the medium frequencies (about 2 × 102 Hz), and the evolution
of another peak in its continuation to higher frequencies (>105 Hz)
is predictable. Also, the maximum phase angles for all samples are
about 61–69°, indicating the surface films generated on the NAB

samples’ surfaces have a similar deviation of a pure capacitor32.
The electrochemical phenomenon occurring at the sample
surfaces is interpreted by fitting appropriate equivalent electrical
circuit models (EEC) shown in Fig. 7a, b. The fitting results of the
EIS data are also presented in Fig. 7c, d. The EEC models (EEC1 and
EEC2) composed of two R // CPE elements were proposed to
describe the behavior of passive-like films formed on the surface
of the alloys as well as the charge transfer reactions focused on
alloy’s surface/solution. Moreover, a constant phase element to
diffusion (CPEw) was also added to the EEC1 model (Fig. 7a) for the
EIS data with a low-frequency tail ascribed to Warburg impe-
dance32. In the EEC models, Rs shows the resistance of solution, Rf
signifies the resistance of the passive-like film and Rct is the
resistance of charge transfer. The CPEf and CPEdl denote the
passive film capacitance and double-layer, respectively. Also, CPEw
represents the electrical element considered for the finite-length
diffusion process in the relevant EIS spectra. In such a case, the
impedance (ZCPE) and capacitance (Tw) of the CPEw are given as

Fig. 6 STEM backscattered electron images and the EIS results of heat-treated NAB specimens. a–c Corresponds to HT1, d–f corresponds to
HT2, and g–i corresponds to HT3 samples, a, d, g STEM micrographs of HT1, HT2, and HT3 with the inset of EDS elemental maps from Fe, and Ni
elementals, b, e, h Nyquist plots, c, f, i Bode plots taken at OCP in a solution containing 3.5 wt.% NaCl.
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follows:32

ZCPEw ¼ σ0Ddiff
ϕw�0:5

jωð Þϕwδ 2ϕw�1ð Þ ¼
1

jωð Þϕw Tw
(2)

Tw ¼ δ 2ϕw�1ð Þ

σ0Ddiff
ϕw�0:5

(3)

where, Ddiff is diffusion coefficient of the redox or oxidized species
within the solution, j is

ffiffiffiffiffiffiffi�1
p

, ω represents angular frequency, ϕw
stands for the dispersion coefficient related to surface inhomo-
geneity, and δ is diffusion layer thickness, and σ0 is the mass
transfer coefficient calculated as follows:32

σ0 ¼ RT

n2 F2 Cdiff
ffiffiffiffiffiffiffiffiffi
Ddiff

p (4)

In Eq. (4), T denotes the temperature (K), the gas constant
(8.3144 J) is shown as R, n represents the number of electrons
which are involved in the electrochemical reactions, F corresponds
to the Faraday constant (9.6519 × 104 C), Cdiff and Ddifff represents
the surface concentration and the diffusion coefficient of the
diffusive species in the process. As shown in Fig. 7c, the total
resistance, Rt was also presented for all samples using the
summation of Rf and Rct (Rt= Rf + Rct). In addition, the effective
capacity values (Ceff) and the passive-like film’s thickness are
displayed in Fig. 7d. The value of the effective capacity was
calculated using the electrochemical parameters (Rf and the

capacitance of the CPEf) fitted to the EIS spectra of the passive-like
films33,34. Moreover, the thickness of the passive film, which has an
indirect relationship with the value of the Ceff33,34 was also
calculated and shown in Fig. 7d.
According to the resistance values shown in Fig. 7c, the total

impedance (Rt) of the NAB alloys surface/passive-like film/solution
system for the WAAM as-built sample (A1), was about 103 kΩ cm2

which is notably greater than the overall impedance of other
samples. It was followed by the highest value of the passive-like
film thickness (d ~ 19 nm) in comparison with the as-cast and
those subjected to heat treatment depicted in Fig. 7d. Moreover,
the value of the Rt for the HT1 sample (~10 kΩ cm2) was about two
times higher than the as-cast samples and about three to five
times higher than the HT3, and HT2 samples, respectively. In
addition, the HT1 sample exhibited an elevated charge transfer
resistance (Rct) in comparison to the as-cast, HT2, and HT3
specimens, indicating the formation of higher barrier layers to
the transfer of the electrochemical species on the surface of the
HT1 sample in contrast to the C1, HT2, and HT3 specimens. The
thickness of the oxide layers calculated for the C1, HT1, HT2, and
HT3 samples are also almost the same values in a range of about
0.026 nm to 0.054 nm. These results suggest the oxide layers
generated on the as-cast’s surface and the WAAM samples after
different heat treatments show a similar barrier property, however,
the higher value of Rct related to the HT1 samples has a key role in
raising the total resistance of the HT1 surface to the corrosive

Fig. 7 EEC models and the electrochemical parameters derived by fitting the equivalent electrical circuit (EEC) models to the EIS data.
a EEC1 related to the EIS data of the A1, C1, HT1, and HT2 samples, b EEC2 related to the EIS spectra of the HT3 specimen, c the resistance
parameters, and d the values of effective capacity and the thickness of passive-like films formed on the surface of the NAB alloy samples.
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reactions in the test solution. Accordingly, it was also detected
that the EIS spectra of A1, C1, HT1, and HT2 samples revealed a low-
frequency region related to the diffusional processes in the test
solution. The CPEw related to the diffusional process was
attributed to the low-frequency regions of the A1, C1, HT1, and
HT2 samples.
The value of the capacitance of the CPEw (Tw) as well as

dispersion coefficient (ϕw) were also calculated for the samples
and is depicted in Table 1. As shown in Table 1, the Tw value for
the A1 sample is the lowest (about 13.7 μF cm−2 sn-1), indicating
the highest resistance to diffusion of electrochemical species
according to Eqs. (2) and (3). Also, the second lowest value of the
CPEw capacitance is related to the HT1 sample (about
4021.1 μF cm−2 sn-1), indicating the diffusional layer formed near
the oxide layers created on the surface of HT1 has the highest
diffusional resistance among the C1 and HT2 samples.
Considering Eq. (1) and substituting the E and I values of the

first current peak, which is about 0.03 VAg/AgCl in the forward

section of the CPP curves related to the HT1, HT2, and C1 samples,
as well as the insertion of the values of DCuCl�2 ~ 1.2 × 10–9 m2/s,
αCl� = 0.478 and E

�
CuCl�2 =Cu

= 0.224 VSHE into Eq. (1) give an average
of the estimated δ values of about 2.5 × 10−4 m. In addition,
substituting the estimated δ value as well as the values of the ϕw ,
and Tw to Eq. (5) which is obtained from Eqs. (3) and (4) resulted in
the finding of an estimation of the diffusion coefficient of the
diffusional species which is about 5.2 × 10−9 m2/s which is near
the value of the diffusion coefficient of CuCl�2 .

Tw ¼ δ2ϕw�1n2F2Cdiff

R T Ddiff
ϕw�1

(5)

where Tw is the capacitance of the CPEw, Ddiff is diffusion
coefficient of the redox or oxidized species in the solution, ϕw is
the dispersion coefficient related to surface inhomogeneity, and δ
represents the thickness of the diffusion layer. Also, the value of
the Cdiff was assumed to be related to the concentration of CuCl�2
in the surface of the samples. The value of Cdiff was calculated
knowing the equilibria between Cu and CuCl�2 as follows:

CuCl�2 þ e� Ð Cuþ 2Cl� (6)

The surface morphologies of the as-built WAAM sample (A1)
and the sample which was heat-treated at 350 °C for 2 h (HT1) after
cyclic potentiodynamic polarization (CPP) testing in 3.5 wt.% NaCl
solution are displayed in Fig. 8. Figure 8a highlights the interface
area between the corroded regions of sample A1 and its
uncorroded area, marked with red broken lines. This indexed
area in Fig. 8a is shown with a higher magnification image in
Fig. 8b. In addition, Fig. 8c presents a higher magnification

Table. 1. Values of the capacitance of the CPEw (Tw) for the NAB
samples calculated from fitting the EEC1 model to the EIS spectra.

Sample Tw (μF cm−2 sn-1) ϕw χ2 × 103

C1 5433.9 0.73 1.4

A1 13.7 0.76 0.78

HT1 4021.1 0.45 3.3

HT2 10502.0 0.67 2.3

Fig. 8 micrographs of the surface structures of the A1 and HT1 specimens after corrosion tests. a–c SEM images of the surface of A1
sample; b, c higher magnification images, d, e optical images of the corroded surface of HT1 sample; e 3D image of the corroded surface of
HT1.
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micrograph of the corroded area depicted in Fig. 8a. Throughout
all areas of the corroded regions and the vicinity of the interface
area, clearly visible localized areas exhibiting severe corrosion
resembling in-depth cracks (marked with white and red arrows in
Fig. 8b) are observed. However, the corrosive attacks are primarily
localized in interdendritic regions. Notably, the corroded zones
adjacent to the intermetallic precipitates of κII and κIII are well
observed from the SEM images.
The SEM observations of the corroded area with higher

magnification (Fig. 8b) reveal that the Cu-rich matrix (α-dendrites)
is also corroded uniformly and covered with corrosion products.
However, the α-phase is more corroded in the interdendritic areas
adjacent to the intermetallic κ-phases. The optical image from the
HT1 sample shows the presence of corrosion product on the
α-phase and corroded areas in dark colors corresponding to the
interdendritic regions (Fig. 8c). To assess the differences in the
depth of corroded areas, a 3D image of the surface of the
corroded area of the HT1 sample was taken using a digital optical
microscope, as shown in Fig. 8d. The severe attacks with a
maximum surface depression depth of about 3 μm occurred in the
interdendritic regions, resulting in the formation of Valley-like
areas (blue color areas of Fig. 8e) near the peaks (uniformly
corroded α-phases with the corrosion product). It is proposed that
the intermetallic areas of κ-phases act as cathodic areas with
respect to the α-phase, leading to severe attacks, particularly
focused on the interdendritic regions where the α-phase corroded
versus more noble precipitates of κII and κIII phases. The presence
of pits in the α-matrix is also noticeable, a result of the creation of
microgalvanic peels between the κIV phase (acting as cathodes)
and the matrix (acting as anode zones). It is worth noting that
immersion in 3.5 Wt.% NaCl solution induces corrosive attacks
localized in the α-phases adjacent to the intermetallic κ-phases,
which are abundant in Fe, Al, and Ni (acting as the cathodic areas),
irrespective of their morphologies. Thus, it can be confirmed that
the size and number of κ-phases have a more significant impact
on their electrochemical behavior compared to their morpholo-
gies. In other words, the morphological changes to κ-phases do
not profoundly affect their affinity to corrosion reactions within a
solution containing 3.5 Wt.% NaCl.

Deciphering: solidification structures and phase formation—
corrosion correlation unveiled
Deciphering the effect of microstructural features on electro-
chemical behavior in the form of the corrosion performance can
be complicated, especially if there are multiple phases and the
different solidification structures from the columnar dendrites to
equiaxed dendrites. Microstructural observations of the WAAM as-
built sample (A1) compared to those of the as-cast (C1) showed
that the higher cooling rates during the WAAM process led to
significantly a finer dendritic structure than the casting process. It
is reported that in conventional castings such as sand casting,
typically used to fabricate the components of the NAB alloy, the
cooling rate is at ~0.001 °C/s. This slow cooling rate hinders the
formation of a finer microstructure when compared to the WAAM
process, which boasts a significantly higher cooling rate, exceed-
ing 1 °C/s35,36.
In addition, the equiaxed dendrites were also detected on the

primary columnar dendrites of α- phase in the sample of NAB
produced by the WAAM process. Moreover, the higher cooling
rate of the WAAM process suppresses the formation of the κI-
rosette-shaped particles in the interdendritic regions due to the
lack of sufficient time for the partitioning of alloying elements.
Besides the microstructural results, the CPP measurements of the
NAB samples indicated, the A1 sample has the lowest value of the
current density of corrosion (Icorr) in comparison with the other
samples. However, the value of Ecorr of A1 sample was lower than
the as-cast and the heat-treated samples. The lowest value of Icorr

for the A1 sample compared to the other samples can be related
to finer equiaxed dendritic structures developed during the
solidification process. It is well-known the value of Icorr depends on
the current density exchange value (I0) indicating the kinetic
aspects of the corrosion phenomenon. Accordingly, I0 has a direct
relationship with the surface roughness as an index for an
augmentation in the exposed area37.
During the columnar dendrite growth of the α-phase as a

copper-rich constituent, the surface roughness of the anodic area
increases, and could cause an increase in the surface area,
resulting in augmentation of the corrosion and other surface-
dependent reactions on the surface of alloy. Therefore, the
reduction of surface area with the evolution of a finer and more
equiaxed dendritic structure in the as-built NAB sample fabricated
using AM technique could be one of the critical parameters to
decrease the value of I0 of the redox reactions on its surface,
resulting in a lower corrosion current density compared to the as-
cast and the heat-treated NAB specimens. In addition, the less
nobility of the Ecorr for the A1 compared to the rest of the
specimens attributed to the precipitation of finer interdendritic
and dendritic κ-phases with lower amounts than those formed in
the other samples as well as the absence of the κI particle in the
microstructure of the A1 sample. It was previously reported that
the Fe, Ni, Al-rich κ-phase are more cathodic than the copper-rich
α-phase19.

Deciphering: heat-treatment process—corrosion correlation
unveiled
The study of the microstructural changes after heat-treatment
processes on the WAAM-NAB samples also revealed the stress-
relief treatment (HT1) resulted in a slight change of the
microstructural features developed after WAAM process in which
the only change was related to slight increase in the size of κIV
particles. Accordingly, the growth of the Fe–Al-rich (Fe3Al based)
κIV precipitates during the HT1 treatment affect resistance to
corrosion of the HT1 sample. The higher work function of Fe and
Ni compared to that of the Cu lead to higher nobility of the Fe–Al
and Ni–Al-rich phases than the α-phase which is a Cu-rich phase.
Accordingly, HT1 treatment induced a larger cathodic area to
anodic area in the NAB sample, which lead to an acceleration of
the microgalvanic reactions resulting in an elevated rate of
corrosion38,39. In this regard, it was also detected that the
formation of Ni–Al and some extent Fe-rich κV phases in the
matrix of HT2 and HT3 samples accompanied by the grain growth
in the dendritic structure as well as coarsening of the κII
precipitates had a detrimental impact on their corrosion
performances obtained from the CPP and EIS results.
The evolution of another cathodic phase (κV) in the needle-like

shape as well as coarsening of the Fe–Al-rich κII phase as the
cathodic area versus the anodic α-dendritic matrix promote the
formation of microgalvanic cells which increase the electron
exchanges between the cathodic and anodic reactions performed
on these areas of the HT2 and HT3 samples. However, the
breakdown of the lamellar κIII phase to a completely spheroidized
morphology in the HT3 sample positively affects its resistance to
corrosion in comparison with the HT2 specimen. The value of Rt
calculated from the EIS results related to the HT2 and HT3
confirmed a slightly higher corrosion resistance of the HT3
specimen than that of the HT2 sample.

Deciphering: formation of surface films on NAB alloy
In addition, the observations of the cyclic potentiodynamic
polarization parameters and the potential -pH thermodynamic
diagrams of the corrosion reactions in the aqueous media as
Pourbaix diagrams proposed the evolution of a complex
pseudopassive films consisted of primarily from the Al2O3, Cu2O,
Cu(OH)2, and the oxide/hydroxides of Ni and Fe on the surface of
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the NAB alloys with the presence of a CuCl film formed on the
outer layer of the passive-like films at neutral NaCl solution. It is
also implied that the surface films consist of an inner layer with
highly protective properties associated with the creation of the
Al2O3 on the α-matrix and the Al-rich intermetallic phases (κ-
phases), as well as an outer layer enriched in cuprous oxide/
hydroxides2,40. In addition, the calculated Tafel slopes from the
anodic branches of CPP curves fall in the range, which is related to
a mass transport control mechanism occurring near the surface.
Accordingly, the presence of a mass transport control or
diffusional mechanism which controls the dissolution of the
surface films formed on the NAB alloy was confirmed by observing
a low-frequency tail related to a Warburg impedance form the EIS
spectra A1, C1, HT1, and HT2 samples. Substituting the experi-
mental parameters (I and E) obtained from the CPP curves in
Eq. (1) resulted in the determination of the diffusional layer
thickness formed near the outer layer of the films.
The insertion of the EIS parameters related to the low

frequencies’ region, Tw, and ϕw in Eq. (5) with the calculated
thickness of the diffusional layer (δ) from Eq. (1), gave the
estimation of the value of diffusion coefficient of the redox or
oxidized species (Ddiff) which was equal to the value of the
diffusion coefficient of CuCl�2 confirming the role of the cuprous
chloride in controlling the degradation of passive-like films formed
on the NAB surface alloys.

Corrosion mechanism in NAB alloy
Figure 9 displays a scheme of the corrosion mechanism in the NAB
alloys. The correlation between the microstructural features
developed in the as-cast, WAAM as-built before and after three
different heat-treatment processes is briefly shown in Fig. 9.
Accordingly, the microgalvanic cells formed between the α-phase

as anode area versus the κ-phases as the cathodic regions in the
NAB samples. The presence of more cathodic areas in the as-cast
and the heat-treated samples, which consume more electrons
produced from the anodic reactions, lead to a higher current
density. Although the morphology of the lamellar κIII phases was
also partiality and completely converted to a spheroidized shape
after heat treatment at 550 °C for a soaking time of 4 h and heat
treatment at 675 °C for a soaking time of 6 h, respectively,
evolution of a higher cathodic areas in those samples lead to their
inferior corrosion resistance in comparison with the WAAM as-
built (A1) and the HT1 sample (350 °C for 2 h).
In the continuity of our previous research group’s studies on

microstructural features developed in nickel–aluminum bronze
(NAB) parts fabricated by wire arc additive manufacturing (WAAM)
technique before and after three different heat-treatment
processes, namely HT1, HT2, and HT3, the performance of corrosion
of the WAAM components in the form their as-built state and after
undergoing heat treatment were investigated. In addition, the
corrosion behavior of the WAAM parts compared with their
counterpart cast component in a solution containing 3.5 Wt.%
NaCl in the current research. The correlation between these
microstructural changes and corrosion behavior in WAAM-NAB-
C95800 can be summarized as follows:

1. The suppression of the formation of κI-rosette-shaped
particles and the evolution of a finer and more equiaxed
dendritic α-phase as the matrix after the WAAM process
mainly improved the corrosion resistance of the NAB
components. The κ-phases in the form of Ni–Al-rich (κIII
and κV) or Fe–Al-rich (κII, κIV) intermetallic components
played a cathodic role versus the α-dendritic matrix
enriched from the copper element, which acts as the anode
area in the neutral chloride solution.

Fig. 9 Schematic illustration of corrosion behavior of the NAB samples in the chloride-containing environment. The formation of κ-phases
triggers the formation of microgalvanic cells, drawing more galvanic currents.
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2. The coarsening of κIV particles after applying the HT1
treatment (350 °C for 2 h) reduced the corrosion resistance
of the WAAM component significantly. However, the
reduction of the corrosion performance observed from the
electrochemical parameters obtained from cyclic potentio-
dynamic polarization (CPP) and EIS tests confirmed the
treatments at 550 °C and 675 °C (HT2 with
Icorr ~ 6.6 × 10−6 A cm−2 and Rt ~ 2.58 KΩ.cm2, and HT3 with
Icorr 8 × 10−6 A cm−2 and Rt ~ 3.8 KΩ cm2) exert a more
adverse influence on the corrosion behavior of the WAAM-
manufactured samples when contrasted with the influence
of HT1 (Icorr about 4.4 × 10−6 A cm−2 and Rt about
10.2 KΩ cm2) on the performance of corrosion of the parts
of NAB produced by WAAM process.

3. The precipitation of an additional cathodic phase of the κV
in needle morphology had a pivotal role in decreasing the
performance of corrosion of the components, which were
heat-treated at 550 °C for a soaking time of 4 h (HT2) and
675 °C for a duration of 6 h (HT3). However, the conversion
of the κIII phase to a completely spheroidized morphology
has a positive effect on the corrosion resistance of the HT3
part compared to that of the HT2 component.

4. The corrosion current density and total impedance modulus
of the heat-treated samples were almost the same as those
of the as-cast NAB part, indicating the as-built state of the
WAAM parts has a superior corrosion resistance than the
heat-treated and as-cast parts due to the formation of a
lower and finer κ-phases.

5. The partial and complete conversion of lamellar to
spheroidized morphology in the κIII phase after treatments
at 550 °C and 675 °C did not improve the corrosion
performance.

6. Comparison of the polarization behavior of the NAB alloy in
the natural NaCl solution (pH about 7) with the Pourbaix
diagrams of copper, aluminum, iron, and nickel showed the
anodic behavior was consistent with the initiation and
expansion of the CuCl film on the surface of the NAB alloys.

7. The apparent anodic Tafel slopes calculated for the NAB
alloy from the forward section of the CPP curves as well as
the formation of a low-frequency tail related to a Warburg
impedance in the EIS spectra confirmed the presence of
mass transport-kinetics process in which dissolution of the
outer surface layers governed by the rate at which the
CuCl�2 ions diffuse across a diffusion layer.

METHODS
Materials and GMAW-WAAM process
NAB alloy specimens in this study were cut from the as-cast
specimen, and the schematic of the WAAM fabricated sample is
shown in Fig. 10. Gefertec, headquartered in Berlin, Germany,
utilized their 3DMP (3D metal printing) technology to fabricate the
WAAM samples in square bar shapes. The NAB samples were
produced through a manufacturing process based on gas metal
arc welding (GMAW) utilizing the WAAM technique. Figure 10

Fig. 10 Schematic fabrication process and NAB sample details. GMAW-WAAM technique, its process parameters, the square bar fabricated
by WAAM, the bar-shaped as-cast component cut from an impeller for the corrosion study, and the chemical composition of the
NAB alloy.
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illustrates a schematic representation of the GMAW-WAAM system
employed in the present investigation. NAB filler wires (A5.7
ERCuNiAl) were melted out and deposited over a 316 L stainless
(SS) substrate with a 10 mm thickness. Also, the GMAW welding
torch perpendicular on the substrate was installed to fabricate a
square bar with the dimensions displayed in Fig. 10. Inert
shielding gas as an integral part of GMAW-WAAM was also
purged to the system to protect/provide a shield over the melt
pools. The optimized process parameters based on the fabrication
of the intact samples were applied in this process and displayed in
Fig. 10. The chemical composition details of the NAB-C95800
samples is also provided in Fig. 10.

Heat treatment and microstructural characterizations
Heat-treatment processes were also applied to cuboidal samples
cut from the middle section of the square bar fabricated using the
GMAW-WAAM technique. The cuboidal specimens were heated
into different temperatures as shown in Fig. 11. The heat-treated
samples were named as HT1, HT2, and HT3. HT1 was considered a
stress-relief treatment and performed at 350 °C for 2 h. Two other
heat-treatment cycles were also applied to two other cuboidal
samples denoted HT2 and HT3. Accordingly, HT2 is related to heat
treatment at 550 °C for 4 h and HT3 is attributed to a heat treatment
at 675 °C for 6 h. All heat-treated samples were cooled until room
temperature in a furnace with a cooling rate of about 8–20 K/min. A
section of the Cu–Al binary phase diagram calculated using
Thermocalc software is illustrated in Fig. 11. Under equilibrium
conditions, it is observed that the binary alloys comprising
aluminum up to a concentration of 9% constitute a singular phase
known as the α solid solution at ambient temperature. Furthermore,

a secondary phase denoted as β becomes evident within the
microstructure. Additionally, these alloys experience a phase
transition at 565 °C during gradual cooling. Notably, a eutectoid
reaction takes place in these alloys, leading to the transformation of
the β phase into an α and γ2 eutectoid structure. However, adding
the Ni and Fe to binary alloys of Cu–Al suppresses the formation of
γ2, and instead of γ2, κ-phases could be precipitated in the matrix.
The location of temperatures for the heat-treating processes is also
superimposed into the binary plot of the Cu–Al alloy.
Microstructural analyses were also conducted on the surface

that is oriented perpendicular to the fabrication direction of the
GMAW-WAAM samples (shown in Fig. 10). Moreover, as-cast
samples were cut from a NAB saltwater impeller (the diameter of
the impeller was 170 mm) to consider as the reference sample in
this study. A Scios dual-beam scanning electron microscope
(SEM) and FEI Tecnai Osiris Transmission Electron Microscope
(TEM) were employed to characterize the microstructural
features developed in the samples. After mounting and
mechanical polishing, samples were chemically etched using a
Klemm’s reagent for about 30 s to be prepared for the SEM
observations. Moreover, the GMAW-WAAM samples were
reduced to approximately 30 μm thickness utilizing the Ion-
beam milling technique. This preparation was performed using a
Gatan Precision Ion Polishing System (PIPS, model 695) operating
at an accelerating voltage of 200 kV, ensuring their suitability for
TEM examinations. Additionally, elemental distribution maps
were generated by combining energy dispersive spectroscopy
(EDS) with high-angle annular dark-field (HAADF) detectors. The
samples were also denoted as follows:

Fig. 11 A visual representation outlining three different heat treatments applied to the NAB component fabricated by WAAM process.
illustration of three different heat-treatment processes is also superimposed to the binary Cu–Al phase diagram.
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As-cast specimen: C1, specimen cut from the GMAW-WAAM
square bar: A1, and the heat-treated samples were named as HT1,
HT2 and HT3.

Electrochemical tests
The surface of the samples for electrochemical tests were ground to
achieve a polished surface with a reflective appearance. The
specimens were cleansed using distilled water and pure ethanol.
Then the samples were quickly dried by hot air and transferred to
the naturally aerated 3.5 wt.% NaCl solution. The surface area
exposed on the specimens ranged from ~0.181 to 1.171 cm2. All
electrochemical assessments took place at an ambient temperature
of around 23 ± 2 °C, utilizing a potentiostat/galvanostat (Gamry
model reference 600+), in a cell including three-electrodes, where
the GMAW-WAAM and as-cast NAB samples were considered as the
working electrode (WE), while a graphite rod served as the counter
electrode (CE), and a saturated silver/silver chloride (Ag/AgCl)
electrode functioned as the reference electrode (RE). Before the
corrosion examinations, the stable open circuit potential (OCP) of the
specimens was observed over a duration of 1800 seconds. Subse-
quently, electrochemical impedance spectroscopy (EIS) was per-
formed using an alternating signal possessing a 10mV amplitude,
encompassing a frequency spectrum from 100 kHz to 0.01 Hz. In
addition, cyclic potentiodynamic polarization (CPP) measurements
were conducted by sweeping the potential at a rate of 0.166mV/s.
The range of potential extended from 500mV below the OCP to the
point where the density of current reached 10mA/cm2, followed by
a reverse sweep back to the initial point. The corrosion tests were
connected to the surface of the samples as follows:

1. After 96 h of immersion of as-built WAAM sample A1 and the
as-cast specimen (C1) in 3.5 wt.% NaCl solution.

2. After 24 h of immersion of the heat-treated samples within
3.5 wt.% NaCl solution.

Finally, the EIS tests were conducted at OCP, and the Zview
software was used to analyze and fit the proper curves to the
experimental EIS results. The surface morphology of the samples
after corrosion tests were also observed with an Scios 2 dual-beam
scanning electron microscope (SEM) through a field emission mode
and optical microscope (Keyence digital microscope vhx-7000 series).
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