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A B S T R A C T

This study explored the fabrication of 70/30 Cu-Ni via LPBF technique and investigated its corrosion and 
microstructure properties. Samples were fabricated with varied parameters, including power, scan rate, and 
hatch spacing, and compared with wrought Cu-Ni alloy. Corrosion behaviour was conducted using cyclic po
larization and EIS in 3.5 wt% NaCl. Optical microscopy and EBSD techniques were employed for microstructure 
evaluation. The results revealed that the examined LPBF samples had surface porosities below 1 %, indicating 
superior density and minimal voids, with larger grain sizes displaying elongated grain. Additionally, LPBF 
samples exhibited delayed breakdown passive layer potential, superior repassivation abilities compared to the 
wrought specimen. EIS analysis revealed corrosion resistance of as-fabricated samples was slightly higher than 
conventional ones, peaking at 58–73 kΩ.cm2 with hatch spacing between 125 and 200 μm and P/V ratio between 
1.7 and 2 J/mm. However, deviation in parameters led to a decrease in corrosion resistance.

1. Introduction

Copper is a versatile metal that has been utilized for ages. It is a 
popular industrial metal because of its excellent ductility, malleability, 
thermal and electrical conductivity [1]. Although its outstanding char
acteristics are undeniable, when it comes to corrosion performance in 
seawater, it is considered one of the least resistant metals. Adding nickel 
to copper as an alloying element solves that problem and even increases 
the strength resistance. Cupronickel or Cu-Ni alloys are widely utilized 
in maritime environments for pipelines, structural materials, and ship 
hulls due to their corrosion resistance, mechanical ductility, outstanding 
electrical and thermal conductivity, and excellent anti-fouling qualities 
[2,3]. When Cu-Ni alloys are exposed to corrosive solution, each nickel 
ion (Ni2+) replaces two copper ions (Cu+) resulting in the making of a 
strong protective film on the surface. Aside from that, duplex oxides 
such as Cu-hydroxide layer can also protect the alloy from corrosion [4]. 
That is why this alloy is well known for its corrosion resistance.

Among Cu-Ni alloys, 70/30 Cu-Ni alloy stands out as the most 
extensively used in critical components subjected to harsh environ
ments. The remarkable corrosion resistance of Cu-Ni alloys primarily 

arises from the development of a protective corrosion product layer on 
the surface, which effectively impedes ion diffusion [5,6]. According to 
North et al. [7], investigation into the corrosion characteristics of pure 
copper and Cu-Ni alloys in terms of the defective semiconductor prop
erties of the Cu2O film formed on the samples, the concentration of 
cation vacancies in the copper oxide layer was reduced when nickel ions 
occupied the vacancies, increasing the corrosion resistance. Due to the 
many applications and the production need, its production with con
ventional methods is less economical, especially when the shape of the 
piece is twisted [8].

Additive manufacturing process has transformed industries by 
reducing waste and expanding design possibilities. It was initially used 
for prototyping but has now expanded to include a wide range of ap
plications, particularly commercial product manufacturing [9]. Chal
lenges such as poor mechanical qualities are being solved through 
continual research and material improvements, showing the technol
ogy’s dynamic nature [10–12]. Another advantage of this technology is 
that it produces higher-performing part while reducing the weight of 
complex components that are difficult to fabricate with conventional 
machining [10].
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Nowadays many different parts can be fabricated using advanced 
manufacturing (AM) techniques. Each AM technique is used for different 
purposes, but the most popular ones are laser powder bed fusion (LPBF) 
[13], electron beam powder bed fusion (EBPF) [14] and direct energy 
dispersion (DED) [15]. Among all of them, LPBF can produce objects 
with excellent resolution and a superior surface polish [16,17]. Shortly, 
this process starts with spreading a thin layer of metal powders over a 
desired area and a laser accurately scans the area and then begins to melt 
the powders. After solidification of the first layer, a new powder layer is 
spread and the procedure repeats [13,18].

Numerous studies have been conducted on Cu-Ni. Badawy et al. [19]
found that increasing Ni content in Cu–Ni alloys reduces the corrosion 
rate in neutral chloride solutions, while higher chloride concentration 
initially raises the corrosion rate but decreases above 0.3 mol/dm−3 due 
to passive film formation. Electrochemical techniques and impedance 
spectroscopy indicated improved corrosion resistance with higher Ni 
content and longer immersion times. Ekerenam et al. [20] investigated 
the surface of 90/10 Cu-Ni alloy after six months of seawater immersion 
and found that a multilayer structure of corrosion products significantly 
contributed to erosion corrosion resistance. They also observed that with 
increasing flow velocity, the surface film, consisting of an inner layer of 
Cu2O doped with Ni3+ and Ni2+, formed a strong bond with the sub
strate and was capable of self-repair. Although quite a few studies have 
been conducted on this alloy, there remains a significant gap in research 
concerning its manufacturability by AM techniques and resultant 
corrosion properties. Most existing literature focuses on the basic 
characteristics and traditional applications of the alloy, leaving a need 
for more in-depth investigation into how modern manufacturing pro
cesses affect its performance. Understanding these aspects is crucial for 
optimizing the alloy’s usage in contemporary engineering and industrial 
applications, particularly in environments where corrosion resistance is 
a key factor. Yugang et al. [21] employed wire arc additive 
manufacturing (WAAM) to create a gradient Cu-Ni alloy and investi
gated its material properties. Their findings revealed that incorporating 
nickel into the gradient layers reduced the average grain size but 
resulted in the emergence of unusually large secondary grains. This 
alteration influenced grain orientation, texture composition, micro
hardness, and tensile strength, which initially increased with the nickel 
content, peaked, and then declined.

In earlier research, our group explored the microstructural charac
teristics and corrosion performance of 70/30 Cu-Ni alloy produced using 
wire arc [22] and in this study, we aim to use LPBF as another AM 
process to fabricate 70/30 Cu-Ni alloy, examining the effects of pa
rameters such as hatch spacing, laser power, and scan rate on micro
structure and electrochemical behavior. The results will be compared to 
those of a conventional 70/30 Cu-Ni wrought sample to elucidate the 
unique characteristics and potential advantages of LPBF-produced 
alloys.

2. Experimental

2.1. Material preparation and LPBF process

In this investigation, a SLM 280 machine equipped with a single laser 
400 W Tank Feed was used to fabricate LPBF samples. The powder 
utilized was 70/30 Cu-Ni (C96400) from Sandvik Osprey LTD, with 
particle diameters ranging between 15 and 45 µm.

As previously described, the LPBF method fabricates samples layer 
by layer. Initially, a powder layer with a thickness of 30 μm (t) is applied 
to a pre-heated substrate. Then, a high-powered laser scans the cross- 
section of the part design, melting and fusing the powder particles to 
form a solid layer. Subsequently, a new layer of powder is spread over 
the previous layer, and the procedure repeats until the entire part is 
completed. A scanning strategy was employed following a rotation of 
67◦ after every layer and the build direction was designated as the Z 
direction, making the XY plane the horizontal plane, as illustrated in 

Fig. 1.
To evaluate the effects of printing parameters, over a hundred 

samples were fabricated with power settings ranging from 300 to 400 W, 
scan rates from 200 to 600 mm/s, and hatch spacings from 50 to 400 μm 
and only those that exhibits minimal lack-of-fusion defects were further 
analyzed. The laser power (P), scanning speed (V), and hatch spacing 
(H) along with volume energy density (VED = P

V.H.t) of defect-minimized 
samples are presented in Table 1.

2.2. Microstructural analysis

To gain a comprehensive understanding of how printing conditions 
affect microstructural variations, both optical microscopy (OM) and 
electron backscatter diffraction (EBSD) techniques were utilized. The 
first technique provides a broad overview of the microstructural features 
like porosity and overall sample integrity [23]. Micrographs were taken 
from four separate areas on each sample to evaluate porosity for 
increased accuracy, and all images were analyzed using ImageJ soft
ware. Meanwhile, EBSD offers detailed insights into the crystallographic 
orientation and phase distribution within the samples [24]. By 
combining these two methods, a thorough analysis of the microstruc
tural changes induced by different printing parameters was achieved. 
For this analysis, both the as-fabricated and conventional samples were 
cut into square prism shapes with 10 × 10 × 5 mm dimensions using 
electrical discharge machining (EDM) machine and then sectioned in a 
direction perpendicular (XY plane) and parallel (YZ plane) to the 
fabrication axis. After cutting, the samples were mounted in epoxy 
molds to stabilize and protect them during subsequent preparation steps. 
The mounted samples were then subjected to a series of grinding stages 
using silicon carbide (SiC) papers followed by polishing with 3 µm 
colloidal silica suspension as the final stage for OM analysis. For EBSD 
analysis, electropolishing was conducted in 15 % sulfuric acid and 85 % 
methanol at room temperature, further refining the surface by removing 
a thin material layer and enhancing microstructural visibility.

2.3. Electrochemical test

All electrochemical tests were performed using a three-electrode 
setup. In this setup, the test samples served as the working electrode, 
the Ag/AgCl electrode as the reference, and a graphite plate acted as the 
counter electrode. Prior to testing, all XY-plane specimens were moun
ted with an exposure area of 0.3 cm² and ground with silicon carbide 
(SiC) papers up to 2500 grit to ensure a smooth surface. Initially, the 
samples were immersed in 3.5 wt% NaCl for up to 3 h for open circuit 
potential (OCP) stabilization. Following this, cyclic potentiodynamic 
polarization (CPP) tests were carried out with a scan rate of 0.166 mV/s, 
starting from −250 mV below OCP. The reverse scan began when the 
current density reached 1 mA/cm2 during forward scan. This process 
helped in evaluating the corrosion resistance and passivation behaviour 
of all samples.

Fig. 1. LPBF process and orientation of Cu-Ni samples.
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Electrochemical impedance spectroscopy (EIS) was conducted to 
further characterize the electrochemical properties of the system. This 
test was performed with AC amplitude of 10 mV/s over a frequency 
range from 10⁻² to 10⁵ Hz. The EIS technique provided insights into the 
resistive and capacitive behavior of the protective films formed on the 
sample surfaces.

The electronic properties of the films on Cu-Ni alloys were investi
gated using the Mott-Schottky (MS) technique. This method involved 
measuring the capacitance of the oxide films at a fixed frequency of 
1 kHz while incrementally varying the applied potential from 0 to 
−0.3 V vs. OCP in steps of 10 mV. The MS technique helped determine 
the donor density of the semiconductor oxides, which is a critical 
parameter for understanding the corrosion behavior.

To ensure the reliability and accuracy of the results, all electro
chemical tests were repeated three times. Notably, the EIS and MS 
measurements were carried out after OCP stabilization and separately 
from the CPP.

3. Results

3.1. Optical microscopy analysis

OM images of the samples with laser power of 375 W, scan rate of 
200 mm/s, and different hatch spacing values are shown in Fig. 2. The 
black areas represent the gas pores and/or unfused pores. As is seen in 
Fig. 2a-g, there is no direct relationship between hatch spacing and the 
presence of pore defects. The sample created with a hatch spacing of 
150 µm had the fewest number of defects indicating a denser and high- 
quality structure. As the hatch spacing increased to 250 µm, the pore 
size within the material also increased, with some pores reaching nearly 
100 µm (Fig. 2d). Interestingly, when the hatch spacing was increased 
beyond 250 µm, there was a noticeable reduction in defect formation. 
Thus, departing from a threshold hatch spacing likely alters the way 
melting and cooling processes in such a way that it limits pore genera
tion, although this may come at the expense of other aspects of material 
quality.

The defects on the surfaces are formed as a result of inadequate or 
excessive input energy. The lack of sufficient energy prevents proper 
fusion between scan paths, leading to incomplete bonding and the for
mation of unfused pores that are irregular in shape. In contrast, when the 
energy input is excessively high, metal vapor becomes trapped within 
the molten pool, resulting in the formation of small, spherical cavities 
known as gas pores [25,26].

As demonstrated in Fig. 2a’-g’, on the YZ plane, due to overlapping 
melt pools created by the sequential usage of laser energy along with 
layer wise scanning, a stepped molten path is formed at a particular 
angle perpendicular to the building direction. A good example of un
fused pores can be seen in some areas of sample H200. The presence of 
these pores indicates that there may have been insufficient overlap be
tween the laser passes, inadequate energy input, or other factors 
affecting the consistency of the melt pool, ultimately compromising the 
sample’s overall structural integrity.

The porosity percentage of all LPBF samples measured by using a 
black-and-white contrast of the optical micrographs in ImageJ software 
is presented in Fig. 3. In this figure, the vertical axis represents the linear 
energy density, which is the ratio of laser power (P) to scan speed (V) 
and the horizontal axis shows the hatch spacing (H). This illustrates how 
changes in energy density and hatch spacing influence the degree of 
porosity in the material. The key findings of this graph are that the 
porosity percentage for all samples was below 1 % spanning from 
0.45 % to 0.95 %, which means all of them had a relatively high density 
and minimal voids. Although there were slight differences in porosity, 
the samples with linear energy densities (P/V) between 1.1 and 1.75 J/ 
mm, combined with hatch spacings between 50 and 325 μm, achieved 
the lowest void fraction, with porosity levels below 0.6 %. This trend is 
highlighted in three different areas circled in Fig. 3.

In contrast, when the hatch spacing is increased beyond this range, 
the porosity percentage increased (P > 0.6 %). This is due to insufficient 
energy input and poor overlap between the scan paths, leading to 
incomplete melting and higher occurrences of voids and defects. These 
conditions result in a less dense and structurally weaker material, 
highlighting the importance of carefully optimizing the process pa
rameters to achieve the desired material properties.

3.2. EBSD analysis

The EBSD grain structure and inverse pole figures (IPF) of both 
conventional and as-fabricated samples are shown in Fig. 4. It is evident 
that the grain size of the conventional sample (Fig. 4a) is considerably 
smaller than that of the as-fabricated samples (Fig. 4b-h). Additionally, 
the grains in the conventional sample exhibit an equiaxed grain texture, 
indicating uniformity in their dimensions. In contrast, the as-fabricated 
samples predominantly exhibit elongated and irregular grain morphol
ogies, primarily oriented towards the < 101 > crystallographic 

Table 1 
The LPBF parameters for different samples.

Sample Power (W) Scan rate (mm/s) Hatch spacing (μm) VED (J/mm3)

1 400 200 175 381.0
2 200 333.3
3 225 296.3
4 250 266.7
5 275 242.4
6 300 222.2
7 325 205.1
8 350 190.5
9 375 177.8
10 400 166.7
11 400 300 50 888.9
12 75 592.6
13 100 444.4
14 400 400 100 333.3
15 200 166.7
16 400 600 100 222.2
17 375 200 100 625.0
18 125 500.0
19 150 416.7
20 175 357.1
21 200 312.5
22 225 277.8
23 250 250.0
24 275 227.3
25 300 208.3
26 350 178.6
27 400 156.3
28 375 300 50 833.3
29 350 200 125 466.7
30 150 388.9
31 175 333.3
32 200 291.7
33 225 259.3
34 250 233.3
35 275 212.1
36 300 194.4
37 325 179.5
38 350 166.7
39 350 300 50 777.8
40 400 100 291.7
41 150 194.4
42 325 200 75 722.2
43 100 541.7
44 125 433.3
45 150 361.1
46 300 200 125 400.0
47 150 333.3
48 175 285.7
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direction, highlighting a distinct difference in grain structure compared 
to the conventional sample.

Fig. 5 displays the average grain size data, revealing a significant 

difference: while the conventional sample has a grain size of 19.8 µm, 
the sample fabricated with a 100 µm hatch spacing shows a much larger 
grain size of 54.8 µm. As hatch spacing increases, the grain size only 

Fig. 2. Optical micrograph of as-built samples with P = 375 w, V = 200 mm/s, and different hatch spacing (a-g) of the XY plane, and (a’-g’) melt pool morphology 
on the YZ plane.

Fig. 3. Porosity percentage as a function of P/ V (J/mm) ratio and hatch spacing (μm).
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vary to a small extent, averaging around 60 µm.
The pole figure (PF) plots in Fig. 6 depict the texture strength dis

tribution for the three plane families in the face-centered cubic (FCC) 
structure, specifically (001), (110), and (111). These plots reveal that 
among the three directions, the (110) texture component is the most 
dominant one. The statistical description of a fabric’s intensity is 
quantified by the multiple of uniform density (MUD), which is derived 
from the highest intensity of the contoured pole figures [27]. In other 
words, the MUD number serves as an indicator of texture strength in an 
EBSD pole figure, higher values suggest stronger alignment. A MUD 
value of 1 indicates randomly aligned grains, whereas values signifi
cantly greater than 1 indicate a strong texture alignment [28]. Accord
ing to Fig. 6, all as-fabricated samples had MUD values below 6. The 
sample fabricated with a 100 µm hatch spacing showed the highest MUD 
value at 5.12, indicating a relatively strong overall texture, although the 
(110) texture component itself was not particularly prominent. 
Conversely, the sample with a 400 µm hatch spacing had the lowest 
MUD value, around 3.72, reflecting a weaker texture.

The kernel average misorientation (KAM) and grain boundaries 
calculated from the EBSD analysis are illustrated in Fig. 7. The KAM 
provides a qualitative measure of the homogeneity of plastic deforma
tion and the density of defects, such as dislocations, layered dislocations, 
and subgrain boundaries [29]. In Fig. 7a, the blue regions represent 

areas with the lowest misorientation angles and dislocation densities, 
indicating minimal lattice distortion. As the color transitions from blue 
to green, there is a corresponding increase in misorientation angles and 
dislocation densities. This progression shows the spatial distribution and 
intensity of these structural imperfections within the sample.

Fig. 7b illustrates that the sample printed with hatch spacing of 
100 µm exhibited the lowest misorientation angle about 11.2◦. This in
dicates a minimal dislocation density and small local plastic strains. 
Such minimal local plastic deformation is attributed to the low residual 
stresses caused by reduced thermal stresses during the as-fabricated 
printing process. Conversely, when the hatch spacing increased to 200 
and 300 µm, the misorientation angle rose, reaching about 
15–16 degrees, which corresponds to the highest dislocation density. 
This trend underscores the impact of hatch spacing on the distribution 
and intensity of dislocations within the material.

The phenomenon can be explained by the amount of heat input 
during the manufacturing process as hatch spacing increases, the heat 
input decreases. This reduction in heat input results in a higher density 
of dislocations associated with increased residual stress. Consequently, 
the accumulation of these defects and stresses will lead to better me
chanical properties [29].

Increasing the hatch spacing beyond 300 µm leads to a decrease in 
misorientations. When the initial hatch spacing is small (H100), 

Fig. 4. Grain orientation map and inverse pole figure (IPF) of: (a) Conventional, and as-fabricated samples with P = 375 W, v = 200 mm/s and hatch spacing H of 
(b) 100 µm, (c) 150 µm, (d) 200 µm, (e) 250 µm, (f) 300 µm, (g) 350 µm and (h) 400 µm.
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significant overlap between melt pools can occur, resulting in a more 
homogenized grain structure with lower misorientation. A small in
crease in spacing creates more separate melt pools, which permits some 
grain growth to occur independently within each pool. This can lead to 
an increase in misorientation (H300) compared to the highly homoge
nized case. As the hatch spacing continues to increase, the decrease in 
the thermal gradient will likely become the dominant effect. With larger 
spacing, the reduced interaction between melt pools leads to slower and 
more independent solidification, resulting a lower degree of 

misorientation between grains within each pool. This trend will likely 
outweigh the initial slight increase, leading to an overall decrease in 
KAM as the spacing continues to grow [29].

3.3. Cyclic polarization

Fig. 8a illustrates the cyclic polarization curves of both conventional 
and as-fabricated samples with varying hatch spacing after a 3-h im
mersion in 3.5 wt% NaCl. The curve for the as-fabricated samples 

Fig. 5. Grain size variation of conventional and as-fabricated samples with P = 375 w, V = 200 mm/s and hatch spacing from 100 to 400 µm.

Fig. 6. Pole figures (PF) of as-fabricated samples with P = 375 W, V = 200 mm/s and different hatch spacing.
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showed a slight positive shift compared to the conventional sample, 
suggesting a trend toward more noble potential values. When the po
tential shifts positively with respect to the open-circuit potential (OCP), 
an oxide protective layer forms on the surface, preventing a significant 
increase in corrosion current density (passive region). Further increasing 
the potential causes a drastic rise in current density due to film disso
lution (transpassive region). The potential at which this occurs is known 
as the breakdown potential. As is evident in Fig. 8a, there are no anodic 
spikes in any of the curves. This suggest that the passive region is quite 
stable in Cu-Ni samples. After surpassing the breakdown potential, the 
current densities increased dramatically until the scanning direction 
changed upon reaching a current of 3.3 × 10−3A/cm2. As the potential 
decreased to more negative values, the reverse polarization curve 
intersected the forward polarization curve. This intersection point, 
known as the repassivation potential, which signifies the moment when 
the metal’s surface regains its ability to form a protective oxide layer, 
effectively halting the progression of pitting corrosion. In other words, 
the repassivation potential demonstrates the material’s capacity to 
repair itself and restore its protective properties even after initial 
corrosion damage [30]. The corrosion rate, breakdown, and repassiva
tion potentials, derived from cyclic polarization, are presented in 
Fig. 8b, c, and d, respectively. The corrosion rate of the as-fabricated 
samples at OCP is approximately 125 nA/cm², which is marginally 
higher than that of the conventionally processed sample, measured at 
80 nA/cm². According to Fig. 8c, the passive film on the conventional 

sample broke at −96 mV, whereas for the as-fabricated samples, it broke 
at roughly around −76 mV. This indicates that the passive layers formed 
on as-fabricated samples can withstand at higher potentials. Neverthe
less, the as-fabricated samples experienced a higher corrosion rate in the 
passive region compared to the conventional sample. The conventional 
sample exhibited a current density of 0.2 µA/cm², whereas all the 
additively manufactured samples showed current densities of around 
0.5 µA/cm². This difference suggests that while the LPBF conditions 
have higher breakdown potentials, there may be slight compromises in 
corrosion resistance within the passive region. Further investigation is 
required to fully understand the underlying causes and deeper insights 
into the long-term corrosion.

According to Fig. 8d, the repassivation potential for the as-fabricated 
samples averaged around −120 mV, whereas the conventional sample 
repassivated at −139 mV, implying that passivity breakdown occurred 
at a higher potential in the as-fabricated samples.

After the CPP test, there is the noticeable discoloration on the sam
ple’s surfaces (shown in Fig. 9), indicating the corrosion degradation on 
the entire sample surface. A closer examination also finds localized 
corrosion around the pores and fusion lines. To better examine the 
surfaces, they were cleaned with water, and as shown in Fig. 9a’-g’, 
micropores are visible on all samples. Many of these pores existed before 
the test (as shown in Fig. 2) and they just became deeper and larger 
during the corrosion process. Among the samples with hatch spacings 
ranging from 100 to 400 microns, H400 sample exhibited pores with 

Fig. 7. Kernel average misorientation (KAM) maps and misorientation angle of as-fabricated samples with P = 375 W, V = 200 mm/s and different hatch spacing.
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larger diameters, some reaching up to 50 µm. This observation features 
the increased susceptibility to corrosion in samples with larger hatch 
spacings, where the formation of larger micropores is more pronounced. 
Notably, the shape of the molten paths is visible on some samples (H250 
and H300), with the edges of these paths being more corroded by the 
sodium chloride solution compared to other areas.

3.4. EIS analysis

Fig. 10a and b displays the Nyquist and Bode plots for conventional 
and as-fabricated samples immersed in 3.5 wt% NaCl solution at room 
temperature. The diameter of the semicircles in Fig. 10a indicates the 
difficulty of electron transfer on the sample surface [31]. The sample 
with 400 µm hatch spacing exhibited the smallest semicircle radius, 
indicating the lowest resistance to electron transfer, whereas the sam
ples with 150–200 µm hatch spacing along with the conventional 
showed the highest radius, suggesting greater resistance.

To model the electrochemical behavior, the equivalent circuit shown 
in Fig. 10c was employed. This circuit includes Rs (solution resistance), 
CPEct (constant phase element for the charge transfer-high frequency 
time constant), Rct (charge transfer resistance), CPEp (constant phase 

element for the passive layer-low frequency time constant), and Rp 
(resistance of the passive layer). The use of CPE terms instead of ideal 
capacitance accounts for the surface roughness, which prevents the 
sample from behaving as an ideal capacitor. The CPE provides a more 
accurate model by representing a capacitive element with a frequency- 
independent negative phase between current and voltage, interpo
lating between a capacitor and a resistor. The impedance value of the 
CPE can be calculated by the given equation [32]: 

ZCPE = Y0
−1(jω)

−n (1) 

where Y0 is the admittance constant, j is imaginary number and ω is the 
angular frequency which is equal to 2πf. The parameter n is associated 
with surface roughness and typically falls within the range of −1 to 1. 
The fitted parameters are presented in Table 2. According to the 
equivalent circuit model, the corrosion process in the initial stage is 
governed by a combination of dielectric diffusion and electrochemical 
discharge. Upon exposure to a corrosive solution, a surface film forms an 
interface capacitor between the specimen substrate and the solution. 
Meanwhile, a double-layer capacitor forms between the ions of the so
lution and the film, and an equivalent circuit with two capacitors shows 

Fig. 8. Cyclic polarization curves for: (a) conventional and as-fabricated samples with P = 375 W, V = 200 mm /s and different hatch spacing, along with (b) 
corrosion, (c) breakdown and (d) repassivation potential.
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the appearance of a film layer resistance, Rf. In this case, the corrosion of 
alloy is composed of electron transfer and charge transport. Polarization 
resistance Rp characterizes the overall corrosion resistance of alloy, 
which is the sum of charge transfer resistance Rct and film layer resis
tance Rf.

At the frequency of 10−2 Hz, the total resistance includes both the 
double-layer resistance and other components, such as the film layer 
resistance obtained from fitting data as a function of hatch spacing are 
shown in Fig. 10d and e, respectively. For comparison, the values for the 
conventional sample are depicted as horizontal lines. Accordingly, the 
conventional sample had an impedance value of 67 KΩ.cm2 which was 
higher than most of the LPBF samples. However, among the as- 
fabricated samples, the impedance values follow the sequence: 
H400 < H350 < H300 < H250 < H100 < H200 < H150. In other 
words, samples H150 and H200 exhibit the highest impedance values 
even slightly higher than the conventional one. Consequently, these 
samples demonstrate superior corrosion resistance in sodium chloride 
solution compared to the other samples. The elevated impedance values 
for H150 and H200 suggest a more robust passive layer, enhancing their 
ability to withstand corrosive environments effectively. As evident in 
Fig. 10e, when hatch spacing increases from 100 to 400 μm, the charge 
transfer resistance initially reaches a maximum of 85–111 MΩ (H100 to 
H200) and then decreases to 42 MΩ (for H400). Fig. 11 presents the 
corrosion resistance at low frequency obtained from fitting data as a 
function of hatch spacing (H) and linear energy density (P/V). The 
samples with a P/V ratio between 1.7 and 2 J/mm and a hatch distance 
of 125–200 μm had the highest corrosion resistance (58–73 kΩ⋅cm²). 
Deviations from these parameters resulted in decreased resistance. For 
instance, when the P/V ratio falls below 1 J/mm and the hatch spacing 
exceeds 250 μm, the samples display poor resistance to 3.5 wt% NaCl, 
with values nearly less than half of the best samples (28 – 43 kΩ⋅cm²).

3.5. Mott Schottky

The formation and degradation of passive film on Cu-Ni are tied to 
the concentration of defects within the protective film. These processes 
are influenced by the electronic characteristics of the layers. Under
standing these properties helps to explain how the films develop and 
deteriorate, providing insights into their protective capabilities and the 
conditions that can lead to their failure [33,34]. Mott Schottky (MS) 
experiments help elucidate the semiconducting properties of the pro
tective layer by expressing the capacitance as a function of the applied 
potential. 

1
C2 =

2
NDεε0e

(E − Efb −
KBT

e
) (2) 

In this equation, e represents the electronic charge equal to 
1.60 × 10−19 C, ε is the relative permittivity of n-type or p-type oxide 
layer, ε0 denotes the vacuum permittivity (8.85 × 10−14 F cm−1), KB 
stands for the Boltzmann constant (1.38 × 10−23 J/K), and T is the 
temperature. By measuring the slope in MS plots, we can calculate the 
donor density (ND), which primarily consists of oxygen vacancies in the 
oxide film.

Fig. 12 displays the MS and donor density plots for conventional and 
fabricated samples using LPBF with different hatch spacing in sodium 
chloride solution. As shown in Fig. 12a, all curves initially exhibit a 
negative slope before reaching a potential of −0.2 V, showing p-type 
behavior prior to entering the passivation region. When the potential 
goes beyond −0.2 V (moving into the passive region) the slope of the 
curves shifts from negative to positive, signaling a transition from p-type 
to n-type semiconductor behavior.

Concerning donor species, Macdonald et al. [35] proposed that the 
donors in the passive film consist of various defects such as cation, anion 
vacancies, and cation interstitials.

The donor density for the conventional sample has the lowest value 
at 1.8 × 1020 cm3. In contrast, sample H100 exhibits a donor density of 

Fig. 9. OM images of specimens with P = 375 W, V = 200 mm/s, and different hatch spacing: (a-g) after CPP test (a’-g’) after cleaning with water.
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2.1 × 1020 cm3. An upward trend in donor density was observed as the 
hatch spacing increases (Fig. 12b), reaching a maximum of 3.75 × 1020 

cm3 for H400 sample. This trend suggests that larger hatch spacings 
contribute to a higher concentration of defects, such as oxygen va
cancies, within the films. The increasing donor density with wider hatch 

spacings indicates a greater presence of point defects, which could 
impact the electrochemical properties and stability of the passive layer.

Fig. 10. EIS results for conventional and as-fabricated samples with P = 375 W, V = 200 mm/s and different hatch spacing: (a) Nyquist, (b) Bode, (c) Equivalent 
circuit, (d) Resistance at low frequency and (e) Double layer impedance obtained from fitting data.

Table 2 
Obtained results from the proposed equivalent circuit.

Sample Rs (Ω.cm2) RP (Ω.cm2) nP CPE1 (μF.cm−2) Rct (KΩ.cm2) nct CPE2 (μF.cm−2)

Conventional 17.43 9.07 0.907 14.38 109.10 0.382 17.22
H100 17.09 2.44 0.915 12.55 85.38 0.422 16.16
H150 17.07 22.61 0.912 13.31 97.86 0.409 15.66
H200 16.91 5.94 0.913 14.26 109.51 0.377 18.13
H250 17.16 1.78 0.911 14.09 89.10 0.409 17.88
H300 16.93 4.50 0.909 14.78 67.98 0.382 24.06
H350 17.03 2.08 0.901 21.76 74.97 0.359 32.69
H400 17.23 1.26 0.907 17.72 41.40 0.404 29.05
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4. Discussion

The parameters of the LPBF process have a complex impact on the 
quality of the fabricated samples, and numerous defects can arise from 

improper settings. Key parameters such as laser power, scanning speed, 
and hatch spacing significantly influence the size, shape, and thermal 
gradient of the molten pool. Modifying these parameters changes the 
thermal conditions during the manufacturing process, which in turn 

Fig. 11. Impedance values at the 10−2 Hz as a function of P/V (J/mm) ratio and hatch spacing H (μm) for all as-fabricated samples.

Fig. 12. (a) Mott-Schottky and (b) donor densities plots of conventional and as-fabricated samples with P = 375w, V = 200 mm/s and different hatch spacing.

Fig. 13. Schematic of the pore formation mechanisms in LPBF.
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affects the flow dynamics and stability of the molten pool. This can result 
in variations in the microstructure and properties of the final samples 
[13,16,36]. In Fig. 2, surface defects arise due to either insufficient or 
excessive input heat. As-printed sample with a hatch spacing of 150 µm 
had the lowest porosity percentage (PP < 0.5 %). This value experienced 
an uptrend when hatch spacing exceed 150 µm. As depicted in Fig. 13, 
when the hatch spacing increases, the distance between consecutive 
laser beams widens, resulting in the formation of unfused pores. This 
occurs because the laser beams are too far apart to adequately melt and 
fuse the material in between, leaving gaps and resulting in a porous 
structure [37,38]. Conversely, if the hatch spacing is too narrow, small 
pores appear on the surface due to the excessive overlap of laser paths 
(Fig. 13b). The excessive overlap can cause localized overheating and 
vaporization of the material, leading to the formation of micro-pores.

It is noteworthy to mention that in this study, all the examined as- 
fabricated samples exhibited a porosity percentage below 1 %. This 
low level of porosity indicates fewer voids, inclusions, and high density 
within the material, leading to better properties.

Thermal condition also can affect the grain size as seen in Fig. 5. Less 
heat means the molten material cools down quicker. In as-fabricated 
samples, with increasing hatch spacing from 100 to 400 µm there is an 
upward trend in grain size. The material cools faster between scans, but 
subsequent scans don’t completely remelt the previously solidified re
gions. Therefore, incomplete melting during subsequent scans reduces 
the number of nucleation sites for new grains.

The corrosion properties of as-fabricated samples and conventional 
70/30 Cu-Ni in 3.5 wt% NaCl at room temperature in this work showed 
that the passive layer has different behaviour which results in different 
corrosion resistance. As is shown in Fig. 8c, almost all as-fabricated 
samples have higher breakdown potentials compared to that of the 
conventional one. The reaction mechanism of film oxides on Cu-Ni is 
shown in Fig. 11.

The cathodic reaction in a natural solution is [39]: 

O2 + 2H2O + 4e− → 4OH− (3) 

In a chloride solution, Cu element mainly dissolve by forming CuCl−2 
as the following [40]: 

Cu + Cl− → e− + CuCl (4) 

CuCl + Cl− → CuCl−2 (5) 

It is worth mentioning that when the Cl− concentration is high, CuCl−2 

can be further coordinated to CuCl2−

3 and CuCl3−

4 . Near the corrosion 
potential, the reactions are often thought to be reversible and subject to 
mixed regulation of mass transport and charge transfer. Afterwards, 
with the presence of H2O and OH− , the resultant soluble ion complex 
can also be hydrolysed and form cuprous oxide and cupric oxide [19,39, 
40]: 

2CuCl−2 + H2O → Cu2O + 4Cl− + 2H+ (6) 

Cu2O + H2O + O2 → 2CuO + H2O2 (7) 

Localized acidity inside the film’s pores might lead to the formation 
of a green corrosion product of copper hydroxychloride (Cu2(OH)3Cl)
[41]. The inherent properties of nickel make the formed film more 
corrosion-resistant than copper oxide. This resistance is further 
enhanced by the greater incorporation of nickel into the copper oxide 
and hydroxide compounds. The reactions that produce these nickel 
compounds are as follows [19]: 

Ni2+ + 2OH− → Ni(OH)2 (8) 

Ni2+ + 2Cl− → NiCl2 (9) 

NiCl2 + 2OH− → H2O + NiO + 2Cl− (10) 

As immersion time increases, the Cu2O film grows inward, enhancing 
the resistance and inhibiting iron dissolution, leading to a reduction in 
the corrosion rate. While the presence of metallic Fe in the corrosion 
product film of 70/30 Cu-Ni alloy in chloride solution is rare and its 
formation mechanism remains unclear, it may be formed through a 
mechanism similar to the redeposition of dissolved copper species [42]. 
MS analysis showed that in the passive region, the protective layers 
formed on the surface of the sample have n-type behaviour. According to 
the reactions carried out on the Cu-Ni surface that are mentioned above, 
this behavior can be attributed to the presence of FeO, NiOH2 and most 
hydroxides. In contrast, before the samples enter the passive region, the 
Mott-Schottky diagram exhibits a negative slope, indicating p-type 
behavior. This behavior is characteristic of oxides such as Cu2O and NiO 
[43,44]. Fig. 14

Porosity plays a critical role in influencing the corrosion behavior of 
as-fabricated materials. Increased porosity can lead to higher corrosion 
rates, as pores provide pathways for corrosive agents to penetrate the 
material’s surface, undermining its passive layer and creating localized 
areas vulnerable to corrosion. However, low level of porosity (<0.5 %) 
have been reported not to adversely affect the corrosion performance of 
LPBF metals [12,45,46]. In this study, samples with optimized linear 
energy densities (1.1–1.75 J/mm) and moderate hatch spacings 
(50–325 µm) achieved lower porosity levels below 0.6 %, correlating 
with reduced void fraction and enhanced structural density. This lower 
porosity contributed to improved corrosion resistance by limiting access 
points for corrosive ions, supporting higher impedance values in EIS 
analysis, particularly for samples H150 and H200, which displayed the 
highest corrosion resistance. However, when hatch spacing exceeded 
this range, both porosity and susceptibility to corrosion increased, as 
indicated by lower charge transfer resistance values and higher current 
densities in the passive region.

Grain boundary and dislocations are also crucial factors influencing 
the corrosion behavior of LPBF fabricated samples. The grain boundaries 
and dislocation networks enhance the transport of passive layer con
stituents by providing pathways for higher diffusion rates. Elements like 
nickel (Ni), which have a strong propensity to form protective passive 
layers through reactions with oxygen, benefit from this increased 
diffusion. Even though the AM samples have larger grain size compared 
to conventional counterpart, they contain large amounts of dislocations 
as revealed by the EBSD analysis (Fig. 7). Consequently, ions are more 
effectively transported through these dislocation channels to the 
exposed surface, facilitating the nucleation of the passive film at 
numerous sites, leading to rapid thickening of the passive film. This is 
possibly responsible for the higher current density in the passive 
domain. The passive film will be more stable and repair more easily due 
to the more rapid transport of the anti-corrosion element to the surface, 
resulting in the observed higher breakdown and repassivation potentials 
compared to conventional counterpart.

The inward copper oxide along with nickel oxide which forms at a 
slow rate is considered the most protective and dense layer which can be 
related to the low-frequency region of EIS result (Fig. 11b) [6]. Since 
these layers gradually form at the final stage of immersion (Fig. 11c), 
immersion time is one of the most effective parameters. As a sample 
stays longer in the 3.5 wt% NaCl solution, the copper and nickel oxide 
layer becomes increasingly compact and thicker. This can be attributed 
to the reduction in surface cracks and defects, which promotes the for
mation of a more uniform oxide layer.

In future studies, it would be valuable to investigate the effects of 
longer immersion times on the corrosion behavior and passive film 
formation of as-fabricated samples. Further investigation on this topic 
could provide deeper insights into the long-term corrosion resistance 
and durability of components manufactured using the LPBF process. 
Additionally, understanding the dynamics of passive film growth over 
extended periods would contribute to optimizing the performance and 
reliability of LPBF-produced Cu-Ni alloy.
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5. Conclusion

In this investigation, the 70/30 Cu-Ni was effectively manufactured 
using LPBF technique. In order to have a broad evaluation of LPBF pa
rameters on corrosion and microstructure properties, samples were 
fabricated in different ranges of power (300–400 W), scan rate 
(200–400 mm/s) and hatch spacing (50–400 µm). The properties of 
interest were compared to conventional Cu-Ni alloy. The microstruc
tures and defects were analyzed using optical microscopy and EBSD, and 
the corrosion characteristics were analyzed using cyclic polarization and 
EIS technique in 3.5 wt% NaCl. The main conclusions are listed in the 
following: 

1. All as-fabricated samples exhibit porosity percentages below 1 %, 
indicating the highly dense as-print structure and minimal presence 
of pores across the samples.

2. The grain size of as-fabricated samples is relatively larger than that of 
conventional sample. In addition, the as-fabricated samples primar
ily display elongated and irregular grain morphologies, with a pre
dominant orientation in the < 101 > crystallographic direction.

3. Although the corrosion rate is almost similar in both as-printed and 
wrought specimens, passive films created on the as-fabricated sur
face break down at higher potential than the conventional one and 
the repassivation ability is much stronger in as-fabricated samples. 
The as-fabricated samples show 30 % better performance in break
down and repassivation. Also, it has been found that in as-printed 
samples with P = 375 W and V = 200 mm/s, the passive film tends 
to become weak when the hatch spacing exceeds a certain value (250 
μm).

4. EIS analysis results show that the corrosion resistance of the best as- 
fabricated samples is almost similar to that of conventional, just 
slightly higher. This value is maximum (58 – 73 k Ω.cm2) with hatch 
spacing between 125 and 200 μm and P/V ratio between 1.7 and 2 J/ 
mm among all as-fabricated specimens in this work. As the param
eters deviate further from this range, the resistance decreases 
accordingly. When the linear energy density (P/V) ratio drops below 
1 J/mm and the hatch spacing exceeds 250 μm, the fabricated 
samples exhibit poor resistance to 3.5 wt% NaCl, with resistance 
values falling to nearly less than half of the best samples (28 – 43 
kΩ⋅cm²).

5. The passive film on the as-fabricated samples exhibits a relatively 
higher oxygen vacancy density compared to the wrought sample. 
The donor density is further increased with increasing hatch spacing 
and with a reduced influx of oxygen vacancies, the as-fabricated 
samples absorb aggressive ions like Cl- and generate substantial 
cationic vacancies.
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