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A B S T R A C T   

This study explores the fabrication and characterization of a pure copper electrode for an EDM equipment using 
laser powder bed fusion (LPBF) and comparing its performance with an original cast sample. The microstruc-
tural, mechanical, electrical, thermal, and corrosion characteristics of the samples were analyzed. The micro-
structure of the additively manufactured (AM) sample exhibited superior mechanical properties, with an 18 % 
increase in ultimate tensile strength and more than two times greater elongation in comparison with those of the 
cast sample. Moreover, the electrical and thermal conductivity coefficients of the AM sample were found to be 
consistent with industry standards as 5.52 × 107 S/m and 361 W/mK, respectively. Additionally, the poten-
tiodynamic polarization corrosion test results of the AM sample further exhibited superior corrosion resistance in 
terms of the corrosion potential particularly in a 3.5 % NaCl environment. Advanced electron microscopy 
techniques were used to investigate the differences in the properties of the AM and cast samples and further shed 
light on the superior properties of the LPBF counterpart. Despite challenges in manufacturing pure copper 
components through LPBF, this study demonstrates the feasibility of producing a functional part that competes 
effectively with cast counterparts and excels in certain aspects.   

1. Introduction 

Pure copper finds extensive use in the electronics and aerospace in-
dustries due to its remarkable electrical and thermal conductivity 
properties. It boasts electrical conductivity coefficients of approximately 
102 % of the International Annealed Copper Standard (IACS) and a 
thermal conductivity of approximately 400 W/mK. These exceptional 
properties render pure copper an ideal choice for various applications, 
particularly in the manufacturing of electromagnetic components and 
heat exchanger components [1–3]. This metal can be shaped into diverse 
forms and sizes due to its superior formability given the production 
process and its level of purity where elongations exceeding 124 % has 
been successfully attained [4]. The industry’s demand for parts with 
smaller dimensions, reduced weight, and intricate geometries has led 
traditional manufacturing methods such as casting and forging to face 
new challenges. Consequently, researchers have recently turned their 
attention towards innovative fabrication technologies such as additive 
manufacturing (AM) to produce metallic parts with complicated shapes 
and geometries and competitive physical and mechanical properties 
[5–7]. 

Laser powder bed fusion (LPBF) has gained significant attention 
among other AM techniques owing to its distinctive capabilities and 
promising outcomes. One of the most important features of this method 
is the utilization of different laser sources (infrared, green, and blue) 
with various power levels (100 W to 1000 W) [8]. LPBF can be used to 
fuse different types of alloys and metals with various and specific 
physical characterization enabling processing alloys under high solidi-
fication rates. Additionally, LPBF can lead to produce components with 
superior surface quality and the manufacturing of parts with complex 
geometries [9]. In recent years, LPBF has been employed to produce 
parts from various alloys such as stainless steels [10], titanium [11], 
aluminum [12], and advanced high entropy alloys [13] to implement in 
a diverse group of applications. Recent studies have shown copper parts 
with favorable properties in terms of mechanical, thermal, and electrical 
characteristics can be produced through LPBF, although the fabrication 
of parts made from pure copper and its alloys using this method poses 
several challenges [14–17]. 

Working with pure copper powder presents a major challenge due to 
its high reflectivity when exposed to a laser beam. Copper, identified as 
the second most reflective material after gold in the selective laser 
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melting (SLM) method by Khan and Dickens [18], tends to reflect a 
significant amount of the laser beam. This reflection means that the 
desired energy does not effectively reach the copper powders, leading to 
issues like incomplete melting. To tackle this challenge, it is crucial to 
carefully choose the type of laser and adjust its power input appropri-
ately [19,20]. Guan et al. [21] employed an infrared laser with a 
wavelength of 1060 nm and a power of 190 W to create a thin pure 
copper wall with a density of 82 %, while the reflectivity of an infrared 
laser against pure copper exceeds 95 % [22]. They indicated that 
altering the type of laser used in the LPBF process can impact the input 
energy emitted on the powder bed and the final properties of the 
fabricated parts. 

In another study, Hori et al. [23] produced pure copper samples with 
a density of 99.1 % by utilizing a 200 W blue laser, whereas Gruber et al. 
[24] achieved densities exceeding 99.8 % by employing a green laser. 
Generally, the energy of a laser beam is directly proportional to its 
wavelength. Blue lasers, having shorter wavelengths (450–500 nm) than 
green lasers (500–550 nm), tend to possess higher energy per photon. 
This discrepancy arises from the fact that light with shorter wavelengths 
carry more energy, as described by E = hc/λ. In this context, the symbol 
‘E’ represents the energy, ‘h’ denotes Planck’s constant, ‘c’ signifies the 
speed of light, and λ is used to represent the wavelength of the laser 
beam [25]. Owing to their elevated energy per photon, blue lasers 
commonly exhibit greater power outputs compared to green lasers. 
Consequently, when a sample is produced using a blue laser, it imparts a 
higher amount of energy and power to the powder particles, resulting in 
reduced lack of fusion and increased density. 

In addition to the numerous challenges involved in melting pure 
copper powders, such as the interaction between powder particles and 
the laser beam and the significant reflection, achieving a high density 
and high-quality samples necessitates the higher input energy. Recent 
findings illustrated that the utilization of insufficient energy input on 
pure copper powder can result in the partial melting of the powder, 
inadequate re-melting between the formed layers, and the emergence of 
various defects such as surface roughness, different types of porosities, 
cracks, and metal vaporization [15,26,27]. Several studies, see e.g., 
[20], have shown that increasing the laser power can increase the en-
ergy absorption capacity of copper particles, with the maximum ab-
sorption occurring between 350 and 550 W. On the other hand, 
increasing the laser power also results in an increase in the level of 
reflection. In this context, Gargalis et al. [26] suggested that, in addition 
to adjusting laser power, greater efficiency can be attained by altering 
the thickness of the powder layer. Therefore, selecting the appropriate 
laser type and laser power is crucial for applying the suitable energy 
input to powder particles. Furthermore, Silbernagel et al. [28] indicated 
that the alterations in the manufacturing orientation of pure copper 
specimens fabricated using LPBF can significantly impact their electrical 
resistivity. Specifically, horizontal, and inclined samples with a 45◦

angle exhibited the lowest electrical resistance [28]. 
One of the essential consumables used in the electrical discharge 

machining (EDM) equipment is copper electrodes [29]. These especially 
shaped electrodes with exceptional physical and mechanical properties 
can significantly enhance the operational efficiency of an EDM machine. 
To date, the prevailing focus of research has been on laboratory speci-
mens, with limited attention directed towards the synthesis of practical 
copper samples possessing desired properties and high density—a mat-
ter of paramount importance. Given the pivotal role of manufacturing 
industrial and tool components, coupled with the acknowledged chal-
lenges associated with producing pure copper and copper alloys, this 
research endeavors to fabricate a pure copper component to employ in 
electrical discharge machining (EDM) equipment using laser powder 
bed fusion (LPBF) as an alternative to the conventional casting tech-
niques. In pursuit of this objective, the initial phase of this study involves 
an extensive analysis of the microstructure and texture of two samples 
produced via LPBF and casting. Remarkably, discernible variations in 
microstructure have been noted at different heights within the AM 

specimen, warranting a comprehensive investigation. For the applica-
tion of pure copper in EDM equipments, aside from its mechanical and 
corrosion-resistant properties, its thermal behavior and electrical con-
ductivity assume paramount significance, and thus, these properties are 
subjected to rigorous scrutiny. 

2. Materials and experiments 

A pure copper electrode manufactured originally through a casting 
technique for the EDM industry was considered in this study. Fig. 1(a)– 
(c) show various views of the original cast component, which was uti-
lized as the basis to design the component’s geometry through CATIA 
software after 3D scanning and precise measuring of all dimensions, as 
shown in Fig. 1(d). 

Table 1 presents the chemical composition of the sample, which was 
determined via spark atomic emission spectrometry in accordance with 
BS EN 15079:15 standard. Additionally, this table provides information 
on the electrical, thermal, and mechanical properties of the original cast 
sample. 

The microstructure of both cast and AM samples were examined 
using a Zeta 3D imaging optical microscope according to ASTM E3:17 
requirements for sample preparation. In addition, ASTM E407:15 was 
considered for etching the samples using a solution containing 5 gr 
FeCl3, 16 ml HCl, and 60 ml ethanol. 

Further advanced electron microscopy analysis was carried out using 
an FEI Scios 2 HiVac dual beam system equipped with multiple de-
tectors. Scanning electron microscopy (SEM) was conducted using the 
dual beam instrument through an FEI NICol field emission gun (FEG) 
electron column. In addition, focused ion beam milling through an FEI 
High-throughput gallium ion column equipped with an FEI EasyLift EX 
Nano-Manipulator was employed to prepare the transmission electron 
microscopy (TEM) samples. The Scios 2 was additionally equipped with 
a Retractable directional backscatter (DBS) detector and a Retractable 
30 keV scanning transmission electron microscopy (STEM) STEM 3 +
detector to perform both analyses. The microscope was equipped with 
an Oxford energy dispersive spectroscopy (EDS) AZtecLive Advanced 
Microanalysis System with UltiMax 170 large area Analytical Silicon 
Drift Detector (up to 170 mm2) along with the Oxford Aztec Energy 
software. In addition, a high resolution (1244 × 1024 pixels) Oxford 
Electron backscatter diffraction (EBSD) Symmetry® S3 detector (CMOS 
sensor technology) integrated with the AZtecHKL software was used for 
both EBSD and transmission Kikuchi diffraction (TKD) EBSD analyses. 
The X-ray diffraction (XRD) test also was performed on cast sample to 
identify the possible phases. The XRD pattern was obtained using a 
Bruker D8 DISCOVER equipment a 0.02◦ step size at 40 kV and 30 mA. 
The analysis of the X-ray measurements was conducted using DIFFRAC. 
Measurement Centre version 7.5 software and DIFFRAC.EVA version 
6.0. 

As shown in Fig. 2(a-c), the designed sample was additively manu-
factured with dimensions identical to the cast sample. The density of the 
part was measured using the Archimedes and mapping methods. This 
measurement was repeated five times, yielding a density of 98.4 % with 
an uncertainty of 0.53 % at a 95 % confidence level using a coverage 
factor of k = 2. The level of porosity and inconsistencies in the micro-
structure was analyzed using ImageJ software, with each measurement 
being repeated three times per image. The areas of interest in the part 
studied are shown in Fig. 2(d, e). The microstructure of various areas of 
the part produced by additive manufacturing was evaluated using 
different advanced electron microscopy techniques using the dual beam 
instrument. The resulting texture changes were analyzed via EBSD, 
while the fracture surface was examined using SEM. Moreover, to ensure 
that the AM part was free of any cracks or surface roughness, a non- 
destructive liquid penetrant test (PT) was performed according to 
ASTM E1417:21, see e.g., Fig. 2(f, g). 

The mechanical properties of the samples were quantified using the 
Vickers method with a force of 10 gr using a ZHV30 low-load Vickers 
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hardness equipment following the guidelines outlined in ASTM E92:17. 
The uniaxial tensile tests were conducted under the requirements of 
ASTM E8:21 utilizing an INSTRON-5985 universal testing machine, 
incorporating a 25 mm extensometer and a strain rate of 10-3 s− 1. The 
dimensions of the miniature uniaxial tensile specimens are shown in 
Fig. 2(d), which were machined out of the LPBF sample as closest 
possible to ASTM E8:21 standard. The tests were repeated three time to 
make sure about the repeatability and a typical stress–strain curve was 
subsequently documented. The yield strength value was calculated using 
the 0.2 % offset method. To accurately assess the tensile properties of the 
additively manufactured part, digital image correlation (DIC) method 
was employed for the uniaxial tensile test procedure. DIC was employed 
in conjunction with an ARAMIS 6.1 system to effectively visualize the 
variations in the strain field and the eventual failure of the test speci-
mens. The samples were sprayed with black and white paint (fine 
speckle pattern) to detect their precise movement being able to accu-
rately identify their displacement and the final strain field. 

In accordance with the part’s intended application environment, the 

potentiodynamic polarization tests were conducted to the surface of the 
cast and the LPBF copper samples in two different environments, namely 
distilled water, and a 3.5 wt% NaCl solution, which can be representa-
tive for the EDM application. To measure the electrical resistance, three 
samples with dimensions of 1 × 10 × 30 mm3 were prepared, and the 4- 
point technique was used according to ASTM B193-02. Furthermore, the 
thermal conductivity of the samples was calculated by measuring the 
electrical conductivity using the Wiedemann-Franz equation [31]. 

3. Results and discussion 

3.1. Microstructural characterization 

3.1.1. Cast sample 
The microstructure of the cast sample, observed through optical 

microscopy (OM) at two different magnifications, is depicted in Fig. 3(a 
and b). It is evident that the microstructure comprises of grains con-
taining twins within the Cu matrix, along with semispherical particles 
that are uniformly distributed throughout the microstructure. To 
perform an extensive investigation of the particles and their chemical 
composition, SEM imaging (Fig. 3(c)) and chemical composition anal-
ysis (EDS) of the particles and the matrix (Fig. 3(d–f)) are analyzed. The 
XRD shown in Fig. 3(g) also depicts the presence of Cu2Te in this alloy. 
According to the presence of twins and the specific shape of grains, it can 
be presumed that the microstructure of the cast component is the result 
of a thermomechanical operation resulted in the distribution of particles 
containing Te. It is well-known that the annealing twins form after se-
vere plastic deformation and annealing processes. In addition to the 
good electrical and thermal properties of this alloy, the presence of 
tellurium-containing particles will also lead to a significant improve-
ment in machining properties. This type of microstructure and pre-
cipitations has also been reported in other studies on Cu alloys [32–34]. 

Fig. 4(a) and 4(b) illustrate the sample preparation using FIB milling 
technique to extract a TEM lamella for STEM investigation and a cross- 

Fig. 1. The original (cast) copper electrode part used in the electrical discharge machining (EDM) equipment. a) Front view; b) Top view; c) Side view; and d) 
Technical drawing of the sample. 

Table 1 
Chemical composition, mechanical, electrical, and thermal properties of the original EDM electrode.  

Properties Chemical Composition (% 
wt.) 

Yield Strength (0.02 %) 
(Mpa) 

Tensile Strength 
(Mpa) 

Elongation 
(%) 

Hardness 
(HV) 

Electrical 
Conductivity 
(S/m) 

Thermal 
Conductivity 
(W/m.K) Cu P Te S 

As-cast 
sample  

99.2  0.09  0.69  0.02 197 ± 3 249 ± 4 9.0 ± 0.8 88 ± 1 5.78 × 107 ± 0.07 378 ± 4 

The LPBF component was produced using a 99.9 % pure copper powders with no sign of oxygen with a mean diameter size of 30–45 µm through an EOS M290 additive 
machine. The process parameters as illustrated in Table 2 were used during the LPBF process. 

Table 2 
Laser powder bed fusion (LBPF) process parameters used to manufacture the 
copper EDM electrode.  

Process Parameters Constant value 

Machine model EOS M290 
Laser type Infrared 
Laser power 380 W 
Hatch space 0.14 mm 
Layer thickness 30 µm 
Scan speed 300 mm/s 
Inert gas Argon 
Substrate material 316L stainless steel 
Energy input 

(p ¼ power, v ¼ scan speed, h ¼ hatch space, t ¼
layer thickness)[30] 

E =
P

V × h × t 
= 301 (J/ 

mm3)  
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sectional view of the microstructure of this sample, respectively. Twins 
with thicknesses equal or less than 2 µm and precipitations with sizes 
ranging between 1 and 5 µm was observed. EDS analysis under STEM 
mode confirmed the presence of a small percentage of the (Fig. 4(d)) in 
the Cu matrix (Fig. 4(c)), resulting in the formation of copper telluride 
(Cu2Te) that have a significant impact on the machinability and me-
chanical properties of the alloy and improve its abrasive performance. 
Cu2Te is a semiconductor material with a narrow bandgap, typically 

around 0.5–0.6 eV. This bandgap makes it suitable for applications in 
thermoelectric devices, where it can efficiently convert heat into elec-
tricity. Moreover, Cu2Te exhibits good electrical conductivity, which is 
advantageous for electronic and optoelectronic applications. The effec-
tive parameters in reducing the electrical conductivity of the commer-
cial alloy compared to pure copper can be attributed to the number of 
dislocations in the microstructure, the amount of grain boundaries, and 
the electrical resistance of Cu2Te. The electrical resistance of Cu2Te is 

Fig. 2. Additively manufactured part. a) Front view; b) Top view; c) Side view; d) The prepared samples for the uniaxial tensile test and microstructure analysis were 
in the shape of rectangular bars with dimensions of 3 × 1 × 3 mm3. The uniaxial tensile test specimens were prepared according to ASTM E8:21; e) Schematic of the 
locations of the test samples used for the uniaxial tensile tests and microstructural evaluation from part A and B, respectively; f) The sample under the PT test 
(penetrating stage); and g) The sample after the PT test (final stage). 

Fig. 3. Characterization of the original EDM electrode cast part microstructure. a) low magnification; and b) high magnification optical microscope image of the cast 
part microstructure; indicating Cu grains including thermomechanical twins and distributed Te-precipitations; c-f) EDS maps of the matrix and the particles 
distributed in the microstructure and g) XRD pattern of the cast sample. 
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approximately 1.6 × 10-5 Ωm. Along with other factors contributing to 
electrical interference, these elements have brought the electrical con-
ductivity of the alloy to about 5.57 × 107 (S/m). However, the appro-
priate electrical conductivity of Cu2Te has not led to a significant 
reduction in the electrical conductivity of the alloy compared to pure 
copper. These particles are dispersed in the microstructure as a semi-
conductor with excellent thermoelectric properties. This dispersion has 
not caused a significant drop in the electrical and thermal properties of 
the original pure copper and has maintained the electrical and thermal 
properties of the alloy in significant amounts [33,35,36]. 

The inverse pole figure (IPF) and the EBSD Euler angels ϕ1, Φ and ϕ2 
maps of the cast sample are shown in Fig. 4(e) and 4(f) (TEM lamella 
(TKD-EBSD)). IPF images are effectively revealed distinct crystalline 
orientations within the Cu matrix (101) and the twins (001) [37]. 
Multiple theories have been proposed for the formation of the twins, 
describing three primary mechanisms. The initial theory suggests that 
crystals with an inherent twin relationship collide during growth, 
leading to the subsequent formation of twins [38]. The second theory 
posits that twins arise when a layer of atoms becomes misplaced on the 
(111) plane due to the presence of low stacking fault energy [39]. 
Lastly, the third theory hypothesizes that grain boundaries with higher 
energy undergo a transformation into twin boundaries, while lower 
energy grain boundaries remain unaffected. Consequently, the contin-
uous occurrence of annealing twins during recrystallization signifies an 
ongoing evolution, and the existing evidence fails to distinguish defin-
itively between these theories [40]. 

3.1.2. LPBF samples 
To examine the microstructural aspects of the LPBF sample, all areas 

of the part were thoroughly studied. The microstructure of the rectan-
gular cube part of the piece (Area A in Fig. 2(e)) was evaluated using OM 
and SEM, as depicted in Fig. 5. There are some discontinuities, which 
prevent achieving a homogeneous microstructure, resulting in a density 
that is below 100 % (Fig. 5(a)). These defects occur due to inadequate 
energy transfer to the powders during the printing process, resulting in 
partial melting or non-melting of the powders. This leads to failure to 
achieve complete bonding between adjacent areas. Increasing the en-
ergy input by raising the laser power or lowering the laser scanning 
speed can provide complete melting of the powders and higher densities; 
however, such methods may result in equipment damage due to high 
reflection of Cu powders, or an increase in grain size. This impacts the 
mechanical properties and fatigue behavior of printed parts [41,42]. The 
percentage of these discontinuities was measured to 1.14 %± 0.07using 
the ImageJ software (Fig. 5(b)). 

Accordingly, the existing defects can be classified into two distinct 
categories based on their shape. The first category encompasses defects 
with larger dimensions and hole shapes. As observed in Fig. 5(c), un- 
melted powders can be seen in these defects, appearing as black areas 
in the microstructure. The non-melting of these powders results in a gap 
(lack of fusion) between two completely continuous areas and has a 
considerable impact on the reduction of density. Lack of fusion (LOF) 
defects are a significant issue encountered in samples manufactured 
with low densities. These defects can be attributed to various factors, 
including insufficient energy input, improper scanning technique, or 
inadequate preparation of the powder bed. Insufficient melting or 
bonding of neighboring layers is the primary cause of LOF defects. The 
high thermal gradient surrounding LOF defects contributes to an 
increased presence of dislocations and defects in the microstructure 

Fig. 4. Scanning transmission electron microscopy (STEM) analysis of the cast sample. a) FIB lamella; b) STEM mode image; c) EDS Map analysis of Cu matrix; d) 
Map analysis indicating the presence of Te- intermetallic precipitations; e) IPF map (The red regions are the annealing twins within the green grains); and f) Euler 
image of the FIB lamella conducted by the EBSD detector (TKD-EBSD). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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further promoting the formation of smaller grains [43]. The second 
category of defects, which resemble cracks, occurs precisely at the 
border of the melt-pools, and are formed due to poor bonding between 
the melt pools. It is worth noting that the microstructure around these 
defects is different from other regions (Fig. 5(c)). 

It is evident that three distinct melt-pools have formed in the sample, 
each with their own unique features, see Fig. 5(c). Notably, melt pool 
number 1, which is surrounded by a poor bonding defect, has developed 
oriented columnar microstructures towards the center. Moreover, this 
defect may contain trapped gases, which serve as a coolant and cause a 
temperature gradient leading to the formation of a columnar solidifi-
cation structure [44–46]. It can be seen in melt pool number 3 that half 
is intact, and the other half has a poor bonding defect. As long as the 
bonding is fully formed in intact region, no traces of the columnar 
structure resulting from rapid solidification can be seen, while a finer 
microstructure can be seen around the defective region. Furthermore, it 
can be observed that when melt-pools are formed one after the other 
without creating any defects between them (as in melt-pool number 2), 
the thermal gradient occurs at a lower rate. As a result, each melt pool 

transfers part of its heat to the previous one, leading to microstructure 
homogenization, grain growth, and uniformity. In fact, the heat present 
in an intact melt pool is transferred at a lower rate compared to melt 
pool that leads to a porosity that causes the grain growth which is shown 
in Fig. 5(d). To more precise investigation a large IPF map was carried 
out from the whole tensile sample to measure the porosity percentage of 
this area (Fig. 5(e)). Due to this image and the measurement, it has been 
seen that the amount of the porosities in all over the tensile sample is 
1.63 ± 0.1 % which is near to the pervious amount that measured in 
area A. 

Owing to the geometrical modifications and thickness alterations in 
the upper segment (area B) of the component, a comprehensive inves-
tigation of the microstructure in the building direction along the height 
was conducted at the designated positions, as illustrated in Fig. 2(e). 
Specifically, the microstructural characteristics and porosity content 
were analyzed from the bottom to the top using optical microscopy and 
EBSD techniques. The microstructure of this area was found to be 
distinct from that of area A, as evident in Fig. 6(a), primarily due to the 
variations in the porosity percentage. The minimum amount of porosity 

Fig. 5. Microstructural analysis of pure Cu additively manufactured part. a) OM images from the rectangular area of the part that shows different kind of defects and 
discontinue; b) Porosity area calculated by ImageJ software; c) different kind of melt pools formed in around various situation in terms of solidification rate and un- 
melted powders stacked inside of the porosities; d) SEM image of the melt pools and grain growth inside an intact melt pool; and e) The IPF map of the tensile sample 
along with the percentage of the porosities in gage length. 
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was detected in the uppermost region at a rate of approximately 2.5 % 
(location 7), which was higher than the porosity content in area A. It is 
well-known that one of the most critical geometrical factors impacting 
the microstructure and ultimate properties of LPBF produced compo-
nents is thickness modification. Decreasing the thickness of a part leads 
to an increase in the cooling rate of successive layers, resulting in 
incomplete melting of the powders or their partial melting, which in 
turn increases the porosity percentage [47,48]. 

As depicted in Fig. 6, the percentage of porosity declines by 
approximately 7 % from location 1 to location 7 (bottom to top) of Area 

B. All porosity values from location 1 to 7 are listed in the second column 
of Table 3. Accordingly, an upward trend in height corresponds to a 
notable reduction in porosities, accompanied by a subtle increment in 
the average grain size. During the layer-by-layer deposition process, a 
thermal profile is generated between adjacent layers, whereby the heat 
from the lower layer influences the cooling and solidification of the 
upper layer. As the height of the component increases due to the accu-
mulation of layers, the heat from previous layers is transferred to the 
upper layers. This contrasts with the initial layers, where a considerable 
proportion of the incoming heat is transmitted to the substrate or lower 

Fig. 6. Microstructure and porosity evolution along the height in the area B. a) Percentage of the porosities from the bottom to the up using ImageJ that shows the 
reduction of the porosities in building direction; b) IPF map of location 1 with maximum amount of porosities, c) location 3, d) location 5, and e) location 7 (The 
highest location contains the lowest percentage of porosity). 
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sections. The heat stored in the lower layers promotes superior melting 
of the powders in the upper layers, ultimately leading to a reduction in 
the porosity percentage and an increase in density in these regions 
[49,50]. 

The IPF maps (Fig. 6(b–e)) illustrate the variations in the micro-
structure and grain size along the height of the component from location 
1 to 7. The average grain size undergoes alterations with an increase in 
height, ranging from approximately 7.9 µm in location 1 (Fig. 6(b)) to 
8.6 µm in location 7 (Fig. 6(e)). The presence of pores ultimately changes 
the microstructure and specifically grain size of the component moving 
from bottom to top by changing the temperature field. The 

microstructural changes were minimal around smaller holes, whereas 
significant changes in terms of size and morphology were observed 
around larger porosities. Specifically, larger holes acted as thermal in-
sulators, preventing the transfer of heat from the melt pools to one 
another, this led to an elevated cooling rate, resulting in the formation of 
finer grains [51]. 

Moreover, the hardness values were measured through the height of 
the sample in Area B and they are listed in column 4 of Table 3. The 
hardness of the lower regions, despite having a higher percentage of 
porosity, was almost 9 % higher than that of the upper regions due to the 
presence of finer grains. The changes in grain size manifested a variation 
in the hardness values at different locations of the copper component as 
per the Hall-Patch relationship [52]. 

3.2. Texture analysis 

Fig. 7(a, b) presents IPF maps for both the original cast and LPBF 
samples. It is obvious that the LPBF sample exhibits a notably smaller 
equivalent grain size in comparison to the cast sample. Furthermore, a 
stark divergence in grain orientations is evident between the two sam-
ples, signifying pronounced differences in their respective textures. The 
texture refers to the alignment of crystalline orientations within a 
polycrystalline material exerting a profound influence on numerous 

Table 3 
Porosities, grain size values, and Vickers hardness estimates of the LPBF pure 
copper part along the height in the upper area (Area B).  

Location Porosity % Average Grain size (um) Hardness (HV) 

1 9.562 % ± 0.412 7.9 ± 0.07 93 ± 2 
2 7.413 % ± 0.174 8.1 ± 0.07 91 ± 1 
3 6.025 % ± 0.157 8.1 ± 0.06 90 ± 2 
4 5.352 % ± 0.140 8.4 ± 0.08 88 ± 2 
5 4.819 % ± 0.124 8.5 ± 0.07 86 ± 1 
6 3.417 % ±0.119 8.5 ± 0.08 86 ± 2 
7 2.469 % ± 0.110 8.6 ± 0.09 84 ± 2  

Fig. 7. IPF maps of a) the cast sample showing copper grains with different orientation and black holes which identify the Te precipitates, and b) LPBF pure Cu 
sample; Orientation distribution functions (ODFs) sections of c) the cast sample, and d) Printed pure Cu. The fabrication of Cu using the LPBF method results in a 
significant change in grain orientation and the presence of different textured components, particularly with a Goss {011} 〈100〉, Rotated-Goss {011} 〈100〉, and 
Brass/Goss {011} 〈115〉 orientations. 
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mechanical and physical characteristics. To investigate the texture 
evolution of both cast and LPBF samples, φ2 constant sections of 
orientation distribution functions (ODF) are presented in Fig. 7(c, d). 
The important texture components are effectively demonstrated at three 
distinct φ2 constant sections: 0◦, 45◦, and 60◦. 

It can be seen that Cube {001} 〈100〉, Brass {011} 〈112〉 and S 
{123} 〈634〉 texture components are revealed in ODF sections of cast 
sample indicating a substantial presence of twin boundaries within the 
microstructure. The Cube texture in copper is commonly attained via 
specialized production techniques, such as cold rolling or recrystalliza-
tion during annealing. As a result of these processes, the crystal grains 
within the material exhibit a favored alignment, characterized by {001} 
planes. The emergence of a pronounced Brass texture component is 
typical in low-stacking fault energy (low SFE) materials primarily 
induced by intensive cold rolling and annealing processes [53–55]. 

The ODF sections of the LPBF Cu sample reveals a robust Goss-type 
texture component {011} 〈100〉 with significant intensity peaks in 
proximity to the Rotated Goss {011} 〈100〉 and Brass/Goss {011} 
〈115〉 texture components along the 〈110〉//ND fiber direction. It has 
been reported that crystal planes with high-density close-packing 
exhibit superior resistance to chemical attacks and improved passivation 

and repassivation characteristics [56]. In this current study, the LPBF Cu 
displays a high-packing density of crystal faces of the {110} type in the 
FCC structure. 

3.3. Mechanical properties 

To investigate the mechanical properties of the printed sample and 
compare them with the initial cast counterpart, three uniaxial tensile 
tests were performed using DIC. The engineering stress–strain curve of 
the LPBF sample and the corresponding DIC results are illustrated in 
Fig. 8 (a). The DIC results indicated a uniform elastic deformation in the 
sample that persisted until reaching the yield point at 205 ± 3 MPa 
(point 2). Subsequently, plastic deformation occurred and continued 
with greater intensity, particularly in the middle of the gauge (point 3 to 
10). After attaining the ultimate tensile strength of 294 ± 3 MPa (point 
10), subsequent loading and initial necking (point 11) were observed in 
the sample. Eventually, the sample develops the first signs of failure at 
point 11; this type of failure were also observed by Ghoncheh et al. [57] 
in an Al alloy produced via LPBF. This process of hole formation and 
crack propagation (post-necking) eventually led to the fracture of the 
sample (point 14). Remarkably, the sample did not fail before reaching 

Fig. 8. Results of uniaxial tensile test of additively manufactured pure Copper sample. a) Stress–strain curve accompanied by DIC results; b) A comparison between 
uniaxial tensile properties presented in this work and the literature on pure copper produced by LPBF [58,59,65–67]; c) Uniaxial tensile test specimen after fracture; 
d) Fracture surface identification carried out by SEM (top view); e) Presence of dimples on the fracture surface, which proves ductile fracture; f) High magnification of 
fracture surface; g) Partially melted powders on the fracture surface; h) Un-melted powder located on the fracture surface; i) Low magnification front view of the 
fracture surface; j) High magnification front view of the fracture surface; k) A schematic of how porosities could be filled with and preventing of crack formation by 
melting the un-melted powders. 
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the ultimate tensile strength (point 10) at 294 ± 3 MPa and elongation 
to 34 % ± 3, despite the presence of over 1 % porosity in this section of 
the uniaxial tensile specimen. However, it is worth noting that the LPBF 
sample in this study showed a higher ultimate tensile strength compared 
to the cast sample, which had a strength of 227 ± 3 MPa. This indicates 
that the LPBF process can ultimately improve the mechanical properties 
of pure copper despite not being fully dense (~98 % instead of 99.9 %). 

Fig. 8(b) presents a comparison between the mechanical properties 
of LPBF pure copper in this work and other samples produced by LPBF 
based on ultimate tensile strength and elongation found in the literature. 
Two family of data can be collected from the literature, one with higher 
ultimate tensile strength (packet A) and one with superior elongation 
(packet B). Qu et al. [58] used a high precision LPBF technique that 
generated an anisotropic properties and reported superior tensile 
properties. Moreover, Jadhav et al. [59] presented samples with the 
highest elongation, which is produced by LPBF machine equipped with 
an infrared fiber laser with wave length of 1080 nm. It is noteworthy to 
mention that the result from this study yielded a sample that has the 
benefit from both packets, where a combination of optimum tensile 
properties and elongation was achieved. 

Additionally, the fracture surface of the uniaxial tensile specimen 
underwent evaluation via SEM for fractography. Fig. 8(c) illustrates the 
fractured sample, and the areas evaluate including the top and the side 
views. Fig. 8(d) shows a large scan composite image consists of many 
SEM images of the fracture surface from the top view of the sample. The 
presence of many dimples on almost the entire fracture surface confirms 
the ductile fracture and extended elongation that was observed in the 
uniaxial tensile tests. Fig. 8(e) shows a higher magnification of the 
fracture surface highlighting the dimples. They are in different di-
mensions and various depths indicating a ductile fracture in the sample. 
The presence of a greater number and deeper dimples in a material 
signifies its enhanced resistance to fracture, thereby augmenting its 
toughness [60,61]. 

Fig. 8(f) confirms the presence of other components including metal 
particles on the fracture surface that can cause the ultimate failure. At 
higher magnification of the top view fracture surface, both partially 
melted powders (Fig. 8(g)) and even un-melted pure copper particles 
(Fig. 8(h)). Zhong et al. [62] and Chen et al. [63] also reported similar 
results, which is mainly related to the LPBF processing of pure copper. 
The deep holes around the un-melted powders suggest that these areas 
are the origin of porosity formation and cracks that lead to failure in the 
sample. The vacancies around the un-melted powders create stress 
concentration sites during the uniaxial tensile test procedure, causing 
the porosity formation, and ultimately affecting the tensile properties of 
the sample [64]. The front view of the fracture surface can clearly prove 
this phenomenon as shown in Fig. 8(i) and (j), where a crack propagated 
just underneath an un-melted powder leading to failure under uniaxial 
tension. It can be concluded that, complete melting of all copper powder 
particles could thoroughly prevent the formation of such cracks during 
the uniaxial tensile test procedure by filling the empty spaces and 
lowering the stress concentration factor. Therefore, applying enough 
heat to melt the powder could significantly enhance the tensile prop-
erties of the sample [50,51]. Fig. 8(k) presents a schematic of the hy-
pothesis that was presented, where un-melted powder particles could 
stop the growth of cracks and restrict their propagation by filling the 
gaps. 

3.4. Electrical and thermal properties 

To determine the electrical conductivity, σ, of the LPBF and cast 
samples, the following equation was utilized: 

σ =
l

A × R
(1)  

where R represents electrical resistance, A denotes the sample’s area, 

and l represents the length of the sample [68]. Initially, the electrical 
resistance of each sample was measured and then the electrical con-
ductivity was subsequently calculated. Furthermore, the Wiedemann- 
Franz equation [31,59] was employed to determine the coefficient of 
thermal conductivity, k, of both samples and it is written as follows: 

k = σ × K × L (2)  

where K represents the temperature in Kelvin, L is the proportionality 
constant of 2.2 × 10-8 (WΩK− 2), and σ is the electrical conductivity 
coefficient. The electrical conductivity coefficient of the LPBF sample 
was approximately 5.52 S/m, which was 0.26 S/m lower than that of the 
original cast sample, i.e., 5.78 S/m. Fig. 9(a) shows a comparison be-
tween the electrical conductivity values studied in this work and the 
published literature on LPBF pure copper. Based on the comparison 
presented in Fig. 9(a), the LPBF sample performs comparatively better 
than other samples additively processed in previous studies, particularly 
those that did not go through heat treatment procedures. One possible 
reason for this phenomenon can be attributed to the impact of heat 
treatment on the grain size and the quantity of grain boundaries. Ac-
cording to the results presented by Bishara et al. [69], there is a direct 
correlation between larger grain sizes and a reduction in grain bound-
aries, resulting in a subsequent decrease in electrical conductivity. 

The thermal conductivity coefficient of the LPBF sample was calcu-
lated as ~ 361 W/mK. The cast counterpart showed slightly higher 
conductivity coefficient of ~ 378 W/mK, which was 4.5 % higher than 
that of the LPBF sample. Fig. 9(b) illustrates a comparison between the 
thermal conductivity coefficients calculated in this study in comparison 
with the available published literature. Upon comparing the results to 
other available data, it is evident that the thermal conduction coefficient 
of the LPBF sample lies within a satisfactory range for similar applica-
tions. The outcomes of prior research in this field have demonstrated 
that conducting heat treatment and reducing porosity can lead to an 
increase in the thermal and electrical conductivities of the AM samples 
[70]. Therefore, it can be inferred that the primary reason for the 
observed difference in the levels of thermal and electrical conductivity 
between the printed and cast samples is due to the presence of porosities 
and discontinuities in the microstructure [28]. 

3.5. Potentiodynamic polarization measurements 

Due to the operating conditions of the electrode additively manu-
factured in this study, it was crucial to conduct a corrosion study in an 
aqueous environment. To this end, corrosion tests were executed using 
the potentiodynamic polarization method was applied in both distilled 
water and a 3.5 wt% NaCl solution. Fig. 10(a) and (b) depict the 
potentiodynamic polarization plots of both the additively manufactured 
samples (A1 and A2) and cast samples (C1 and C2) in these two envi-
ronments. Furthermore, the SEM micrographs of the surface of the LPBF 
and cast specimens after potentiodynamic polarizations tests at 3.5 wt% 
NaCl solution are displayed in Fig. 10(c)-(f). 

It is evident from Fig. 10(a) that there is no significant contrast in the 
corrosion behavior of the two samples in the distilled water environ-
ment. However, it can be observed that even in this setting, the cast 
sample experiences a slightly higher intensity of corrosion current and 
corrosion rate in comparison with its LPBF counterpart. Conversely, in 
the salty environment, the disparity between the two samples is more 
prominent (Fig. 10(b)). The variations of the corrosion current density 
(Icorr), corrosion potential (Ecorr) accompanied with the anticipated 
corrosion rates, as well as the anodic and cathodic Tafel slopes denoted 
as βA and βC, respectively, have been included in Table 4. The corrosion 
parameters shown in Table 4 are calculated by fitting the Tafel equation 
to the linear sections of the anodic and cathodic branches of the Stern 
diagram obtained from the potentiodynamic polarization tests [71]. The 
value of χ2 (chi-squared) presented in the Table 4 is in the order of 
magnitude of 10-6 to 10-10, indicating a fair fitness between the 
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experimental values and the calculated values using Tafel equation as 
follows: 

ηA = βA Log (
iA

io
) (3)  

ηC = βC Log (
iC

io
) (4)  

where ƞA and ƞC are over potential anodic and cathodic branches of the 
electrochemical reactions, respectively, βA and βC are the kinetic 

parameters related to the Tafel equations named as anodic and cathodic 
Tafel slopes, respectively. 

As depicted in Table 4, the potentiodynamic polarization plot of the 
LPBF sample (A2) exhibited a shift towards the top and left when 
compared to that of the as-cast sample (C2). This shift led to a decrease 
in the corrosion current density of the A2 sample indicating a lower 
corrosion rate (approximately 6.942 × 10-3 (mpy)) in comparison with 
the C2 sample (548.5 × 10-3 (mpy)) in the 3.5 wt% NaCl solution. 
Furthermore, the corrosion parameters provided in Table 4 demon-
strated that the corrosion current (Icorr) values for both the LPBF and as- 

Fig. 9. A comparison between this work and other research on pure copper samples [19,31,65,70] in terms of a) electrical conductivity and b) thermal conductivity 
that show in both cases additively manufactured parts has fairly similar properties compared to the original one despite of the presence of porosity and discontinuities 
in the microstructure of the LPBF sample. 
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cast samples in distilled water were nearly identical. However, the 
corrosion potential (Ecorr) for the LPBF sample was approximately 45 
mV higher than that of the cast sample, indicating that the LPBF sample 
is more noble in nature compared to the cast sample in NaCl solution. 
This observation suggests that the copper sample produced through the 
LPBF process is thermodynamically lower susceptible to corrosion re-
actions when compared to its cast counterpart in NaCl solution. It is 
worth noting that the kinetic aspects of the corrosion phenomenon, as 
indicated by the corrosion current (Icorr), are influenced by the micro-
structural features developed on the surface of the samples [72]. 

Although the porosities as a micrometer defect could have an 
important role in deteriorating the corrosion performance of the 
metallic components, the electrochemical behavior of the copper parts 

could be more affected by the size of grains and the distribution of other 
alloying elements, especially Te. Fig. 10(c) and (d) show the SEM images 
of the corroded LPBF sample in two different magnifications. The mi-
crographs taken from the surface of the LPBF copper component (Fig. 10 
(c) and (d)) displays the presence of poor bonding areas resulting from 
the LOF during the LPBF process. Accordingly, the poor bonded areas as 
well as the pores formed during the AM process act as the micro crevice 
on the surface of the as-built copper part, which could localize corrosion 
attacks in these areas resulting in reduction of its corrosion performance. 

Fig. 10(e) and (f) indicates the SEM image of the corroded cast 
sample in two different magnifications along with its EDS analysis. The 
presence of a higher amount of the Te particles in form of CuXTe 
distributed in the matrix of the cast specimen as well as their larger sizes 

Fig. 10. Potentiodynamic polarization corrosion graphs in different environments. a) Distilled water and b) 3.5 wt% NaCl that shows more corrosion rate in the cast 
sample compared to the LPBF one; c) SEM image of the poor bonding defect in the LPBF sample surrounded by corrosion pits; d) High magnification corrosion pits 
adjacent to the defects neighborhood present in the LPBF pure copper; e) SEM image equipped along with EDS analysis of the corrosion surface of the original cast 
sample; f) Corroded area around the Te particles in cast pure copper. 

Table 4 
Corrosion parameters obtained from Tafel extrapolating to potentiodynamic polarization measurements in 3.5 wt% NaCl solution and distilled water at room 
temperature.  

sample Icorr (A/cm2) Ecorr (mV) Corrosion rate (mpy) βA (mV/decade) βC (mV/decade) χ2 (chi-squared) 

A1 578.0E-9  − 125.0 264.0E-3 59 51 0.06 × 10-6 

C1 719.0e-9  − 51.70 328.3e-3 53 55 0.0005 × 10-6 

A2 15.20e-9  − 129.0 6.942e-3 66 64 0.000004 × 10-6 

C2 1.200e-6  − 174.0 548.5e-3 58 61 2.3 × 10-6  
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in comparison with those formed in the LPBF copper components, lead 
to inferior corrosion resistance of the cast samples than its LPBFed 
counterpart. Accordingly, the formation of micro galvanic cells could be 
promoted by higher distributions of larger Te particles in the copper 
matrix of the as-cast sample compared to those of the LPBF specimen 
[73,74]. Consequently, higher galvanic currents resulted in higher 
corrosion currents indicating a low corrosion performance. It was 
revealed using electron microscopy techniques that the Te particles in 
the cast sample were the preferential zones for corrosion attacks as 
shown in Fig. 10(e) and (f). Hence, various factors can influence the 
corrosion resistance of copper samples in corrosive environments, such 
as the presence of pores, microcracks, and the occurrence of inhomo-
geneous regions in the form of CuXTe particles. While pores were 
identified in the additive manufacturing (AM) samples, the detection of 
CuXTe particles was more pronounced in the as-cast samples, which 
were devoid of porosities. These findings suggest that the higher con-
centration of CuXTe particles in the as-cast samples, free from pores 
compared to their AM counterparts with pores, could exert a more 
detrimental impact on the corrosion resistance of copper samples. 

A reduction in grain size could affect the corrosion resistance of the 
parts. Birbilis and Ralston [75] reported that grain refinement could 
decrease the localized corrosion rate in AM samples due to an increase in 
the grain boundaries as they act as the diffusion paths for the alloying 
elements to produce the protective layers on the surface of the alloy. 
Therefore, the lower grain size in the AM parts could increase their 
abilities to form passive layers, which increases their corrosion perfor-
mance as compared to their cast counterparts. 

4. Remarks on LPBF pure copper electrodes 

4.1. Current status 

The growing recognition among researchers and practitioners on the 
importance of utilizing innovative technologies to manufacture high- 
quality parts for various industries is evident. The priority for many 
industries, including aerospace, is to use complex parts that possess 
desirable properties, are lightweight, and have low production costs. 
NASA’s research findings indicate that using the AM technology in the 
rockets can improve performance, reliability, and reduce costs 
compared to conventional manufacturing methods [76]. In the heat 
transfer industry, Saltzman et al. [77] observed a 15 % increase in ef-
ficiency after replacing the traditionally produced part with an AM part, 
which had different designs and properties. Precise and flawless iden-
tification of cast parts is an initial requirement for replacing parts pro-
duced by traditional methods with new techniques, such as AM. 

For this purpose, in this research work, a comprehensive identifica-
tion process was employed on a cast pure copper electrode using 
chemical, mechanical, and corrosion testing along with advanced elec-
tron microscopy techniques including TKD-EBSD analysis for the first 
time. This thorough analysis provided a detailed overview of physical, 
mechanical, chemical, and microstructural characteristics of the cast 
part down to the nano scale level. Eventually, the knowledge from this 
comprehensive identification process facilitated the design of a similar 
part with desired properties through laser powder bed fusion. This 
innovative approach consumed significant energy and resource; how-
ever, it led to a reliable AM part that can replace the conventional 
counterpart after precise field testing in real environments. In addition, 
the process can help with the certification procedure for AM parts as an 
obstacle for adoption. 

4.2. Recommendation 

While LPBF in general can lead to the improvement of the mechan-
ical properties of pure copper, the influence of the process parameters on 
other physical properties in this technology cannot be overlooked. The 
crucial stages of this process include precise characterization of the 

original component, employing the suitable equipment, selecting 
optimal process parameters, and performing appropriate post- 
processing. Selecting the proper equipment and process parameters 
poses a major challenge in the additive manufacturing of pure copper 
components, primarily due to the material’s high reflectivity. The choice 
of laser type and shape can be particularly effective in this regard, as 
altering the wavelength and input energy can adjust the melting and 
solidification conditions. 

In this work, by carefully selecting the appropriate power, speed, and 
laser settings, a practical pure copper sample with a density exceeding 
98.5 % was successfully fabricated using LPBF. However, it was found 
that with a change in the height of the sample produced at a constant 
thickness, the percentage of porosity and subsequently the microstruc-
ture changes. In fact, the thermal history experienced by the part at 
different heights is the major cause of this phenomenon. Therefore, 
similar to Macías et al. [78] observations, by increasing the plate tem-
perature from 35 to 200 ◦C, the growth rate of pores can be reduced and 
a different microstructure can be achieved. Therefore, the porosity in the 
microstructure can be reduced and the non-uniformity of the micro-
structure around them can be significantly improved. 

As a recommendation for the issue of inhomogeneities observed 
through the height, a major improvement to the microstructure of the 
LPBF pure copper and its physical properties can be achieved using 
newly developed LPBF machines with heated platforms (up to 550 ◦C). 
This issue was detected in this work around finer grains closer to the 
pores. Fig. 11(a) shows a large IPF EBSD map of the typical LPBF pure 
copper, where finer grain growth around defects can be observed in 
Fig. 11(b). The crushing of the grains around the porosities due to the 
intense heat transfer into the pores and the high cooling rates are the 
main cause of the phenomenon seen here. This change of size and dis-
tribution of grains around the porosities can be observed almost around 
all pores in the microstructure (Fig. 11(c,d)). The average grain size for 
the overall microstructure is 12.89 µm versus 6.95 µm around the pores. 
Therefore, according to the results of this research and similar to the 
report by Pedrazzini et al. [79], it is expected that an optimal micro-
structure can be achieved by increasing the temperature of the build 
plate and controlling the thermal history. 

5. Conclusions 

In this study, the aim was to additively manufacture a pure copper 
electrode that is commonly used in electrical discharge machining 
equipment through the LPBF technique. Despite the challenges involved 
in producing a piece of pure copper with a specific geometry, the printed 
sample was successful in terms of its physical and dimensional aspects 
compared to the original cast counterpart. The microstructural features, 
texture, mechanical properties, and electrical and thermal conductivity 
coefficients along with corrosion resistance of LPBF and cast samples 
were investigated and compared. The conclusions of this investigation 
are as follows:  

• The microstructure analysis of the cast sample revealed that the 
distribution of twins within the copper matrix was resulted from 
thermomechanical operations. Moreover, Te precipitates were 
observed with dimensions greater than 2 µm in the microstructure. 
Te was used to improve machining characteristics, mechanical 
properties, and electrical conductivity of the cast pure copper 
electrode.  

• The microstructure of the LPBF sample exhibited variations in grain 
size and porosity levels across different regions of the component. 
Specifically, there was a notable discrepancy in porosity percentage 
between the thicker and thinner sections of the component close to 
approximately 7 %.  

• Remarkably, the porosity volume of the upper part of the LPBF 
sample has decreased from approximately 9 % to less than 2.5 % 
along the direction of the building. 
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• Compared to the cast sample, the LPBF sample exhibited an increase 
in both tensile strength and elongation percentage by 18 % and 277 
%, respectively. 

• The LPBF sample exhibited electrical and thermal conductivity co-
efficients of 5.52 S/m and 361 W/m.k, respectively. These values 
represented the minimum requirement for industrial use when 
compared to other LPBF processed samples of this type in the 
literature. 

• Despite the presence of significant amounts of porosity and discon-
tinuities in the LPBF sample, it was observed that the corrosion rate 
in the salt environment was higher in the cast sample and experi-
enced a value of 548.56 × 10-3 (mpy). The formation of galvanic cells 
around the particles containing tellurium in the cast sample had a 
greater effect on the corrosion rate than the presence of porosity in 
the LPBF sample. 
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